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1 | INTRODUCTION

Frequent premature ventricular contractions (PVCs) may be highly
symptomatic leading to a significantly reduced quality-of-life, po-

tentially contributing to congestive heart failure and increased

Abstract

Background: Remote magnetic navigation (RMN) is often used in combination with a
3-dimensional mapping system to perform catheter ablations. This study aim to inves-
tigate the feasibility and effectiveness of a novel 3D-mapping system, EnSite Precision,
combined with RMN for catheter ablation of premature ventricular contractions
(PVCs), and compared it to the procedures performed by CARTO3 with RMN.
Methods: Forty-three consecutive PVC patients were either ablated with the guid-
ance of EnSite Precision (n = 22) or CARTO (n = 21) navigated by RMN. Procedure-
related details, acute and long-term success were assessed.

Results: Patient characteristics between both the groups were similar (age: 47.1 + 19.8
vs 47.1 £ 12.7, female: 63.6% vs 57.1%). No significant difference was found in the
procedure time (99.5 £ 30.4 vs 92.9 + 24.8 min, P = 0.436), mapping time (18.6 + 12.8
vs 15.5+10.2 min, P =0.390), radiofrequency ablation time (333.4 +267.0 vs
469.3 + 343.1 s, P =0.154), fluoroscopy time (4.0 £ 1.9 vs 3.8 + 2.0 min, P = 0.635),
and X-ray dose (1.8 + 1.4 vs 2.0 + 1.2 Gycm?, P = 0.649) between the two groups. No
significant procedural complication occurred in either group. In addition, there was
no significant differences regarding the acute success rate (90.9% vs 90.5%, P = 0.961)
and long-term success rate (86.4% vs 81.0%, P = 0.631) after 16.2 + 6.2 months of
follow-up between the two groups.

Conclusions: RMN combined with EnSite Precision mapping system is effective and
safe for catheter ablation of PVCs.
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mortality.l'2 PVCs occur commonly in patients without structural
heart disease, but can also be seen in patients with structural heart
disease.>* Several studies demonstrated a significant improvement
in quality-of-life and left ventricular function after successful abla-

tion of PVCs compared to patients without ablation.>¢ The use of a
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three-dimensional (3D) mapping system is needed for a successful
ablation of PVCs, with the CARTO (Biosense Webster, Inc., CA, USA)
mapping system being the most used system with excellent perfor-
mance.”® The downside, however, is that only the diagnostic and
ablation catheters from the same manufacturer can be used with
the CARTO system. The EnSite cardiac mapping system (St Jude
Medical, Inc., Minnesota, USA), another 3D mapping system with
an open-platform, allows for visualization of multiple catheters from
different manufacturers while simultaneously collecting anatomical
and electrophysiological data from all electrodes of any catheter.”
Recent reports utilizing Ensite for PVC ablation demonstrated high
success with very limited fluoroscopy.”*® However, reports of dis-
location of the reference catheter may lead to uncorrectable map
shifts using this mapping system, which then manually needs to be
adjusted.9 The next generation of this system, EnSite Precision, was
recently released, which combined both impedance and magnetic
technologies with much more precision and improved stability.?
However, the performance of this new system on ventricular ar-
rhythmia ablation is still unknown.

Remote magnetic navigation (RMN) has emerged as amodern tech-
nology for treating most arrhythmias because of its precise control of
catheter movement with improved catheter stability and safety.“'13
It particularly adapts to the treatment of ventricular arrhythmias and
exhibits better efficacy compared to the manual technique.*** In
order for the RMN system to perform ablation procedures, it needs
to be integrated with a 3D mapping.'? Currently, only CARTO map-
ping system is integrated with RMN, but not the EnSite system.13 The
EnSite 3D mapping system has demonstrated safe and effective abla-
tions of ventricular arrhythmias with low fluoroscopy exposure when
performed with manual techniques.'® Furthermore, the new features
of EnSite Precision offer convenience to the operator by allowing
them to map and locate the origins of even the most difficult ventric-
ular arrhythmias. However, the collaboration of EnSite Precision with
RMN on ventricular arrhythmia ablation has not been investigated.

The purpose of this study was to determine the acute procedural
efficacy, safety and long-term outcome utilizing the Ensite Precision
Mapping system with RMN during PVC ablation procedures.

2 | METHODS

2.1 | Study population

In this retrospective study, forty-three consecutive symptomatic
patients with ectopic ventricular arrhythmias targeted for ablation
were included between January 2016 and January 2018. Twenty-
two patients underwent ablation using EnSite Precision mapping
system (Inquiry, St Jude Medical, Inc.; Precision group) and another
21 patients used CARTO®3 mapping system (Biosense Webster, Inc.;
CARTO group). All the patients signed informed consent prior to the
ablation procedure. No patient had previously undergone an abla-
tion and patients with polymorphic PVCs, coronary artery disease,
valvular heart disease, dilated cardiomyopathy or congenital heart
disease were excluded from this study. All antiarrhythmic agents
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were withheld for at least five drug half-lives before the procedure.
Preprocedural examination included a baseline 12-lead surface ECG
and transthoracic echocardiography. In Denmark (and many other
countries), a study comparing two routine methods used in the clinic,
as two 3D mapping systems with identical ablation strategies in this
study, does not require approval from the local ethical committee.

2.2 | Procedural preparation

After femoral vein puncture, a 6F steerable catheter (Inquiry, St Jude
Medical, Inc.) and a 5F quadripolar catheter (Medtronic, Inc., Minnesota,
USA) were placed in the coronary sinus and in the apex of the right
ventricle, respectively. Transseptal puncture was performed under
hemodynamic pressure and fluoroscopic monitoring when PVC loca-
tions were considered in the left ventricle. Surface ECG and endocardial
electrograms were continuously monitored and recorded with EP tracer
(Schwarzer Cardiotek, Inc., Heilbronn, Germany). If there were no spon-
taneous or few PVCs, isoproterenol infusion (1-4 pg/min) was adminis-
tered in an attempt to induce the PVCs. A single bolus of 50-100 IU/kg
body weight of heparin was administrated if mapping and ablation were

necessary during the procedure.

2.3 | Use of mapping systems with RMN

RMN was applied to all the procedures in this study, including first-time
procedures and redo procedures. Cardiac mapping system, X-Ray, elec-
trophysiological recording system and RMN (Stereotaxis, Inc., MO, USA)
were gathered on one monitor by Odyssey Vision™ system (Stereotaxis,
Inc.). As the CARTO mapping system is integrated with the RMN system,
the magnetic vector could be changed in CARTO interface to navigate
the directional orientation of catheter (Figure 1A). While EnSite Precision
mapping system was not integrated with the RMN system, the magnetic
vector could only be operated in RMN system (Figure 1B). A catheter-
advancing system (Cardiodrive®, Stereotaxis Inc) was used to control
remote catheter advancement and retraction in the control room.

2.4 | Mapping acquisition

In the Precision group, the target chamber anatomic mapping was first
acquired with a circular magnetic sensor mapping catheter (Advisor FL,
Sensor Enabled; St. Jude Medical, Inc.) manually for nine cases, then the
catheter was replaced by the open-irrigated magnetic catheter (Celsius®
THERMOCOOL® RMT, Biosense Webster, Inc.) for precise mapping
and ablation navigated by Niobe ES system (Stereotaxis, Inc.). For the
remaining 13 cases, both anatomic mapping and activation mapping of
PVCs were performed with open-irrigated magnetic catheter directly.
To acquire precise activation mapping, Automap, the new feature of
EnSite Precision was applied. A Clinical PVC template was created be-
fore the placement of catheters. After Automap initiation, the system
compared every beat with the template using 12-lead ECG morphology
and a score was calculated. The point was automatically acquired if the
score was >93%. When navigating the RMT catheter using RMN, an
activation mapping was obtained automatically. If the activation map
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was inaccurate, TurboMap was performed to acquire a more precise
activation map using new AutoMap settings (Figure 2A-C).

In CARTO group, a 3.5-mm open-irrigated magnetic catheter
(Navistar® THERMOCOOL® RMT, Biosense Webster, Inc.) was in-
troduced into the target ventricular cavity for both mapping and
ablation. By navigating the RMT catheter using RMN, anatomic and
activation map was acquired simultaneously with point-by-point
pattern. Clinical PVCs were identified manually to obtain precise ac-
tivation map. If limited PVCs were noted, Paso mapping was applied
to approximate location of PVCs, followed by precise localization of
PVC through detailed mapping of this area. A complete detailed map

of the entire target ventricle was not necessary.

2.5 | Ablation procedure

Ablation was initiated at the earliest activation sites if the follow-
ing criteria were met: local activation of clinical PVC was at least
25 ms pre-QRS, the first deflection of bipolar electrograms was
negative and virtual unipolar electrograms with QS morphology.
Radiofrequency (RF) energy was delivered in the temperature con-
trol mode with a target tip temperature of less than 43°. During the

FIGURE 1 Theinterface of Odyssey
system. (A) CARTO mapping system and
electrophysiological recording system
were integrated with RMN by Odyssey
system. The magnetic vector could

be seen and moved in both CARTO

and RMN system. (B) EnSite Precision
mapping system, electrophysiological
recording system and RMN were shown
on the interface of Odyssey system. The
magnetic vector could be only seen and
moved in RMN system.

ablation, power output was limited between 30-40 W and an irriga-
tion rate of 10-30 mL/min. If the PVCs were not affected within the
first 15's, energy delivery was discontinued; otherwise, 60-180 s of
RF energy was delivered. Acute procedural success was defined as
no spontaneous PVC and noninducible PVCs with infusion of isopro-
terenol 15 min after ablation. The whole procedure was recorded by
Odyssey Cinema™ system (Stereotaxis, Inc.) to allow for review after

the procedure.

2.6 | Procedural characteristics measurements

The procedure time was calculated from the vein puncture to cath-
eter withdrawal. Mapping time was calculated from the start of
mapping to the start of the first RF ablation. RF ablation time and
fluoroscopy time were acquired from the EP tracer and X-Ray ma-

chine records, respectively.

2.7 | Follow-up

All patients were routinely evaluated in our outpatient clinic

at 3rd months after discharge, then every 6 month by their
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FIGURE 2 The acquisition of new activation map with TurboMap. (A) In the procedure, clinical PVC was set as template and AutoMap
was performed to acquire an activation map with morphological score of 90%. This activation map was merged with final ablation points

(B). (C) During the procedure, the activation map was precisely correlated with electrophysiological recording system, a new activation map
was performed by AutoMap using those existed points with morphological score of 95% in a 10-time fast speed (TurboMap).(D) The ablation
points correlated with the activation map with morphological score of 95%. (E) After ablation, TurboMap was performed to acquire another
activation map using those existed points with morphological score of 96%. (F) The ablation points correlated with the activation map more

precisely with morphological score of 96%

home doctor or referred hospitals. Patients were instructed to
go to an outpatient clinic if they had any symptomatic
palpitations where twelve-lead ECGs or Holter recordings could

be performed. Recurrence was defined as symptomatic and/

or asymptomatic PVCs confirmed by ECG or Holter recordings.
Long-term success was defined as no PVC recurrence. A second
procedure was recommended if symptomatic recurrences were
documented.
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2.8 | Complications

Complications were divided into two categories: major and minor.
Major complications consisted of acute myocardial infarction,
stroke, major bleeding, and cardiac tamponade. Minor complications
included pericarditis and inguinal hematoma.

2.9 | Statistical analysis

Variables are expressed as mean + SD. Comparisons were per-
formed between the two groups. Chi-square was used for nominal
variables and Student's t test was used for comparison of continu-
ous variables, where appropriate. Levene's test was used to check
the homogeneity of variance. Equivalent nonparametric tests were
used when the Kolmogorov-Smirnov test was in favor of absence of
normal distribution. All tests were performed with a two-tailed sig-

nificance level of 0.05. SPSS 17.0 was used for data analysis.

3 | RESULTS

3.1 | Baseline characteristics of patients

Population characteristics are detailed in Table 1. The mean age
of patients was 47.1 + 16.5 years. The proportion of female was
60.5%. There were four patients in the Precision group and five pa-
tients in the CARTO group with hypertension. The left ventricular
ejection fraction was normal in all the patients. Three patients in
Precision group and five patients in the CARTO group were docu-
mented with nonsustained ventricular tachycardia. One patient in
the CARTO group was implanted with an ICD before the procedure
because of sudden cardiac death with monomorphic PVC-induced
ventricular fibrillation. Overall, no significant differences were ob-

served between the two groups.

3.2 | Procedural characteristics

Procedural data are detailed in Table 2. No significant difference
was found in the procedure time 99.5 + 30.4 vs 92.9 + 24.8 min,
P =0.436), mapping time (18.6 + 12.8 vs 15.5 + 10.2 min, P = 0.390),
RF ablation time (333.4+267.0 vs 469.3+343.1s, P=0.154),

fluoroscopy time (4.0+ 1.9 vs 3.8 + 2.0 min, P =0.635), and X-ray
dose (1.8+1.4 vs 2.0+1.2 Gycm? P=0.649) when comparing
Precision to CARTO. No major procedural complication occurred in
either group. One minor groin hematoma complication occurred in

the Precision group.

3.3 | Location of ablation target

The earliest activation location of PVCs was identified in all the
cases and the origins of PVCs are listed in Table 3. In Precision group,
12 foci originated from right ventricular outflow tract (RVOT), in-
cluding eight foci in the RVOT septum and four foci in the RVOT free
wall. Six foci originated from the left ventricular outflow tract (LVOT)
with four from the LVOT septum and two from aortomitral continu-
ity. Other four total foci originated from the LV mitral annulus, the LV
anterior papillary muscle, the left anterior fascicular and the LV free
wall, respectively. In CARTO group, 12 foci were localized at RVOT,
including 10 foci in the RVOT septum and two foci in the RVOT free
wall. Five foci originated from the LVOT with four from the LVOT
septum and one from aortomitral continuity. One focus originated
from RV fascicular, two foci were from the left posterior fascicu-
lar and one focus was from the left coronary artery. Distributions
of PVCs origins were not significantly different between the two
groups (P > 0.05).

3.4 | Acute results and long-term follow-up

Acute results and long-term follow-up data are presented in Table 4.
Acute ablation success was achieved in 20/22 (90.9%) patients in the
Precision group and in 19/21 (90.5%) patients in the CARTO group,
no statistically significance difference was found between the two
groups. For the acute failed cases in the Precision group, the target
in the first patient likely originated from the RVOT lateral epicar-
dium, and was 53 ms earlier than the surface QRS, but RF ablation
could not abolish the PVCs. The target in the second patient came
from LV lateral wall, which might have also come from the epicar-
dium source. Both of these patients refused the epicardial approach
procedure. For the acute failed cases in the CARTO group, the target
in the first patient originated from the RVOT septum with no effect
by RF ablation, further investigation of the LVOT was warranted;

TABLE 1 Baseline characteristics of

Precision .
Parameters (n=22) CARTO (n=21) Total P-value patients
Age, years 471 +19.8 471 +12.7 471+16.5 0.421
Gender, female 14 (63.6) 12 (57.1) 26 (60.5) 0.663
(%)
HP (%) 4(18.2) 5(23.8) 9(20.9) 0.650
LVEF 62.1+47 63.6£3.6 62.8+4.2 0.879
PVC with VT (%) 3(13.6) 5(23.8) 8(18.6) 0.391
ICD (%) 0(0.0) 1(4.8) 1(2.3) 0.300

HP, hypertension; LVEF, left ventricular ejection fraction; PVC, premature ventricular contracts; VT,

ventricular tachycardia; ICD, implantable cardioverter-defibrillator.
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TABLE 2 Procedural results

TABLE 3 Characteristics of target
location

TABLE 4 Acute results and long-term
follow-up
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Parameters Precision (n=22) CARTO (n=21) Total (n = 43) P-value
Procedure time (min) 99.5+30.4 929 +24.8 96.3 +27.7 0.436
Mapping time (min) 18.6 +12.8 15.5+10.2 171+ 115 0.390
RF ablation time (s) 333.4 +267.0 469.3 £343.1 399.8 +310.5 0.154
Fluoroscopy time (min) 40+1.9 3.8+20 39+19 0.635
Radiation dose (Gycmz) 1.8+14 20+1.2 19+1.3 0.649
Complication (Major) 0 0 0 -
Complication (Minor) 1 0 1 0.323
Precision
Location (n=22) CARTO (n=21) Total(n=43) P-value
VOT RVOT 12 (54.5) 12(57.1) 24 (55.8) 0.864
LvoT 6(27.3) 5(23.8) 11 (25.6) 0.795
RV RVOT septum 8(36.4) 10(47.6) 18 (41.9) 0.455
RVOT free wall 4(18.2) 2(9.5) 6(14.0) 0.413
RV fascicular 0(0.0) 1(4.8) 1(2.3) 0.300
RV MA 1(4.5) 0(0.0) 1(2.3) 0.323
Lv LVOT septum 4(18.2) 4(19.0) 8(18.6) 0.942
LVOT AMC 2(9.1) 1(4.8) 3(7.0) 0.578
Anterior papillary muscle 1(4.5) 0(0.0) 1(2.3) 0.323
LAF 1(4.5) 0(0.0) 1(2.3) 0.323
LPF 0(0.0) 2(9.5) 2(4.7) 0.138
Left main trunk 0(0.0) 1(4.8) 1(2.3) 0.300
Free wall 1(4.5) 0(0.0) 1(2.3) 0.323

VOT, ventricular outflow tract; RV, right ventricle; LV, left ventricle; MA, mitral annulus; AMC, aorto-
mitral continuity; LAF, left anterior fascicular; LPF, left posterior fascicular.

Precision
Parameters (n=22) CARTO (n = 21) Total (n = 43) P-value
Acute success rate 20 (90.9) 19 (90.5) 39 (90.7) 0.961
Follow-up (month)  16.0+5.1 16.4+74 16.2+6.2 0.706
Long-term success 19 (86.4) 17 (81.0) 36(83.7) 0.631
Recurrences 1(4.5) 2(9.5) 3(7.0) 0.522

however, the patient refused to continue the procedure. And this
patient was re-ablated later in the LVOT septum and obtained both
acute and long-term success with CARTO. In the second case, the
earliest activation was found in the RVOT septum first, and an RF
ablation was performed without effect. The LVOT was mapped and
it was earlier than the RVOT but ablation still could not abolish the
PVCs. After precise mapping, the focus was found in the main trunk
of left coronary artery and ablation was not performed.

After a mean follow-up of 16.2 + 6.2 months, the long-term suc-
cess rate demonstrated no significant difference between the two
groups (Figure 3, P = 0.650). One patient in the Precision group and
two patients in the CARTO group had recurrence of PVCs with no
statistical significance (P = 0.522). In the Precision group, the patient
had recurrence of PVCs from the same site and a repeat ablation had

both acute and long-term success. In the CARTO group, one patient

with recurrence of PVCs scheduled for new ablation. Another pa-
tient with mono-morphological PVCs induced idiopathic ventric-
ular fibrillation had a PVC recurrence, was re-ablated using EnSite
Precision and achieved both acute and long-term success, and an

ICD was implanted before discharge.

4 | DISCUSSION

To the best of our knowledge, this is the first study evaluating the fea-
sibility, safety, acute efficacy, and long-term outcome using the combi-
nation of EnSite Precision with RMN in PVC ablation. Our main finding
is that even without direct integration between Precision and RMN,
it was feasible to perform PVC ablation using these two systems with

similar acute and long-term success as using CARTO and RMN.
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FIGURE 3 The overall PVCs free survival curve. Kaplan-Meier
estimates overall PVCs free survival rate between EnSite Precision
mapping system and CARTO mapping system

4.1 | Generation of maps with EnSite Precision

The new-generation mapping system, EnSite Precision System
uniquely combines impedance and magnetic field hybrid technology,
to enable navigation and tracking of mapping or ablation catheters
during the procedure. When a catheter with magnetic sensor is intro-
duced, the system dynamically optimizes the model by adjusting the
dimensions of the navigation field between the position and orienta-
tion of magnetic sensors and electrodes. The combination of imped-
ance field and magnetic field improved the stability and accuracy of
location and navigation.“ In this study, for nine cases with PVCs from
the outflow tract, the anatomical model of target cardiac chamber
was performed manually with a circular mapping catheter and an ana-
tomical model could be acquired in just a few minutes, suggesting that
circular mapping catheter could be applied for outflow tract mapping.
After acquisition of the anatomical model, activation map of the PVCs
was performed with the ablation catheter navigated by RMN. The
acute outcome and long-term results between the circular catheter
plus ablation catheter and ablation catheter only were investigated. As
shown in Table S1, there was no significant differences regarding the
acute success rate (88.9% vs 92.3%, P = 0.784) and long-term success
rate (88.9% vs 84.6%, P = 0.774) between the two groups.

By using the Automap module, clinical PVC was set as the template
and the system correlated every beat with the template. When the score
meets the criterion of the clinical PVC, the system collected the points
automatically with no need of manual recognition. If the activation map
was not correlated with the electrogram of local activation, a new acti-
vation map could be generated with the existing points by adjusting the
collection criterion in a 10-time fast speed, which is called TurboMap
(Figure 2). For the cases with multimorphological PVCs, TurboMap could
also be applied to locate the origin of PVC one by one without manually
collecting new points. Therefore, this novel mapping system facilitates

catheter ablation of PVCs, especially multimorphological PVCs.

4.2 | Concurrent use of RMN and EnSite Precision

The Odyssey system combines the cardiac mapping system, X-Ray,
electrophysiological recording system and RMN on one monitor,
which makes it possible to operate these four systems in this unique
monitor. There are three differences between CARTO and EnSite
Precision when used with RMN. First, as CARTO mapping system
was integrated with RMN, the vector direction of magnetic field
could be changed on the 3D model in CARTO system, which made
the operation of vector direction very convenient. While EnSite
Precision system is not integrated with RMN, the vector direc-
tion could only be moved in the RMN system but not in the EnSite
Precision system. Second, the settings for CARTO could be done in
the RMN system but not within the EnSite Precision system. Third,
the 3Dmodels created by CARTO could be integrated with the fluor-
oscopy reference, which made it feasible for the physicians to know
the anatomical location of the model in the fluoroscopy reference.
However, the models obtained by EnSite Precision system could not
be merged with the fluoroscopy reference.

Despite this, the mapping and ablation of PVCs using EnSite
Precision and RMN were feasible and effective with the same proce-
dural characteristics, acute and long-term outcome. When Automap
module was applied to perform an activation map with the preset
template, it could recognize and map clinical PVCs automatically.
The operator only need to click the mouse and move the magnetic
vector, and then the activation map of the clinical PVCs could be ac-
quired. Furthermore, TurboMap has significantly reduced the map-

ping time by automatically fast editing acquired maps.

4.3 | Comparison of procedural data to
previous studies

In this study, the procedural time and fluoroscopy time did not
show a significant difference between the two groups. Parreira
et al reported an average procedural time of more 200 min and
mean fluoroscopy time of 10 * 7.8 min using CARTO and RMN
for PVC ablation.}” Zhang et al compared remote magnetic cath-
eter control to manual catheter control for ablation of RVOT ven-
tricular arrhythmias, with a reported mean procedural duration of
131.8 + 19.4 min using RMN and 115.1 + 27.4 min by manual (data
not significantly different).18 Their mean fluoroscopy time for RMN
was 5.2 £ 2.6 min and 10.5 £ 5.0 min for manual. The mean pro-
cedure duration of this current study was 96.3 = 27.7 min, which
might be shorter than previous studies using RMN but similar to
manual studies.®*”*® The fluoroscopy time of the current study was
3.9 £ 1.9 min, which was shorter or similar to other studies using
RMN, but was significantly lower than manual studies.'”™*? This
suggests that RMN could reduce the fluoroscopy time to guide ab-
lation of PVCs.

It was reported that the acute success rate varies between 66%
and 100% and the long-term success rate varies between 60% and
87% for PVC ablation, while in the current study the acute success

rate was 90.7% and the long-term success rate was 83.7% with no
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significant difference between the two groups, which suggests that
the collaboration of EnSite Precision with Niobe system was as ef-
fective as the collaboration of CARTOS3 with Niobe system.s""’ig'20

4.4 | Limitations

Although this is currently the first study reporting data from PVC abla-
tion using EnSite Precision combined with RMN, the patient numbers
were relatively low hampering more complex analyses, and larger stud-
ies are needed. In addition, this study is limited by the inherent nature
of a retrospective study and prospective studies are needed to confirm.

5 | CONCLUSIONS

The current study demonstrates the first clinical experience report-
ing the utility of EnSite Precision and RMN on ventricular arrhythmia
ablation. Our initial data demonstrate that the combination of EnSite
Precision and RMN is safe and effective for PVC ablation with both
high acute success rates and reasonable long-term outcome. Further
large-scale prospective studies with focus on ventricular arrhythmia
ablation procedures are warranted to determine a potential benefit for

patients’ treatment.
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