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Abstract

Background —To facilitate ablation of ventricular tachycardia (VT), an automated localization
system to identify the site of origin of left ventricular (LV) activation in real time using the 12-lead
ECG was developed. The objective of this study was to prospectively assess its accuracy.

Methods —The automated site of origin localization (SOLO) system consists of three steps: (1)
localization of ventricular segment based on population templates, (2) population-based
localization within a segment, and (3) patient-specific site localization. Localization error was
assessed by the distance between the known reference site and the estimated site.

Results —In 19 patients undergoing 21 catheter ablation procedures of scar-related VT, SOLO
accuracy was estimated using 552 LV endocardial pacing sites pooled together, and 25 VT-exit
sites identified by contact mapping. For the 25 VVT-exit sites, localization error of the population-
based localization steps was within 10 mm. Patient-specific site localization achieved accuracy of
within 3.5 mm after including up to 11 pacing (training) sites. Using three remotes (67.8 + 17.0
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mm from the reference VVT-exit site), and then 5 close pacing sites, resulted in localization error of
7.2 £ 4.1 mm for the 25 identified VT-exit sites. In two emulated clinical procedure with 2 induced
VTs, the SOLO system achieved accuracy within 4 mm.

Conclusions —In this prospective validation study, the automated localization system achieved
estimated accuracy within 10 mm and could thus provide clinical utility.
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Introduction

Catheter ablation has been demonstrated to be an effective therapeutic option to prevent and
reduce recurrent scar-related VT2, but has imperfect success rates, limited, in part, by
poorly tolerated, unmappable VT, and also by the use of point-by-point catheter mapping,
even with newer multipolar catheters and substrate-based techniques. It remains a
challenging procedure which may be restricted to specialized centers3.

The standard 12-lead ECG has demonstrated relatively accurate localization of sources of
ventricular arrhythmias®, comparable to that achieved with electrocardiographic imaging
(ECGI)>-8, Rapid ECG interpretation requires expertise and could be facilitated with a
computer-assisted method to automatically localize the origin of early ventricular activation
during an invasive EP study and ablation. Various algorithms based on the 12-lead ECG
have been proposed for localizing the origin of early ventricular activation in human
studies®24. However, a simple intraprocedural automatic localization system is lacking.
Therefore, we have previously developed an automated technique to provide site of origin
localization (SOLO) of early left ventricular (LV) activation in real time using the 12-lead
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ECG*. The aim of this study was to prospectively evaluate the performance of the SOLO
technique in a cohort of patients with scar-related VT undergoing catheter ablation.

Methods
Study population

Nineteen consecutive consenting patients with scar related VVTs undergoing catheter ablation
of VT were enrolled in a protocol approved by the Institutional Research Ethics Board; all
patients provided written informed consent.

Clinical EP study and ablation

Scar-related VT ablation procedures were performed using standard ablation techniques?, or
infusion-needle catheter ablation?®. Use of the needle catheter was conducted through the
Special Access Program, Health Canada. VT was induced by programmed ventricular
stimulation from the right ventricular (RV) apex or outflow tract and the LV was mapped via
the retrograde aortic or trans-septal atrial approach. Intracardiac electrograms were digitized
and stored by CardioLab system (GE Healthcare, Barrington, Illinois), and three-
dimensional (3D) electroanatomic (EA) maps were acquired by the Carto 3 system
(Biosense Webster, Irvine, California). Substrate-based mapping and pace-mapping were
used to identify scar and potential culprit sites within the scar, which were targeted for
ablation. For each procedure, a complete LV endocardial EA map was created using a 3.5-
mm tip irrigated catheter (Navistar SmartTouch, Biosense Webster, Diamond Bar, CA, USA)
or a high-density multi-electrode catheter (PentaRay NAV Catheter, Biosense Webster).
Pacing was performed with stable catheter position at multiple endocardial sites at minimum
pacing output that ensured consistent focal myocardial capture.

Data acquisition and processing

Eight independent leads (I, Il, V1—V6) of the 12-lead ECG were acquired via multichannel
recording system (CardioLab, GE Healthcare, Barrington, 1llinois) during the EP study,
filtered (0.05 to 100 Hz), sampled at 1000 Hz with 16-bit resolution. The output of the
amplifier and system which routinely processes the signal was cloned to an ancillary secured
computer with which additional processing and analysis can be performed by the automated
localization system without affecting the clinical signal. The 8-lead ECG data was recorded
for 15 seconds during VT, sinus rhythm or pacing at LV endocardium; the other 4 leads
(Lead 111, aVF, aVL, aVR) were simultaneously computed by using Einthoven’s leads.
Bipolar pacing stimuli were delivered with 2 ms duration at twice the diastolic threshold
current. Within each recording, the integral of a capture pacing beat or VT beat with the best
quality was calculated over the initial 120 ms of the QRS complex of the 12-lead ECG for
real-time analysis*. For a recorded pacing site, one representative paced beat was selected in
the corresponding 12-lead ECG, avoiding ectopic beats, motion artifacts, non-capture beats,
and captured beats with stimulus-QRS delay > 40 ms (as these may represent capture of a
channel within myocardial scar with exit remote from the site of pacing). In addition, the
VTOL Export Tool (supplied by Carto 3, Biosense Webster, Irvine, California) as a real-time
transfer protocol was used to transfer known 3D coordinates of recorded pacing sites from
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the Carto 3 mapping system (Biosense Webster, Irvine, California) to the automated
localization system.

Intraprocedural automated localization system

The SOLO system? consists of three consecutive steps to progressively approach a VVT-exit
site: 1. localization of a ventricular segment containing the VVT-exit site based on population
templates, 2. population-based exit site localization within a segment, and 3. patient-specific
site localization. Briefly, after creating a LV endocardial EA map, VT induction was
performed. The onset of one VT beat is automatically detected?®, and can be manually
adjusted. First, the initial 120-ms window of QRS is captured and the 12 QRS integrals are
computed to form a 12-lead ECG integral pattern. The 12-lead ECG integral pattern is used
to compare to template ECG integral patterns generated from each of 16 segments of a
generic LV endocardial surface derived from a prior dataset?, producing a mean correlation
coefficient value of match between the pattern and one of 16 template patterns; the best
correlation segment provides an approximate localization. Second, to improve localization
accuracy, population-based localization of the exit site within a segment uses a population-
derived linear regression model that is fitted to a generic 238-element LV geometry. QRS
integrals from the independent leads I, 1l and V1-V®6, are used to provide a statistical
estimate of the 3D location of the VVT-exit site. Third, to achieve further precision, patient-
specific site localization is performed using the patient’s own LV geometry, and substituting
the population-derived regression coefficients with patient-specific coefficients calculated
from the 3-lead ECG (l1l, V2, VV6) while pacing at known sites (= 5) in the patient
undergoing the ablation procedure.

Data analysis

All VT ablation procedures were performed by clinicians (AA and JS), blinded to the
prediction results of the SOLO system. The VT-exit site for each mapped VT was identified
and confirmed by a combination of activation mapping?’ and entrainment mapping during
VT28, supplemented by pace-mapping at the scar margin23-30, Locations were defined as
exit sites if: 1. entrainment resulted in concealed fusion with a difference of <30 msec
between post-pacing interval and tachycardia cycle length, and if stimulus-QRS interval was
<40 msec; OR 2. activation time was 0-40 msec pre-QRS; OR if a conducting corridor was
identified within scar at which pacing resulted in >40 msec latency and >95% quantitative
morphologic match and further mapping identified a site at or near the scar margin with <40
msec latency but preserved morphology match. Induced VVTs for which an accurate scar exit
site was not verifiable by contact mapping methods were excluded. Intraprocedural
localization of an induced VT was performed on an ancillary secured computer with the
SOLO system during the ablation procedure, showing the estimated site on the screen of the
ancillary secured computer. Localization errors of each method (population-based
localization within a segment and patient-specific site localization) were quantitatively
estimated by one investigator who was blinded to the results of the VT ablation procedure.
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Estimation of localization accuracy of the VT exit using population-based localization
within a segment

Two observers, blinded to the results of the automated localization system, reviewed all
identified VT-exit sites considered as the “ground truth” for comparisons and manually
registered them from the patient-specific EA map onto the generic LV endocardial surface
for each patient®. Each identified \VT-exit site was associated with one of the generic LV
endocardium’s 238 triangular area elements as shown in Figure 1; two-observer variability
of this registration was assessed. Population-based localization within a segment was used to
predict each identified VT on the generic LV endocardial surface. The localization accuracy
was then estimated from the Euclidean distance, in mm, between the known and the
estimated site, both located on the generic LV endocardial surface.

Estimation of localization performance of patient-specific site localization

To estimate the performance of patient-specific site localization using the patient’s own EA
coordinates, localization of pacing sites was performed. Pacing at multiple endocardial sites
had been performed in each patient, and ‘target’ sites were identified as those that had
between 5 and 15 pacing site neighbors within radius of 10, 15, 20, 25, 30, 35, 40, 45, 50
mm. The neighboring pacing sites were used to calculate patient-specific regression
coefficients by combining their known sites and ECG integrals from leads 11, V2 and V6.
These were then used to estimate the location of the “target” site, and accuracy was
calculated as the distance between the estimated and actual sites.

Optimal locations of training-set pacing sites in the patient-specific site localization.

When a VT exit location is estimated by population-based localization within a segment, a
clinician can then pace in the neighbourhood of that region to improve the localization
accuracy by generating and using patient-specific regression coefficients, in order to perform
patient-specific site localization. Localization accuracy was only moderate in the absence of
training pacing sites which were remote from the target site. Therefore, we estimated how
many pacing sites distributed around an induced VT exit site were needed, including both
remote and neighboring sites, while minimizing the total number of pacing sites.

In this validation cohort, each procedure included recordings from a mean of 26 pacing sites
for mapping, and at least one VT. For each identified VT-exit site, we first calculated
distances between the identified VVT-exit site and all pacing sites of the procedure. The
farthest 5 pacing sites defined an initial larger remote sampling area, and the closest 6 pacing
sites were defined as neighbouring sites. To identify an optimal pacing strategy, five groups
of training-set pacing-site distributions were generated for comparison: the first group had 7
pacing sites that contained the most remote pacing site and the neighboring 6 pacing sites;
the second group had 8 pacing sites that contained the 2 most remote pacing sites and the
neighboring 6 pacing sites; this was repeated for groupings utilizing 3, 4 and 5 remote
pacing sites. The localization accuracy using patient-specific site localization was assessed
for each group.
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Statistical Analysis

Results

The mean and standard deviation (SD) were used to report statistical analysis results. Five
pacing-site groups based on all possible pairings were compared by using paired #test with
the Bonferoni correction for multiple testing. Accuracy between two observers was
compared using a paired #test. A double-sided £ < 0.05 was considered statistically
significant. Statistical analysis was performed with the Minitab 18 Statistical Software
(Minitab Inc, State College, PA). The data supporting the results of this study will be made
available from the corresponding author upon reasonable request.

Patient population

Among 19 consecutive patients enrolled (89.5% male, 66.6 + 9.1 years), 21 separate VT
procedures were performed, including 2 needle ablations and 19 standard ablation
procedures. Table 1 summarized the baseline characteristics. For the 21 procedures, 552 LV
endocardial pacing sites and 48 induced VTs were recorded by the automated localization
system in real time (Table 2). Twenty-five VT-exit sites of the mapped 48 VTs were
identified and were used as the “ground truth” for comparisons as shown in Table 3.

Accuracy using population-based localization within a segment

The 25 VT morphologies were used to estimate the accuracy of population-based
localization within a segment. Registration of pacing sites to the generic LV endocardial
surface triangles for the 25 identified VT-exit sites had interobserver variability in the
vicinity of 3.7 mm. Table 3 (columns 4 and 5) shows errors of VT-exit localization by using
the two-observer registration as different references. The localization accuracy was 9.5 + 2.6
mm (mean = SD) when using observer 1’s registration, which was not significantly different
from observer 2’s registration (7.9 £ 4.7 mm, 2> 0.05).

Accuracy using patient-specific site localization

Three cases (#1, #9 and #11) had insufficient pacing sites for analysis and were excluded;
thus 18 procedures with 500 pacing sites were included to estimate the accuracy of pacing-
site localization as shown in Figure 2. The accuracy of localization improved with the
inclusion of additional known pacing sites to calculate patient-specific regression
coefficients. Better accuracy was observed when the training-set pacing sites were within 25
mm of the target site.

Identification of optimal distribution of pacing sites to generate patient-specific

coefficients

Twenty-five identified VVT-exit sites were used to estimate the optimal pacing-site
distribution of a training set when performing patient-specific site localization. Table 4
summarizes the number of pacing sites in each group needed to reach a convergent
localization, and the remote and neighboring sampling space of each group based on the
distance between the pacing site and the identified VVT-exit site. The localization errors of the
5 groups of pacing site distributions are summarized in Figure 3, which graphically depicts
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localization accuracy. We took each group as a control group and computed paired #tests
between the control group and the other groups for a total of 10 tests. After Bonferonni
correction for multiple comparisons (significant P value < 0.005), only one pair (Group 3 -
Group 1) was significant (P=0.003). Group 3 (3 pacing sites with large sampling space (67.8
+ 17.0 mm) and 5 pacing sites closer to the estimated source (20.0 + 8.8 mm) had the best
localization accuracy (7.2 £ 4.1 mm) compared to the others as shown in Figure 3.

Clinical emulation to localize the VT exit by the automated localization system

One patient was used to illustrate the ability of the proposed system to localize two induced
VTs. For procedure #21, VT1 was mappable and exited scar at the mid-anterolateral wall
superior to the papillary muscle (noted by the red star in Figure 4, panel C, and yellow arrow
on panel D). Figure 4 (panel A) shows the recorded VT1 morphology. Using population-
based localization within a segment, this VT1 was assigned to the nearest of 238 triangle
elements and marked by the bullseye icon on the generic endocardial LV surface (Figure 4,
panel B, mid-anterolateral wall). Pacing at 3 sites remote from the region of interest,
followed by pacing at 5 more sites close to the estimated location, patient-specific regression
coefficients are generated, which was used to localize the VT1-exit site, marked in blue on
the EA geometry (Figure 4, panel C). This was 0.0 mm from the site identified by contact
mapping. (Table 3).

Representative VT2 (Procedure #21): This VT2 had a cycle length of 315 ms, with right
bundle branch block-type morphology in lead V1, and a rightward axis (Figure 4, panel E).
The site of exit was identified at the mid-apical anterolateral wall inferior to the anterolateral
papillary muscle. The VT2 exit site was localized to the more apical portion of the mid-
anterolateral segment identified by the bull’s eye in the population-based localization steps
(Figure 4, panel F). To refine the localization accuracy, training-set pacing sites were
acquired; Figure 4 (panel G) shows that the patient-specific site localization becomes
increasingly accurate with the addition of pacing sites, achieving reproducibility within 6
mm when pacing at the 8t site. The EA substrate map is shown in Figure 4 (panel H), with
the site of VT exit identified (yellow arrow and gold ball).

Discussion

The purpose of this study was to prospectively assess the performance of the SOLO
technique for localizing the origin of early LV activation during catheter ablation of VT,
The results show (i) a mean error in VT-exit site localization of approximating 9 mm in
identifying scar-related VVT-exit sites using the population-based localization within a
segment method; (ii) that the patient-specific site localization achieved mean accuracy of
within 7 mm after including up to 7 pacing sites, and that accuracy increased by adding
more pacing sites when they were focused on a suspected area of activation origin (radius <
10 mm); (iii) that the optimal training pacing-site distribution includes at least 3 sites from a
large sampling area (mean 67.8 = 17.0 mm radius from VT estimated VT exit site) followed
by at least 5 pacing sites which are closer (within 20.0 + 8.8 mm) on the LV endocardial
surface to achieve localization accuracy of 7.2 mm, as illustrated in Figure 2.
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The SOLO system might be useful as an advancement of conventional pace-mapping to
predict the origin of an unknown VT site of origin. A clinical procedure might include
programmed stimulation to induce VT(s), electroanatomic substrate mapping, and further
pacing at sites anticipated to be remote and neighboring to the VT exit sites to rapidly
identify scar exit sites graphically, and permit the design of an appropriate ablation strategy.
The major difference between commercially available QRS matching and the proposed
localization system is that this system predicts a site of origin and combines information
from ECG recordings and anatomic geometry which can be personalized with the
incorporation of pace mapping to accurately identify \VT-exit sites3l. Furthermore, QRS
correlation coefficient matching may be nonlinear, particularly with increasing distance from
the VT-exit site32,

To determine how many neighbouring vs. remote pacing sites are needed for derivation of
patient-specific coefficients (to enable patient-specific site localization), while minimizing
the total number of pacing sites, we studied the effect of the distribution of the pacing
‘training’ sites. Figure 2 illustrates the localization ability of patient-specific site
localization, and shows that using 7 training-set pacing sites in the neighboring areas (radius
of <20 mm) achieved localization accuracy within 10 mm.

To estimate the optimal locations of the training-set pacing sites for patient-specific site
localization, we tested varying combinations of remote and neighboring sites. Optimal
results were obtained with the combination of 3 widely distributed sites, a mean of 68 mm
from the estimated VT exit site, combined with data derived by pacing from at least 5 sites
clustered more closely to the estimated site, within mean radius 20 mm.

Accurate localization of the VT-exit site using the SOLO system could facilitate VT ablation
procedures and assist clinicians in the specific targeting of any particular induced VT
circuits during the ablation procedure. Once the LV EA map is created, only a few beats for
each VT morphology are needed to identify their exit sites. This allows for targeting
unstable or non-sustained VTs without significantly prolonging the procedure. It is possible
that limiting RF energy delivery to predicted VT target sites may reduce the risk of heart
failure worsening related to unnecessary myocardial damage during the procedure, and may
permit greater attention to achieving effective ablation at the most important sites, although
consideration must be given to targeting non-inducible VTs by ablating identifiable potential
culprit substrate. The first two population-based localization steps outlined here do not
require catheterization of the LV, and yet showed moderate accuracy in localizing VT. It is
possible that this may be useful for non-invasive cardiac radiation for ablation of VT332,
Also, recent progress in virtual-heart simulation34, e.g. incorporating magnetic resonance
imaging of scar tissue with the population-based localization within a segment method, may
improve understanding and interpretation of VT circuits and could aid in pre-procedural
planning.

Study Limitations

The current study focused only on patients who underwent LV catheter ablation, using the
SOLO system to estimate its localization accuracy. Further work will be required for right
ventricular (RV) and epicardial sites of early activation. Notably, the accuracy of patient-
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specific site localization step relies on acquisition of a complete EA map which has to be
imported into the system for localization. This hinders the use of the step particularly at the
beginning of procedure, when a full 3D geometry has not yet been acquired. Furthermore,
analysis suggests that local concave/convex geometry can lead to larger localization errors.
This method is based on projection from the center of the ventricular geometry to the LV
endocardial surface. The use of integrated, registered 3D imaging may improve this
methodology3®. It is worth noting that this technique can identify the site of activation of left
ventricular myocardium; this may not be an ideal site for ablation but rather a guide for
further substrate analysis. Finally, the methodology has only been validated in the Carto EA
system, and may require further validation using different EA mapping systems.

Conclusions

The study prospectively validated the accuracy of an intraprocedural automated VT
localization during catheter ablation procedures for VT. The localization performance was
promising and could facilitate ablation procedures.
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Nonstandard Abbreviations and Acronyms

VT ventricular tachycardia

ECGI electrocardiographic imaging
SOLO site of origin localization

CT computed tomography

LV left ventricle and/or left-ventricular
RV right ventricle and/or right-ventricular
3D three-dimensional

EA electroanatomic

EP electrophysiology

SD standard deviation

RF radiofrequency
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What is known?
. Localizing VT-exit sites can be helpful for ablation of scar-related VT.

. An automated intraprocedural site of origin localization (SOLO) system has
been developed for localizing the site of origin of early left ventricular
activation in real time using the 12-lead ECG.

. The SOLO system consists of three steps: (1) localization of ventricular
segment based on population templates, (2) population-based localization
within a segment, and (3) patient-specific site localization.

What the study adds?
. The SOLO technique-maintained accuracy in a prospective cohort study.
. The SOLO system achieved estimated accuracy on the order of 10 mm, and
might be useful as an advancement of conventional pace-mapping to provide
clinical utility.

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhou et al.

Page 14

A ?{‘:@‘@ )
2 %ﬂ‘ ORORLN
\IKTOG

©) NGy ,
KOO &N
) 0% Yo
q&w{%é A8
QEY: L SO
5 %0457

NS

Figure 1.

Registration of an identified VVT-exit site. (A) A VT-exit site was identified by a combination
of activation mapping (27) and entrainment mapping during VT (28), supplemented by pace-
mapping at the scar margin (29-30); the identified VVT-exit site marked by a white dot and

yellow arrow) was located on the bipolar potential map aligned with patient’s own CT

geometry. (B) The identified VVT-exit site was registered from the bipolar potential map to
one of 238 triangular area elements within a 16-segment generic LV endocardial surface by
observer #1 with green star and observer #2 with blue star, respectively.
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Estimation of the localization performance of patient-specific site localization. Out of 500
pacing sites (pooled from 18 ablation procedures), for which there were known
electroanatomic (EA) coordinates together with corresponding 3-variable ECG data, sets of
“target” pacing sites with 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 and 15 neighbors (as different
training sets) within radius of 10, 15, 20, 25, 30, 35, 40, 45, and 50 millimeters were
identified. For each selected “target” site, EA coordinates of its each training set together
with 3 ECG variables (lead 111, V2, and VV6) were used to calculate patient-specific
regression coefficients and these were then used, in turn, to predict the location (in terms of
EA coordinates) of the “target” site; the mean localization error of this prediction was
calculated for each set of “target” sites (in millimeters).
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Groupl Group2 Group3 Group4 Group5

Figure 3.
Identification of the optimal distribution of training-set pacing sites for performing patient-

specific site localization. Localization accuracy of five groups of training-set pacing-site
distributions in relation to remote and neighboring sampling space in the vicinity of a
mapped VT. Details are discussed in the text.
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Figure 4.
Localization of two VT exits by the automated localization system: (A, E panels) show the

recorded 12-lead ECG of two induced monomorphic VVTs during the procedure for patient
#19. The onset of one VT beat was automatically detected (26); the user can edit the onset of
the 120-ms window (rectangle box) if correction is necessary. (B, F panels) show bull’s eye
icons that indicate the estimated VT-exit locations using population-based localization
within a segment. The large number within each segment is the correlation coefficient (%)
for match by the 12-lead ECG VT pattern with population based 12-lead ECG templates; the
small number identifies the segment. (C, G panels) show that using patient-specific site
localization to predict a VT-exit site colored blue on the electroanatomic (EA) geometry
with the actual site of VT exit marked by the red star. Localization errors of VT 1 and 2 exits
are 0.0 mm and 5.3 mm, respectively. Yellow dots indicate recorded pacing sites on the EA
geometry. (D, H panels) illustrate the endocardial EA substrate maps for this patient, with
areas featuring bipolar signal amplitude = 1.50 mV in purple, and the site of VT exit
(identified by contact mapping) depicted by the yellow arrow and gold ball.
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Table 1.

Baseline characteristics of VT patients

Clinical Characteristics (N=19)

Male (%) 17 (89.5)
Age, years 66.6 £ 9.1
Non-ischemic 3(15.8)
Ischemic cardiomyopathy 15(79.0)
Cardiac sarcoid 1(5.3)
LVEF(%) 37.8
Heart failure (%) 14(73.7)
ICD present 17(89.5)
Medication (%)
Beta blocker 13(68.4)
Amiodarone 10(52.6)
Sotalol 3(15.8)
Mexiletine 4(21.1)
ACEi 11(57.9)
Statin 15(79.0)

VT =ventricular tachycardia; LVEF = left ventricular ejection fraction; ICD = implantable cardioverter-defibrillator; ACEi = Angiotensin-

converting enzyme inhibitors
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Table 2.

Description of all recorded VVTs from 21 ablation procedures

Case# Sex Age Etiology #ofpacingsitess Mapped VT Characteristics of VT morphology
1 *f M 51 NICM 17 VT1 RB/right axis/CL 520 ms
VT1 RB/extreme axis/CL 400 ms
2 M 67 ICM 26 VT2 RB/extreme axis/CL 400 ms
VT3 LB/left axis/CL 700 ms
3 M 72 NICM 20 —_ No-inducible VT
4 M 70 ICM 30 VT1 RB/normal axis/CL 480 ms
5 F 65 ICM 33 VT1 LB/left axis/CL 360 ms
6 M 68 ICM 25 VT1 RB/left axis/CL 260 ms
VT1 RB/normal axis/CL 340 ms
7 M 80 ICM 32
VT2 RB/left axis/CL 310 ms
VT1 LB/left axis/CL 330 ms
8 M 69 ICM 23
VT2 LB/left axis/CL 440 ms
o " 7 oM . VT1 LB/left axis/CL 380 ms
VT2 LB/normal axis/CL 260 ms
10 M 61 ICM 21 —_ No-inducible VT
1" M 61 ICM 18 — No-inducible VT
VT1 RB/right axis/CL 315 ms
12 M 58 ICM 42
VT2 RB/left axis/CL 300 ms
VT1 LB/left axis/CL 573 ms
13 M 76 ICM 31 VT2 RB/right axis/CL 310 ms
VT3 LB/left axis/CL 285 ms
VT1 RB/right axis/CL 690 ms
VT2 RB/right axis/CL 517 ms
14 M 71 ICM 26
VT3 LB/normal axis/CL 450 ms
VT4 LB/left axis/CL 440 ms
VT1 LB/left axis/CL 630 ms
15 M 80 ICM 20 VT2 RB/axis indeterminate/CL 410 ms
VT3 RB/left axis/CL 425 ms
VT1 RB/right axis/CL 570 ms
16 M 63 ICM 29 VT2 RB/extreme axis/CL 670 ms
VT3 LB/extreme axis/CL 430 ms
VT1 RB/right axis/CL 560 ms
VT2 RB/right axis/CL 550 ms
177 M 71 ICM 23 VT3 RB/normal axis/CL 662 ms
VT4 RB/left axis/CL 400 ms
VTS5 LB/normal axis/CL 440 ms
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Case# Sex Age Etiology #ofpacingsitess Mapped VT Characteristics of VT morphology

VT6 RB/left axis/CL 440 ms
VT7 RB/left axis/CL 600 ms
VT1 RB/right axis/CL 290 ms

18 M 44 ICM 27
VT2 RB/normal axis/CL irregular
VT1 RB/left axis/CL 340 ms
VT2 RB/right axis/CL 330 ms
VT3 LB/left axis/CL 390 ms

19 F 73 NICM 36
VT4 LB/left axis/CL 380 ms
VT5 LB/normal axis/CL 480 ms
VT6 very similar to VT5, CL 480 ms
VT1 RB/left axis/CL 430 ms

07 M 59 IcM 22 VT2 RB/extreme axis/CL 450 ms
VT3 RB/left axis/CL 490 ms
VT1 RB/right axis/CL 315 ms

21 M 67 CS 34
VT2 RB/right axis/CL 315 ms

The “*” indicates that three cases had insufficient pacing sites to estimate localization performance using patient-specific site localization which
were excluded. The “t” indicates needle ablation procedures. M: male; ICM, Ischemic cardiomyopathy; NICM, Non-ischemic cardiomyopathy; CS,
Cardiac sarcoidosis; RB and LB refer to right bundle and left bundle; ms: milliseconds. Description of VT morphology: VT morphology/axis based
on limb leads (normal axis (=30 to 90), right axis (90 t0180), extreme axis (90 to —180) and left axis (=30 to —90))/ cycle length (CL).
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Table 3.

Accuracy of VT exit localization achieved by the automated localization system

Page 21

Case# Mapped VT

VT Exit/Ablation Site

Localization Error (mm)

Population-based localization within a

segment Patient-specific site
localization
Observer 1 Observer 2
1 VT1 Basal anterolateral LV 9.3 4.5 3.9
VT1 — — — —
2 VT2 Inferolateral ;_F:I/Cglea/]\:erzsg the mid and 17.0 16.6 8.9
VT3 Mid inferior septum 11.2 10.7 7.3
4 VT1 Inferolateral segment * * *
5 VT1 — — — —
6 VT1 Basal inferior LV 12.2 6.1 144
VT1 Aortomitral continuity 12 4.1 4.1
! VT2 Basal inferior 11.2 10.3 16.0
VT1 Basal inferior septum 9.2 6.3 29
8 VT2 Basal inferior septum * * *
VT1 Septal basal margin of the scar * * *
’ VT2 Septal margin of the scar 6.4 0.0 9.3
VT1 Superior lateral margin of the scar 10.2 9.8 10.7
1 VT2 Basal septal margin of the scar 10.4 4.7 4.0
VT1 Base of the inferior LV septum 6.9 9.5 6.8
13 VT2 — — — —
VT3 — — — —
VT1 Mid anterolateral segment 11.2 6.4 12.4
VT2 Basal anterior wall 9.3 9.0 10.8
14 VT3 Right coronary cusp 9.4 5.8 2.7
VT4 Basal inferoseptal segment 6.9 20.1 13.6
VT1 — — — —
15 VT2 Lateral scar margin * * *
VT3 Apical scar margin 9.8 0.0 7.8
VT1 — — — —
o vz oot e okl
VT3 Inferoseptal apical segment * * *
VT1 Anterolateral segment 7.0 7.0 3.8
VT2 Basal anterolateral segments 11.2 10.8 3.8
17 VT3 — — — —
VT4 — — — —
VT5 Below the right coronary cusp f t 7
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Case# Mapped VT

VT Exit/Ablation Site

Localization Error (mm)

Population-based localization within a

segment Patient-specific site
localization
Observer 1 Observer 2

VT6 Apical inferior septum t t t
VT7 Superior basal septum 7.2 11.9 3.6
VT1 Apical anterolateral region 8.2 8.2 8.6

18 VT2 Non-sustained — — —
VT1 — — — —
VT2 — — — —
VT3 — — — —

19
VT4 — — — —
VT5 Basal superior septum, 13.0 9.4 7.0
VT6 His proximal region * * *
VT1 Inferoseptal region 6.5 0.0 7.6

20 VT2 Mid posterior scar margin * * *
VT3 Mid inferoseptal region * * *
VT1 Mid anterc;)l:;e;lrﬁ;r\;viljlussléf):rior to the 6.2 48 00

2 VT2 Mid-apical anterolateral wall inferior to 6.7 96 53

the papillary muscle

The error of VT-exit localization was calculated as Euclidean distance between the estimated VVT-exit site and the known VT-exit site. ‘—’ indicates
that the VT was not mapped, and an exit site was therefore not identified. The **” indicates VVTs that were terminated within the middle of the scar
at sites proximal to the scar exit site (in which cases localization accuracy could not be precisely quantitated because VT was terminated at a mid-

diastolic site).

flndicates that site of origin/ablation site was only approximately localized.
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Five groups for studying optimal locations for training-set pacing sites
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Group # # of remote + neighbouring pacing sites

Distance from the dispersed pacing sites to the
reference VVT-exit site (Mean + SD mm)

Number of pacing sites
needed to achieve

convergence
#1 1+6 70.6 £17.2 6
#2 2+6 69.3+17.1 7
#3 3+6 67.8+17.0 8
#4 4+6 66.2 +16.8 9
#5 5+6 64.8 +16.6 10
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