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Circulation: Arrhythmia and Electrophysiology

ORIGINAL ARTICLE

Impact of Spacing and Orientation on the
Scar Threshold With a High-Density Grid

Catheter

BACKGROUND: Multipolar catheters are increasingly used for high-
density mapping. However, the threshold to define scar areas has not
been well described for each configuration. We sought to elucidate the
impact of bipolar spacing and orientation on the optimal threshold to
match magnetic resonance imaging-defined scar.

METHOD: The HD-Grid catheter uniquely allows for different spatially stable
bipolar configurations to be tested. We analyzed the electrograms with
settings of HD-16 (3 mm spacing in both along and across bipoles) and HD-
32 (1 mm spacing in along bipoles and 3 mm spacing in across bipoles) and
determined the optimal cutoff for scar detection in 6 infarcted sheep.

RESULTS: From 456 total acquisition sites (mean 76+12 per case), 14750
points with the HD-16 and 32286 points with the HD-32 configuration for
bipolar electrograms were analyzed. For bipolar voltages, the optimal cutoff
value to detect the magnetic resonance imaging-defined scar based on the
Youden’s Index, and the area under the receiver operating characteristic curve
(AUROC) differed depending on the spacing and orientation of bipoles; across
0.84 mV (AUROC, 0.920; 95% (I, 0.911-0.928), along 0.76 mV (AUROC,
0.903; 95% Cl, 0.893-0.912), north-east direction 0.95 mV (AUROC, 0.923;
95% Cl, 0.913-0.932), and south-east direction, 0.87 mV (AUROC, 0.906;
95% Cl, 0.895-0.917) in HD-16; and across 0.83 mV (AUROC, 0.917; 95%
Cl, 0.911-0.924), along 0.46 mV (AUROC, 0.890; 95% Cl, 0.883-0.897),
north-east direction 0.89 mV (AUROC, 0.923; 95% Cl, 0.917-0.929), and
south-east direction 0.83 mV (AUROC, 0.913; 95% Cl, 0.906-0.920) in
HD-32. Significant differences in AUROC were seen between HD-16 along
versus across (P=0.002), HD-16 north-east direction versus south-east direction
(P=0.01), HD-32 north-east direction versus south-east direction (P<0.0001),
and HD-16 along versus HD-32 along (P=0.006). The AUROC was significantly
larger (P<0.01) when only the best points on each given site were selected for
analysis, compared with when all points were used.

CONCLUSIONS: Spacing and orientation of bipoles impacts the accuracy
of scar detection. Optimal threshold specific to each bipolar configuration
should be determined. Selecting one best voltage point among multiple
points projected on the same surface is also critical on the Ensite-system
to increase the accuracy of scar-mapping.

VISUAL OVERVIEW: A visual overview is available for this article.
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WHAT IS KNOWN?

e Areas with the voltage between 0.5 and 1.5 mV
have been defined as abnormal low voltage areas.
However, these thresholds may be dependent
on the electrode spacing and the angle between
bipolar direction and activation direction.

WHAT THE STUDY ADDS?

e Optimal cutoff value to discriminate scar from
healthy tissue is specific to bipolar spacing and
orientation.

e Although scar areas are well discriminated from
the healthy area in any bipolar configurations with
the HD-grid catheter (Advisor) with both a sensitiv-
ity and specificity of 80% to 85%, smallest bipolar
spacing (1 mm) showed relatively lower accuracy.

e Selecting the best point out of multiple points pro-
jected on the same given site may provide better
accuracy to discriminate scar.

is a prerequisite for substrate-based scar modi-
fication during sinus rhythm as mapping during
ventricular tachycardia (VT) can be performed in only
30% to 40% of cases."? Bipolar voltage mapping has
been correlated with dense scar defined by histopathol-
ogy and magnetic resonance imaging (MRI) and has
been universally implemented in clinical practice, with a
statistically derived low voltage threshold of <1.5 mV.34
However, not only electrode size and spacing,>”’ but
also the activation wavefront relative to the catheter
orientation, influence the local voltage.®-1°
The purpose of this study was to explore the opti-
mal threshold in 2 configurations of HD-grid cathe-
ters (Figure 1), and compare the impact of electrode
spacing and bipolar direction on the scar-threshold.
Additionally, we aimed to assess the feature of best-
duplicated point installed in the EnSite Precision sys-
tem, which automatically selects the highest voltage
point among multiple points projected on the same
surface point to create more accurate maps.

Detection and characterization of myocardial scar

METHODS

The data, methods used in the analysis, and materials used to
conduct the research will not be made available for purposes
of reproducing the results or replicating the procedure.

Animal Model for Myocardial Infarction

Experimental protocols were conducted in compliance with the
Guiding Principles in the Use and Care of Animals published
by the National Institutes of Health (NIH Publication No. 85-23,
Revised 1996). The study was approved by the institutional ani-
mal use and care committee. Six female sheep (age 4.5 years,
55.4+7.3 kg) were sedated with an intramuscular injection of

Circ Arrhythm Electrophysiol. 2019;12:e007158. DOI: 10.1161/CIRCEP.119.007158

ketamine hydrochloride (20 mg/kg), acepromazine (0.1 mg/
kg), and buprenorphine (20 ug/kg). After an intravenous injec-
tion of propofol (2 mg/kg), each sheep was intubated, and
anesthesia was maintained with 2% to 3% isoflurane. Sheep
were ventilated with a respirator (CARESTATION/Carescape
GE, Chicago), using room air supplemented with oxygen. An
intravenous catheter was placed in the internal jugular vein for
infusion of drugs and fluids. Arterial blood gases were moni-
tored periodically, and ventilator parameters were adjusted
to maintain blood gases within physiological ranges. A sheep
myocardial infarction model was created by an experienced
invasive cardiologist using selective ethanol injection (1-2 cc)
in the distal one-third of the left anterior descending artery.

MRI Myocardial Scar Segmentation

Late gadolinium-enhanced cardiac MRI was performed 2 to
3 months after the creation of myocardial infarction. Image
processing was performed by 2 trained technicians using
the MUSIC software (EQUIPEX MUSIC, Liryc, Universite” de
Bordeaux/INRIA, Sophia Antipolis, France). Segmentation
was performed as described previously.'" Briefly, the cardiac
chambers, ventricular epicardium, ascending aorta, and coro-
nary sinus were segmented using semi-automatic methods.™
Although adaptive histogram thresholding was applied to
segment dense scar (threshold set at 50% maximum signal
intensity) and gray zone (from 35%-50%)'>"'* from left ven-
tricular wall segmentation, these regions were all defined as
scar areas in the present study.

Electrophysiological Study and Mapping
With HD-32 Grid Catheter

An electrophysiological study for scar mapping was per-
formed 1 to 3 days after the MRI examination in surviving
post-infarct sheep, using the HD-32 Grid catheter (Abbott,
Minneapolis, MN) and 3D-electroanatomical mapping sys-
tem (EnSite Precision system, Research version, Abbott,
Minneapolis, MN), with identical sedation, analgesia, intu-
bation and ventilation protocols as previously. A quadripolar
diagnostic catheter (Inquiry, Abbott, Minneapolis, MN) was
placed in the right ventricle, inferior vena cava, and coronary
sinus. A quadripolar positioned at the level of the inferior
vena cava was used as the reference catheter for unipolar
electrograms. The left ventricular was mapped during sinus
rhythm with the HD-32 Grid catheter (3 mm inter-electrode
spacing and 1 mm electrode size) via a retrograde aortic
approach and trans-septal approach. Multiple bipolar con-
figurations were created as described in the following para-
graph. A steerable long sheath (Agilis, Abbott, Minneapolis,
MN) was used if required. The internal and external projec-
tion setting was set at 5 mm with 5 mm interpolation. Field-
scaling was applied for all maps. On the point acquisition,
contact with the left ventricular endocardial surface was
confirmed by fluoroscopy and the proximity indicator on the
EnSite Precision system.

For the registration, all segmentations of MRI imaging,
including scar and healthy areas, were exported as meshes
and loaded into the EnSite Precision system. The registra-
tion algorithm with the Ensite-NavX Fusion module allowed
dynamic molding of the 3D-electroanatomical mapping
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Figure 1. Bipolar configuration from the HD-32 Grid catheter.

A, All electrodes were used for HD-32 Grid catheter. Electrocardiograms (EGMs) were collected from along (eg, A1-A2, A2-A3...D7-D8), across (eg, A1-B1, B1-C1,
C1-D1, A2-B2, B2-C2...C8-D8), north-east diagonal (eg, A2-B1, B2-C1, C2-D1...C8-D7), and south-east diagonal (eg, A1-B2, B1-C2, C1-D2...C7-D8) electrodes.
B, Every other electrode on each spline is skipped to produce a HD-16 configuration, which is simulating the Advisor HD-Grid mapping catheter (Abbott, Min-
neapolis, MN). EGMs are collected from along (eg, A1-A3, A3-A5...D7-D8), across (eg, A1-B1, B1-C1, C1-D1, A3-B3, B3-C3...C7-D7), north-east diagonal (eg,
A3-B1, B3-C1, C3-D1...C7-D5), and south-east diagonal (eg, A1-B3, B1-C3, C1-D3...C5-D7) electrodes.

geometry onto the MRI surface.'> After primary registra-
tion, the registered model was refined using a second set of
fiducial points, for example, left atrium, coronary sinus, aor-
tic root, left ventricular apex, and mitral annulus, judiciously
placed in a stepwise fashion to further align both surfaces at
sites of local mismatch.

Bipolar Configurations and Electrogram
Analysis
With the HD-32 Grid catheter, an electrode pair can be
selected to create a bipolar electrogram. By skipping every
other electrode, electrograms with a HD-16 Grid configura-
tion, which is similar to that of the Advisor HD-Grid mapping
catheter (Abbott, Minneapolis, MN), were also simulated in
each acquired beat, as shown in Figure 1. Electrograms were
classified as MRI-defined scar or nonscar areas and used
for further analysis (Figure 2). Using the research version
of EnSite Precision system, the absolute distance of each
mapped point from the surface geometry was calculated.
All points within 5 mm from the surface were included in
the study. As well as unipolar electrograms, bipolar elec-
trograms were acquired from electrode pairs along to the
catheter shaft (eg, A1-A2, A2-A3 etc for the HD-32-Grid,
and A1-A3, A3-A5 etc for the HD-16-Grid), across to the
catheter shaft (A1-B1, B1-C1 etc for both HD-32-Grid and
HD-16-Grid), and diagonal directions (north-east [NE] and
south-east [SE]; A1-B2, B1-A2 etc for the HD-32-Grid,
and A1-B3, B1-A3 etc for the HD-16-Grid). Electrograms
acquired from a distorted catheter and those with noise or
artifacts were excluded. Unipolar and bipolar electrograms
were filtered from 2 to 100 Hz, and 30 to 300 Hz, respec-
tively and local voltages were automatically analyzed from
peak-to-peak voltages.

The optimal cutoff value of the local voltage and the pre-
dictive accuracy for scar identification was calculated based

Circ Arrhythm Electrophysiol. 2019;12:e007158. DOI: 10.1161/CIRCEP.119.007158

on the receiver operating characteristic (ROC) analysis. The
same analysis was then performed using only best dupli-
cated points, one of the default settings of EnSite Precision
system, in which the electrogram with the highest amplitude
is selected as a local electrogram when multiple points are
projected on the same surface to create the voltage map. The
optimal cutoff value and predictive accuracy were compared
with the values calculated using all points (<5 mm from the
surface).

Statistical Analysis

For continuous variables, data are expressed as mean (+SD)
when they follow a normal distribution; or as median (25th
percentile-75th percentile) if they do not. As a result, the
former was used to describe the area under the ROC curve
(AUROC), and the latter was applied to describe the volt-
ages. Spearman correlation coefficient was also calculated.
For categorical variables, data are described as numbers
and percentages. According to the skewness, %2 analysis
or Fisher’s exact test were used for categorical variables,
and an ANOVA analysis or Kruskal-Wallis test were used
for continuous variables. P values <0.05 were considered
statistically significant. To compare the diagnostic capabil-
ity of each method, we performed a 2-sided Student t test
on the mean+SD of each area under curve calculated, with
the approximation of their normal distribution. The optimal
cutoff value to detect the MRI-defined scar was based on
the Youden’s Index.

RESULTS

Electrogram Acquisition

Electrograms were successfully collected in sinus rhythm
from a total of 456 acquisition sites (mean 76+12 per
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Figure 2. Collecting electrocardiograms (EGMs) with both HD-32 and HD-16 configurations from the same acquisitions.

The magnetic resonance imaging (MRI)-image with MRI-defined scar is merged on the 3D mapping system. From one acquisition, 4 EGMs are collected from both
HD-32 (A) and HD-16 (B), allocated to MRI-defined scar and nonscar areas, and used for the analysis. Local voltages automatically calculated from peak-to-peak
voltages consist in the combination of far- (yellow arrows) and near-field (red arrows) components. Note that far-field components in HD-16 are larger than HD-32
(a, ¢, d). However, near-field components are not always the case; larger in HD-32 (a, d) but smaller in HD-16 ().

case) in prepared 6 infarcted sheep as shown in Table 1.
Mapped points >5 mm further from the surface geom-
etry or those with noise or artifact were excluded from
the analysis. Five thousand five hundred fifty-four points
with the HD-16 configuration and 10998 points with
the HD-32 configuration for unipolar electrograms, and
14750 points with the HD-16 configuration and 32286
points with the HD-32 configuration for bipolar electro-
grams were analyzed.

Unipolar Voltages

As unipolar voltages, 3337 points in healthy areas and
2217 points in scar areas with the HD-16 configura-
tion, and 6687 points in healthy areas and 4311 points

Circ Arrhythm Electrophysiol. 2019;12:e007158. DOI: 10.1161/CIRCEP.119.007158

in scar areas with the HD-32 were analyzed (Table 2).
There were no differences in unipolar voltage between
HD-16 and HD-32 configurations in either healthy or
scar areas (P=N.S.).

Table 1. Baseline Characteristics (N=6)

Sheep No. Sex Age, y Weight, kg | Total Acquisitions
1 f 5 60 95
2 f 5 56.5 81
3 f 5 60 75
4 f 5 48 61
5 f 5 63 77
6 f 2 45 67
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Table 2. Unipolar Voltages in Healthy and Scar Areas

Table 4. Bipolar Voltages With HD-32 Grid in Healthy and Scar Areas

No. of Points Unipolar Voltage, mV
Healthy
HD-16 3337 5.62 [4.13-7.07]
HD-32 6687 5.63[4.15-7.11]
Scar
HD-16 2217 3.98[3.12-4.56]
HD-32 4311 3.99 [3.12-4.56]

Bipolar Voltages

As bipolar voltages, 8950 points in healthy areas and
5800 points in scar areas with the HD-16 configuration,
and 19882 points in healthy areas and 12415 points in
scar areas with the HD-32 configuration were analyzed.
Median voltages in different configurations are given in
Table 3 for the HD-16 configuration and in Table 4 for
the HD-32 configuration.

Effect of Electrode Spacing and
Orientation

The direct effect of electrode spacing independent
of direction is reflected by the difference in median
voltage between the HD-32 along (1 mm spacing)
and HD-16 along bipolar electrograms (3 mm spac-
ing) Table 5. Median voltages were significantly larger
with 3 mm spacing in both healthy and scar areas
(P<0.0001).

The direct effect of electrode direction independent
of spacing is reflected by the difference in median volt-
age between along versus across bipolar electrograms
in the HD-16, and NE versus SE bipolar electrograms
in HD-16 and HD-32 configurations. In the scar areas,
although the impact of bipolar orientation was not sig-
nificant in 3 mm electrode spacing, it became signifi-
cant when the inter-electrode spacing became larger

Table 3. Bipolar Voltages With HD-16 Grid in Healthy and Scar Areas

Bipolar

Configuration (Inter-

Electrode Spacing) No. of points Bipolar Voltage, mV

Healthy 8950
Across (3 mm) 2584 1.89[1.13-3.00]
Along (3 mm) 2483 1.74[1.00-2.87]
NE (4.23 mm) 1958 2.16[1.28-3.34]
SE (4.23 mm) 1925 2.09[1.31-3.24]

Scar 5800
Across (3 mm) 1635 0.35[0.23-0.60]
Along (3 mm) 1727 0.34[0.21-0.60]
NE (4.23 mm) 1165 0.41[0.27-0.64]
SE (4.23 mm) 1273 0.49[0.33-0.79]

NE indicates north-east; and SE, south-east.

Circ Arrhythm Electrophysiol. 2019;12:e007158. DOI: 10.1161/CIRCEP.119.007158

Bipolar

Configuration (Inter-

Electrode Spacing) No. of Points Bipolar Voltage, mV

Healthy 19882
Across (3 mm) 5151 1.88[1.11-3.03]
Along (1 mm) 5805 1.18[0.57-2.14]
NE (3.16 mm) 4492 2.00[1.15-3.19]
SE (3.16 mm) 4434 1.94[1.16-3.13]

Scar 12415
Across (3 mm) 3176 0.35[0.23-0.61]
Along (1 mm) 3796 0.19[0.12-0.37]
NE (3.16 mm) 2679 0.36 [0.24-0.59]
SE (3.16 mm) 2764 0.40[0.27-0.68]

NE indicates north-east; and SE, south-east.

and reached a 20% difference when the inter-electrode
spacing was 4.23 mm, as shown in Table 5.

Optimal Cutoff Values

Optimal cutoff values to discriminate scar from healthy
areas were determined using ROC analysis and are
described in Tables 6 through 8. For unipolar HD16
electrograms, a cutoff voltage value of 4.91 mV was
found (sensitivity 84.3%, specificity 61.2%), which did
not change even when analyzed points were increased
using points acquired with the HD-32 configuration
(Table 6). These 2 configurations showed generally
weaker spearman correlation (p<0.5) compared with
bipolar configurations. For bipolar voltages, the optimal
cutoff voltage value and the AUROC differed depend-
ing on spacing and the orientation of bipoles; across
0.84 mV (AUROC, 0.920; 95% Cl, 0.911-0.928), along
0.76 mV (AUROC, 0.903; 95% Cl, 0.893-0.912), NE
0.95 mV (AUROC, 0.923; 95% Cl, 0.913-0.932), and
SE 0.87 mV (AUROC, 0.906; 95% Cl, 0.895-0.917) in
HD-16; and across 0.83 mV (AUROC, 0.917; 95% Cl,
0.911-0.924), along 0.46 mV (AUROC, 0.890; 95% (I,
0.883-0.897), NE 0.89 mV (AUROC, 0.923; 95% (I,
0.917-0.924), and SE 0.83 mV (AUROC, 0.913; 95%
Cl, 0.906-0.920) in HD-32. When we focused on the
spacing, the optimal cutoff voltage values and AUROCs
were as follows: 1 mm spacing 0.46 mV (AUROC,
0.890; 95% Cl, 0.883-0.897), 3 mm spacing 0.80 mV
(AUROC, 0.912; 95% Cl, 0.907-0.918), 3.16 mm spac-
ing 0.89 mV (AUROC, 0.918; 95% Cl, 0.913-0.922)
and 4.23 mm spacing 0.90 mV (AUROC, 0.913; 95%
Cl, 0.906-0.921). A strong spearman correlation
(p=0.7) was obtained regardless of bipolar configura-
tions. Although relatively high accuracy and reliability
was preserved in all bipolar configurations, significant
differences were observed between settings as shown
in Table in the Data Supplement.
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Table 5. Direct Voltage Comparison Based on Electrode Spacing and Orientation

Voltage in Healthy Areas, mV P Values Voltage in Scar Areas, mV P Values

Comparison of spacing

HD-16 along vs. HD-32 along 1.74[1.00-2.87] vs 1.18 [0.57-2.14] <0.0001 0.34[0.21-0.60] vs 0.19 [0.12-0.37] <0.0001
(3 mm vs. 1 mm spacing)
Comparison of orientation

HD-16 across vs HD-16 along 1.89 [1.13-3.00] vs 1.74 [1.00-2.87] 0.002 0.35 [0.23-0.60] vs 0.34 [0.21-0.60] 0.2
(3 mm spacing)

HD-32 NE vs HD-32 S 2.00[1.15-3.19] vs 1.94 [1.16-3.13] 035 0.36 [0.24-0.59] vs 0.40 [0.27-0.68] <0.0001
(3.16 mm spacing)

HD-16 NE vs HD-16 S 2.16 [1.28-3.34] vs 2.09 [1.31-3.24] 0.76 0.41 [0.27-0.64] vs 0.49 [0.33-0.79] <0.0001
(4.23 mm spacing)

NE indicates north-east; and SE, south-east.

Specifically, the HD-32 along configuration (1 mm
spacing) showed significantly higher AUROC values
than in the HD-32 across configuration (3 mm spac-
ing; P<0.001), and the HD-16 along (3 mm spacing;
P=0.006). Additionally, significant difference in AUROC
was observed between 1 mm spacing versus 3 mm,
3.16 mm and 4.23 mm spacing (P<0.001); HD-32 along
configuration (1 mm spacing) demonstrated a weaker
spearman correlation, showing a lower reliability.

All Points Versus Selected Points Among
Multiple Duplicated Points

When only selected points (those with the largest voltage)
were used instead of all points for analysis, the optimal
cutoff unipolar values for HD-16 and HD-32 were 4.85
mV and 5.01 mV, respectively (Table 7). For bipolar volt-

Table 6. Optimal Cutoff Value Based on All Acquired Points

ages, the optimal cutoff voltage value differed depend-
ing on spacing and the orientation of the bipoles as fol-
lows: across 0.99 mV, along 1.01 mV, NE 1.17 mV, and
SE 1.16 mV in HD-16; and across 0.90 mV, along 0.84
mV, NE 1.18 mV, and SE 1.02 mV in HD-32. Both the
AUROC and Spearman correlation were generally signifi-
cantly larger when only the best points on each given site
were selected for analysis compared with when all points
were used for analysis, as shown in Table 8.

DISCUSSION
Major Findings

In the present study, we examine the impact of bipolar
spacing and orientation on the scar threshold and dem-
onstrate the following.

Analyzed Optimal Cutoff Spearman
Points Voltage, mV AUROC (95% ClI) Sensitivity, % Specificity, % Correlation, p
HD16
Unipolar 5554 4.91 0.741 (0.728-0.755) 84.3 61.2 0.410*
Across (3 mm) 4219 0.84 0.920(0.911-0.928) 84.9 85.2 0.709*
Along (3 mm) 4210 0.76 0.903 (0.893-0.912) 81.8 83.2 0.686*
NE (4.23 mm) 3123 0.95 0.923(0.913-0.932) 86.0 84.9 0.708*
SE (4.23 mm) 3198 0.87 0.906 (0.895-0.917) 78.6 88.2 0.688*
HD-32
Unipolar 10998 4.89 0.745 (0.739-0.754) 83.7 62.1 0.414*
Across (3 mm) 8327 0.83 0.917 (0.911-0.924) 84.5 85.3 0.702*
Along (1 mm) 9601 0.46 0.890 (0.883-0.897) 81.2 81.3 0.660*
NE (3.16 mm) 7171 0.89 0.923(0.917-0.929) 86.3 84.2 0.709*
SE (3.16 mm) 7187 0.83 0.913 (0.906-0.920) 82.2 86.6 0.695*
Independent of orientation
3 mm 12537 0.80 0.912 (0.907-0.918) 83.4 84.6 0.700*
3.16 mm 14358 0.85 0.918 (0.913-0.922) 83.9 85.5 0.702*
4.23 mm 6321 0.90 0.913 (0.906-0.921) 82.0 86.6 0.697*

AUROC indicates area under the ROC curve; NE, north-east; and SE, south-east.

*P<0.001

Circ Arrhythm Electrophysiol. 2019;12:e007158. DOI: 10.1161/CIRCEP.119.007158
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Table 7. Optimal Cutoff Values Based on Selected Points

Analyzed | Optimal Cutoff Spearman
Points Voltage, mV AUROC (95% CI) Sensitivity, % | Specificity, % | Correlation, p
HD16
Unipolar 3930 4.85 0.791 (0.777-0.806) 88.4 65.3 0.494*
Across (3 mm) 695 0.99 0.931(0.911-0.951) 83.8 88.7 0.674*
Along (3 mm) 1028 1.01 0.946 (0.932-0.960) 90.4 86.1 0.723*
NE (4.23 mm) 771 1.17 0.955 (0.940-0.970) 89.9 89.5 0.750*
SE (4.23 mm) 761 1.16 0.938 (0.921-0.955) 87.7 86.8 0.748*
HD-32
Unipolar 5284 5.01 0.823(0.811-0.834) 89.5 70.1 0.553*
Across (3 mm) 840 0.90 0.943 (0.927-0.958) 82.9 92.7 0.716*
Along (1 mm) 1167 0.84 0.909 (0.892-0.926) 84.8 80.8 0.658*
NE (3.16 mm) 1071 1.18 0.963 (0.953-0.974) 94.5 88.6 0.759*
SE (3.16 mm) 1101 1.02 0.928 (0.912-0.943) 87.7 86.8 0.718*
Independent of orientation
3 mm 1868 1.01 0.944 (0.933-0.955) 87.7 87.6 0.707*
3.16 mm 2171 1.06 0.946 (0.937-0.956) 90.9 87.4 0.741*
4.23 mm 1532 1.16 0.947 (0.935-0.958) 88.3 88.4 0.751*

AUROC indicates area under the ROC curve; NE, north-east; and SE, south-east.

*P<0.001.

Using high-density mapping:

1. Bipolar voltage increases as the inter-electrode
spacing increases in both healthy and scar tissue.

2. In scar areas, bipolar orientation may impact the
voltage, particularly when the bipolar spacing is
larger.

3. Optimal cutoff value to discriminate scar from
healthy tissue is specific to bipolar spacing and
orientation.

4. Smallest bipolar spacing (1 mm) less effectively
discriminate scar from healthy tissue.

5. Selecting the best point out of multiple points
projected on the same given site may provide bet-
ter accuracy to discriminate scar.

The Impact of the Bipolar Spacing on the
Local Voltage and Scar Threshold

Our results demonstrate that bipolar voltages gener-
ally increase as the inter-electrode spacing increases
in both healthy and scar areas. Excluding the effect of
wavefront direction by comparing HD-16 along (3 mm
spacing) versus HD-32 along (1 mm spacing), resulted
in a remarkable difference. Although each bipolar con-
figuration provided high sensitivity and specificity of
~80% to 85% in discriminating scar from healthy tis-
sue, with an optimal cutoff value for each bipolar set-
ting, the smallest spacing (1 mm) seemed to be less
accurate. This unexpected result may be explained by
the fact that local voltages in the scar areas were more
heterogeneous, with both far-field and near-field voltages
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measured from the electrodes with smaller spacing. As
previously demonstrated, far-field components increase
more proportionally increase as the spacing increases,
while near-field components are more sensitive to
the local tissue and exaggerated in smaller electrode
spacing.” As a result, far- and near-field voltages may
be more frequently overlapped with smaller spacing,
while, probably in bipoles with larger spacing, local

Table 8. Comparison of the AUROC Between All-Point Analysis Versus
Selected Point Analysis

Selected Points
All Points (Largest Voltage) | P Values

HD16

Unipolar 0.741+0.007 0.791+0.007 <0.001

Across (3 mm) 0.920+0.004 0.931+0.100 0.31

Along (3 mm) 0.903+0.005 0.946+0.007 <0.001

NE (4.23 mm) 0.923+0.005 0.955+0.007 0.003

SE (4.23 mm) 0.906+0.006 0.938+0.009 0.004
HD-32

Unipolar 0.745+0.005 0.823+0.006 <0.001

Across (3 mm) 0.917+0.003 0.943+0.008 0.004

Along (1 mm) 0.890+0.003 0.909+0.009 0.01

NE (3.16 mm) 0.923+0.003 0.963+0.005 <0.001

SE (3.16 mm) 0.913+0.004 0.928+0.008 0.065
Independent of orientation

3 mm spacing 0.912+0.003 0.944+0.005 <0.001

3.16 mm spacing 0.918+0.002 0.946+0.005 <0.001

4.23 mm spacing 0.913+0.004 0.947+0.006 <0.001
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voltages were more uniformly measured from the larg-
er far-field components in scar areas as described in a
previous study.'®

The effect of spacing on the optimal cutoff values
has been elegantly described by Tung et al.”” They
demonstrate an increasing linear relationship between
optimal voltage thresholds for scar and wider bipolar
spacing. In their study, the optimal cutoff value with
a duo-decapolar catheter (1 mm electrode length and
2 mm spacing) was 6.7 mV for unipolar, and 2.02 mV
for bipolar configurations. Interestingly, optimal cutoff
values of both unipolar- and bipolar-voltages with the
HD-16 configuration were 4.91 mV and 0.76to 0.84
mV in the present study, much smaller than in Tung’s
report, even though the electrode length was the same
(1 mm) and the HD-16 inter-electrode spacing was larg-
er. One reason for this discrepancy may originate from
the difference of the electrode surface area, as this is
~3xlarger in the duo-decapolar catheter, impacting the
voltage threshold due to a larger far-field effect. This
may also suggest a larger contribution from far-field sig-
nal component with larger surface electrodes. Regard-
ing inter-electrode spacing, the commercially available
HD-grid catheter (Advisor) may provide a larger voltage
(with a greater far-field effect) than other commercially
available multipolar mapping catheters due to a larger
inter-electrode spacing. However, other factors affect-
ing electrograms, such as electrode size and surface
area should be acknowledged.

Interestingly, as theoretically expected, the present
study demonstrated that the optimal cutoff value for
unipolar voltage was similar between HD-16 and HD-32,
because the electrode size was the same between these
2 configurations even though a larger number of points
was collected for the HD-32.

The Impact of the Orientation of Bipolar
Pair on the Local Voltage and Scar
Threshold

The angle between the bipolar orientation and activa-
tion front has been reported to affect local voltages.®'°
In scar areas, propagation may vary even more widely,
due to the heterogeneity between fibrous tissue and
interposed surviving myocardial fibers. In addition, a
greater available mass of normal far-field myocardium
contributes to the local bipolar electrograms in the bor-
der area adjacent to the healthy muscle, resulting in
a combination of near-field and far-field electrograms.
Peak-to-peak voltages in these areas showed =30% to
35% variation between orthogonally diagonal bipolar
pairs at the same location.® Although this effect may
have been nullified by adding mapping data from
other catheter orientations, we still observed that the
impact of bipole orientation in scar areas was exagger-
ated when the bipolar spacing was larger, as shown in
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Table 5. As far-field components are usually exagger-
ated with larger inter-electrode spacing,” this finding
may be linked to the relation between far-field voltage
versus activation direction in scar areas. Since the pres-
ent study did not show a significant difference between
orthogonal bipolar directions for the 3 mm spacing, a
smaller inter-electrode spacing may offset the impact
of this far-field effect associated with overall activation
direction. However, this should be confirmed by using
bipoles with much smaller spacing. Additionally, the
clinical impact of the limited difference (=20%) should
be examined in clinical studies using an ablation strat-
egy based on these different cutoff values.

The Impact of Selecting the Best Points in
the Projected Location

The present study demonstrated that the optimal cut-
off values calculated from selected points on each
projected site provided a higher accuracy for scar dis-
crimination compared with those calculated from all
acquired points. Although high-density mapping with
a multipolar mapping catheter can display substrate
with higher spatial resolution, multiple points may be
deleterious as they may not provide the true voltage
at each given site due to orientation of bipoles versus
activation direction.

However, one possible important limitation to this
function is that by selecting the highest amplitude sig-
nal, it may favor far-field components over the near-
field ones, and therefore reduce the ability to display
the local abnormal ventricular activities in the scar’
(Figure 3), and this limitation is critical for the recent
approaches of VT substrate ablation.'®2? Additionally,
the gap on the linear lesion may be missed by a voltage
map when double potentials with large far-field com-
ponents are identified along the linear lesion.

Scar Threshold in Commercially Used
Catheter

The findings of the present study suggest that in the
EnSite Precision system with the Advisor HD-Grid Map-
ping Catheter using the best points option, the thresh-
old of 4.85 mV in unipolar voltage and 1.01 mV in bipo-
lar voltage (3 mm along bipoles) may be used for scar
detection. However, the value derived from the animal
data maybe not always applicable to the human data.
Recently, industry has provided several types of
multipolar mapping catheters with different electrode
size and inter-electrode spacing. Compared with the
Advisor (3 mm inter-electrode spacing, T mm elec-
trode length, surface area of 2.51 mm?), the PentaRay
(Biosense-Webster Inc, Diamond Bar, CA) has a smaller
inter-electrode spacing (2 mm) and similar electrode
length (1 mm) but larger surface area (3.14 mm?). The
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Figure 3. Examples of best electrocardiograms (EGMs) selected out of multiple EGMs projected on a given site.

In the scar border area, 4 duplicated points (A-D) are projected on the same surface point, (A) with the highest amplitude selected as the local voltage to create
the voltage map. Although, EGMs at (B-D) depict local abnormal ventricular activities, this is not reflected on the map. Catheter is placed on a similar region but
with a different acquisition and with a different angle. These adjacent points are projected on the same surface, and one of them with a highest voltage is picked
up as a local voltage with a default setting of the commercial version of the NavX precision system, which results in missing a local abnormal EGMs. This situation

more frequently happens on the scar border areas.

Orion (Boston Scientific, Marlborough, MA) has a small-
er inter-electrode spacing (2.5 mm) and much smaller
electrode size (0.4 mm?). Although bipolar voltages and
local resolution are affected not only by the inter-elec-
trode spacing, but also the electrode size (and not just
electrode length), a direct comparison may be required
to decide on superiority between these catheters. How-
ever, at the least, a threshold for scar detection should
be set for each catheter. Since the commercially used
HD-16 (Advisor) has a relatively large inter-electrode
spacing, the resolution may be worse than for other
multipolar mapping catheters. However, using multiple
bipolar configurations may increase the resolution,
and the detection of abnormal potentials such as local
abnormal ventricular activities may be improved, and
the sequential arrangement of electrodes may allow
us to easily observe activation direction. However, this
should be analyzed in a further study.

One Voltage Threshold or 2 Voltage
Thresholds

Although we have been using 2 cutoff values for scar
determination, this may not always be relevant to the
clinical ablation strategy. First, although several strate-
gies for VT substrate modification have been reported
with good results,'®22 distinguishing the so-called dense
scar (<0.5 mV) from border area (0.5-1.5 mV) does not

Circ Arrhythm Electrophysiol. 2019;12:e007158. DOI: 10.1161/CIRCEP.119.007158

help identifying critical electrograms/isthmuses as they
can be found in both. This means that identification of
the entire scar area may be more important than dis-
crimination of dense scar.

Second, a value of <0.5 mV as dense scar has
been previously determined through intraoperative
mapping using an ablation catheter in patients with
postinfarction VT.22 Additionally, a value of 21.5 mV as
healthy tissue is based on voltage mapping from the
normal heart in the absence of structural disease, and
the voltage between 0.5 mV and 1.5 mV defined as
abnormallow voltage areas.* However, dense scar does
not mean the absence of residual myocyte bundles in
these areas. The residual tissue inside scar generally
provides low voltage and high-frequency electrograms
represented by local near-field electrograms,? which
may be critical to VT circuits. However, mapping sys-
tem will automatically consider the voltage of the larg-
est electrogram, which most often is not the critical
one, being the far-field component.’® Since there are
huge overlaps of voltage values between residual sur-
viving tissue and far-field electrograms from healthy
tissue in the dense scar area (<0.5 mV), identifying
truly dead scar may not be simple or feasible. Smaller
electrodes with smaller inter-electrode spacing mini-
mize the far-field effect and probably more frequently
collect near-field components, but still not able to
avoid overlap.”-1®
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Clinical Implications

Larger inter-electrode spacing providing larger bipolar
voltage values in both healthy and scar areas. Bipolar
orientation affects local voltage and may not be com-
pletely set off by catheter manipulation, which certainly
highlights the interest of omnipolar mapping.?

Although voltage thresholds for scar detection are
specific to the electrode configuration, the accuracy
of discriminating scars from healthy tissue is generally
high with high-density mapping using the HD-grid as
described by the AUROC=0.9. Smaller spacing (1 mm)
does not better discriminate scar areas from healthy
areas than larger spacing, but may be superior in iden-
tifying local signal from surviving bundles in the scar.
Finally, voltage detection of scar is improved by using the
best voltage points. However, we have to emphasize that
our results do not mean that smaller spacing is inferior
to larger spacing in investigating critical electrograms for
VT-substrate such as local abnormal ventricular activities.
Local abnormal ventricular activities detection has been
shown to be superior with smaller inter-electrode spac-
ing” and multiple bipolar orientations.>?*

LIMITATIONS

First, the small number of animals is a significant limi-
tation in this study. Additionally, this animal model is
likely different from that seen in patients with post—
myocardial infarction. The infarct produced in sheep
is more homogeneous, with smaller border zone, for
example. Therefore, the applicability of the cutoff val-
ues in the present study must be cautiously examined
in human studies. However, it is useful to describe the
impact of spacing and orientation on scar characteriza-
tion, and that the accuracy is relatively highly preserved
in high-density mapping with the HD-grid catheter
when specific cutoff values are used. It is also impor-
tant to acknowledge that the local electrogram ampli-
tude is measured based on the peak-to-peak voltage
which is automatically calculated by the system, that is,
from mixed electrograms with far- and near-field com-
ponents, especially in scar areas. It would have been
interesting to have performed the study using different
pacing vectors, which may form the basis for a further
study. Finally, smaller inter-electrode spacing (1 mm
along/1 mm across) may offset the effect of bipole ori-
entation versus activation, but a catheter with such a
design was not available.

CONCLUSIONS

Voltages in both scar and healthy areas are affected
by the spacing and orientation of the bipolar electrode
configuration. The threshold to discriminate scar (vs
MRI) from healthy tissue should be specifically defined

Circ Arrhythm Electrophysiol. 2019;12:e007158. DOI: 10.1161/CIRCEP.119.007158

according to the bipolar configuration, but relatively
high accuracy is preserved in any bipolar configuration
with HD-grid when the specific cutoff is used for each
bipolar configuration. Automatically selecting the best
point out of multiple points projected on the same giv-
en site may reduce redundant data and increase accu-
racy. Including bipolar orientation in mapping systems
should be considered in the future.
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