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OBJECTIVES This study sought to evaluate the value of combined electrogram (EGM) information provided by

simultaneous mapping using micro- and conventional electrodes in the identification of post–myocardial infarction

ventricular tachycardia substrate.

BACKGROUND Ventricular tachycardias after myocardial infarction are related to scars with complex geometry. Scar

delineation and ventricular tachycardia substrate identification relies on bipolar voltages (BV) and EGM characteristics.

Early reperfusion therapy results in small, nontransmural scars, the details of which may not be delineated using 3.5 mm

tip catheters.

METHODS Nine swine with early reperfusion myocardial infarction were mapped using Biosense Webster’s QDOT Micro

catheter, incorporating 3 microelectrodes at the tip of the standard 3.5 mm electrode. Analysis of EGM during sinus

rhythm, right ventricular pacing, and short-coupled right ventricular extrastimuli was performed. The swine were

sacrificed and mapping data were projected onto the heart. Transmural biopsies (n ¼ 196) corresponding to mapping

points were obtained, allowing a head-to-head comparison of EGM recorded by micro- and conventional electrodes with

histology.

RESULTS To identify scar areas using standard electrodes, unique cutoff values of unipolar voltage <5.44 mV,

BV <1.27 mV (conventional), and BV <2.84 mV (microelectrode) were identified. Combining the information provided by

unipolar voltage and BV mapping, the sensitivity of scar identification was increased to 93%. Micro-EGM were better able

to distinguish small near-fields corresponding to a layer of viable subendocardium than conventional EGM were.

CONCLUSIONS The combined information provided by multisize electrode mapping increases the sensitivity with

which areas of scar are identified. EGM from microelectrodes, with narrower spacing, allow identification of near-fields

arising from thin subendocardial layer and layers activated with short delay obscured in EGM from conventional mapping

catheter. (J Am Coll Cardiol EP 2019;5:1130–40) © 2019 by the American College of Cardiology Foundation.
N 2405-500X/$36.00 https://doi.org/10.1016/j.jacep.2019.06.004
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AB BR EV I A T I O N S

AND ACRONYM S

AUC = AUC

BVm = bipolar voltage using

microelectrodes

BVC = bipolar voltage using

conventional electrodes

C1 = first component of

electrogram signal (far-field

component)
S cars after myocardial infarction have complex
geometries with variable transmurality. The
thickness of the subendocardial and subepicar-

dial layers of surviving myocardium can also be high-
ly variable, depending on the time to reperfusion and
pre-existing collateral arteries (1–7). It has recently
been proposed that ventricular tachycardia (VT) cir-
cuits are established in areas with a surviving endo-
cardial layer of <2.2 mm and can depend on
isthmuses as small as 250 mm (1,8).
SEE PAGE 1141
C2 = second component of

electrogram signal (near-field

component)

CI = confidence interval

EAM = electroanatomical

mapping

ECG = electrocardiogram

EGM = electrogram

IQR = interquartile range

RV = right ventricle

RVE = right ventricular

extrastimulus

TB = transmural biopsies

UVC = unipolar voltage using

conventional electrodes

VM = viable myocardium

ventricular tachycardia
Substrate-based ablation approaches for scar-
related VT rely on 2 pillars: 1) delineation of low-
voltage areas by electroanatomical mapping (EAM);
and 2) identification of electrograms (EGM) consistent
with slow conduction or poor electrical coupling.
Electroanatomical bipolar voltage mapping using
conventional electrodes (BVC) is considered the
invasive reference method for the detection of scar.
Currently, a uniformly applied cutoff value of
BVC <1.5 mV is used (9–12). This cutoff value, how-
ever, has only been shown to be effective in identi-
fying compact transmural scars (9,10,13,14). For the
detection of small and heterogeneous subendocardial
viable layers, mapping with large electrodes and wide
interelectrode spacing may be inaccurate due to far-
field contamination of local electrical activity by
viable myocardium (VM) in subepicardial layers or
lateral border zones. It has been theorized that the use
of BVC (with a more limited field-of-view) rather than
unipolar voltage using conventional electrodes (UVC)
mapping minimizes the contamination by far-field
signal (11,12,15). It has, however, recently been
shown that both BVC and UVC amplitudes are affected
by histological changes occurring at distances of more
than 4 mm from the endocardial surface (16). The use
of bipolar EGM recorded from smaller (or micro)
electrodes (BVm) may further limit the field-of-view,
which may be advantageous in the identification of
subendocardial surviving VM (17,18).

Changing the activation wave front and chal-
lenging the conduction of surviving tissue through
right ventricular (RV) pacing can unmask areas with
direction- or rate-dependent conduction delay or
block (19). These signals, which are potentially both
small and present with only short conduction delay,
may be more readily detected using BVm.

The aim of this study was 2-fold: 1) assess the value
of (combined) information provided by UVC, BVC, and
BVm mapping in the identification of fibrosis; and
2) determine whether EGM collected with a micro-
electrode can be used to identify small areas with
(short) conduction delay.
METHODS

ANIMAL MODELS. The study was approved
by the Danish Animal Experiments Inspec-
torate (2017-15-0201-01259) and complied
with local institutional guidelines. In 9 do-
mestic Danish swine (67 � 2 kg), a myocardial
infarction was induced by inflating an intra-
vascular balloon placed after the second di-
agonal branch of the left anterior descending
coronary artery for 65 min before deflation of
the balloon. After 10 to 13 weeks, the animals
were brought back to the lab for the electro-
physiological procedure. (See the Online
Methods).

EAM AND ABLATION. Quadripolar catheters
were positioned in the right atrial appendage
and RV apex for pacing. The ventricular re-
fractory period was determined using RV
apex pacing at 500-ms basic train. Endocar-
dial voltage mapping of the left ventricle was
performed during stable atrial rate using the
QDOT Micro catheter (Biosense Webster,
Diamond Bar, California) and the CARTO 3
system version 6.0 (Biosense Webster). For
detailed mapping, the fill threshold was set

at #5 mm in BVC <1.5 mV areas, and #15 mm in BVC

>1.5 mV areas, as determined by BV mapping using
the standard electrode (Figure 1A). The QDOT Micro
catheter integrates 3 microelectrodes at the distal tip
of the standard 3.5 mm tip electrode. Each micro-
electrode has a surface area of 0.167 mm2 and is
separated from the other 2 electrodes by a distance of
1.755 mm and at 60� such that the 3 BVm collected
(between microelectrodes 1-2, 2-3, and 3-1, angle of
60� between the 3 bipoles) are perpendicular to the
vector of the BVC generated between M1 and M2 (17).
Care was taken to only obtain points when the cath-
eter was in stable position (with stable amplitudes on
both the conventional and micro-BV EGM), not
directly perpendicular to the tissue, and with a con-
tact force >9g. The 3-dimensional coordinates of each
point were obtained during diastole. UVC EGM were
taken against Wilson’s Central Terminal and were
filtered at a high-pass filter setting of 2 Hz and a low-
pass setting of 240 Hz. BVc and BVm EGM were filtered
at a high-pass setting of 16 Hz and low-pass setting of
500 Hz. To minimize the effect of wave front
propagation direction, the largest of the 3 BVm EGM
amplitudes at each recording site was included for
analysis.

With the QDOT Micro catheter in a stable position
within the scar area (BVC <1.5 mV) EGM were

VT =
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FIGURE 1 Methods

(A) Left ventricular endocardial bipolar voltage map color-coded according to bar in a

modified anterior-posterior (AP) view. (B, top) Intact swine heart with infarcted area

macroscopically visible downstream of site of occlusion. (Bottom) Slices (5 mm) of heart

were used to create 3-dimensional mesh (gray lines). One ablation lesion (ABL2) is visible.

(C) Integration of voltage maps (bipolar voltage using conventional electrodes [BVC],

bipolar voltage using microelectrodes [BVm], and unipolar voltage using conventional

electrodes [UVC]) with 3-dimensional anatomical mesh using 3 ablation lesions as land-

marks. (D) Example of 1 slice with projected electroanatomical mapping (EAM) points.

Examples biopsies taken from representative slice. LAD ¼ left anterior descending.
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analyzed during atrial pacing (75 beats/min), and then
RV pacing at a fixed rate of 500 ms for a train of 5
beats (S1) followed by the application of a single RV
extrastimulus (RVE) with a coupling interval of 50 ms
above the ventricular refractory period (S2) (19).

EGM were analyzed for the presence of 2 distinct
components at baseline, during the basic drive (S1)
and after RVE (S2). A lower-frequency potential
consistent with far-field was labeled C1, a higher-
frequency, single or multiple component consistent
with near-field was named C2 (20). A single-
component signal, without a clearly distinguishable
lower and higher frequency component with con-
duction delay of more than 10 ms or block in response
to RVE (S2) was also categorized as C2.

After mapping was performed, 3 ablation lesions,
remote from the scar areas were applied using Ther-
moCool SmartTouch Surround Flow catheter (Biosense
Webster) and tagged to allow for accurate integra-
tion of mapping data with full heart histology (12).

Euthanasia was performed during general anes-
thesia with potassium chloride to arrest the heart
at end-diastolic phase, which facilitates accurate
ex vivo registration with the EAM. The heart was
excised, rinsed, and filled with HistOmer (HistOtech,
Aarhus, Denmark) (21) to maintain end-diastole di-
mensions and counteract shrinkage and was fixated
in 4% formaldehyde (Sigma-Aldrich, Copenhagen,
Denmark) (Figure 1B).

EX VIVO IMAGE INTEGRATION. Three-dimensional
meshes were created from 5-mm-thick slices of the
fixed heart, imported into CARTO, and merged with
EAM data (Figures 1A to 1D) (16). (See the Online
Methods.)

HISTOLOGICAL ANALYSIS. Transmural biopsies (TB)
with a width of 10 mm were taken from sites corre-
sponding to nonablation EAM sites (such that each TB
corresponded to 1 conventional and 1 microelectrode
EGM) and stained with picrosirius to visualize his-
tology with collagen staining red and myocardium
yellow (see the Online Methods). Biopsies were
visually inspected and classified as having normal
(minimal interstitial) or pathological fibrosis (scar).
Biopsies with scar were further classified according 3
patterns (see Figure 2 for definitions). Custom soft-
ware calculated the proportion of fibrosis and the
amount of VM (mm2) in each transmural biopsy (16).

STATISTICAL ANALYSIS. Normally distributed data
was reported as mean � SD and not normally
distributed data as median and interquartile range
(IQR). Categorical data was expressed as proportions
or frequencies. Continuous variables were compared

https://doi.org/10.1016/j.jacep.2019.06.004
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FIGURE 2 Histological Pattern Classification

No fibrosis: Only minimal interstitial fibrosis present. Pattern 1:

One layer of fibrosis overlying a (thin) surviving subendocardial

layer of myocardium without an overlying layer of epicardial

myocardium. Pattern 2: A confluent layer of fibrosis separates a

layer of surviving subendocardial myocardium from a layer

epicardial myocardium containing minimal (2a) or significant

fibrosis (2b). Pattern 3: Fibrosis that does not form a single

confluent layer but is rather interspersed by viable myocardium

throughout the width of the biopsies.
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using unpaired Student’s t-test (parametric) or Mann-
Whitney U-test (nonparametric) or by using regres-
sion analysis. Receiver-operating characteristic curve
analysis was performed to determine the optimal
cutoff values for assessing a pre-specified amount of
VM, defined as the value maximizing the sum of
sensitivity and specificity. In the case of single tests,
p values of <0.05 were considered significant; Bon-
ferroni correction was applied in the case of multiple
testing. Statistical analysis was performed using IBM
SPSS version 23, (Armonk, New York).

RESULTS

ANIMAL MODELS. Nine swine were included. Coro-
nary occlusion was performed a median of 85 (IQR:
74 to 98) days before mapping. A median of 220 (IQR:
216 to 260) sinus rhythm points were collected per left
ventricle. In 6 swine, programmed RVE was per-
formed. At a total of 88 sites (median of 6 [IQR: 5 to 20]
sites per pig), EGM were systematically collected
during atrial pacing, RV pacing, and RVE. Image
integration was performed successfully in all swine
(Figures 1C and 1D) with a high overall registration
accuracy of 5.4 � 3.7 mm.

HISTOLOGICAL ANALYSIS. A total of 196 TB were
taken (21 [IQR: 20 to 25] per heart) with a mean surface
registration error of 3.1 � 1.7 mm. Of these, 82 had no
pathological fibrosis (Figure 1D). These biopsies had a
median wall thickness of 8.2 mm (IQR: 6.7 to 10.0),
8.2% (IQR: 7.0 to 9.4) fibrosis, and 69.6 mm2 (IQR: 59.1
to 84.2) VM. The lower fifth percentile of VM within
this group was 47 mm2. Of the 114 biopsies with
fibrosis, 13 showed pattern 1, 42 pattern 2a, 26 pattern
2b, and 33 pattern 3 (Figure 2).

VOLTAGES AND CORRESPONDING HISTOLOGY. During
atrial pacing, biopsies with normal amounts of VM
($47 mm2) generated UVC amplitudes with a median
of 7.01 mV (IQR: 5.57 to 8.95; lower fifth percentile:
3.68 mV). The median BVC was 2.13 mV (IQR: 1.37 to
3.09; lower fifth percentile: 0.70 mV). The median of
the maximum BVm measured was 5.07 mV (IQR: 3.39
to 7.55; lower fifth percentile: 1.82 mV). The BVm

measured was significantly higher than the BVC

measured at each location (p < 0.001) with a mean
difference of 3.51 mV (95% confidence interval [CI]:
2.96 to 4.06).

During atrial pacing, biopsies with scar and abnor-
mally low amounts of VM generated UVC, BVC, and
BVm of 3.72 mV (IQR: 2.30 to 5.35; lower fifth percen-
tile: 1.24 mV), 0.86 mV (IQR: 0.44 to 1.44; lower fifth
percentile: 0.20 mV), and 1.82 mV (IQR: 0.82 to 4.42;
lower fifth percentile: 0.38 mV), respectively. Again,
the BVC was significantly lower than the BVm

measured at each location (p < 0.001) with a mean
difference of 1.60 mV (95% CI: 1.06 to 2.15) (Table 1).

VOLTAGE AND AMOUNT OF VIABLE MYOCARDIUM. In
all biopsies, there was a positive relationship between
the voltages generated under atrial pacing and the
amount of VM in the TB. A pairwise analysis showed
that for all voltages, there was a difference (p < 0.001)



TABLE 1 Histological and Electroanatomical Characteristics of Biopsies With Normal and Abnormal Amounts of VM

Normal Amount of VM ($47 mm2) (n ¼ 125) Abnormal Amount of VM (<47 mm2) (n ¼ 71)

Min Max

Percentile

Min Max

Percentile

5 25 50 75 95 5 25 50 75 95

WT, mm 5.0 14.7 6.2 7.2 8.6 10.0 12.0 1.6 7.7 1.75 2.7 4.1 5.6 7.1

Fibrosis, % 4.5 33.3 5.6 7.5 9.4 14.3 25.9 8.4 87.6 13.1 33.6 43.8 59.8 84.3

VM, mm2 47.5 122.9 51.8 59.5 68.1 80.9 101.7 2.1 47.0 3.2 9.1 22.9 35.3 46.2

UVC, mV 2.36 11.53 3.68 5.57 7.01 8.95 10.74 0.81 11.21 1.24 2.30 3.72 5.35 7.84

BVC, mV 0.50 8.21 0.70 1.37 2.13 3.09 4.31 0.13 4.99 0.20 0.44 0.86 1.44 3.63

BVm, mV 0.76 18.32 1.82 3.39 5.07 7.55 13.29 0.22 12.25 0.38 0.82 1.82 4.42 8.07

BVm ¼ bipolar voltage using microelectrodes; BVC ¼ bipolar voltage using conventional electrodes; UVC ¼ unipolar voltage using conventional electrodes; VM ¼ viable
myocardium; WT ¼ wall thickness.
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between the voltages generated by biopsies with 0 to
30 mm2 VM and those with 30 to 60 mm2 VM. How-
ever, when the 30 to 60 mm2 group was compared
with the 60 to 90 mm2 group, there was only a sig-
nificant difference in the BVC (p ¼ 0.001) and BVm

(p ¼ 0.008), but not for the UVC (p ¼ 0.024, insignif-
icant after Bonferroni correction for multiple testing).
There was no difference between the 60 to 90 mm2

and 90 to 120 mm2 groups in any of the voltages. An
analysis of all biopsies revealed an associative
exponential relationship, supporting this plateauing
effect (p < 0.001 for UVC, BVC, and BVm) (Figure 3,
Online Appendix).

Using receiver-operating characteristic analysis, a
UVC cutoff of 5.44 mV was able to distinguish normal
and abnormal amounts of VM with a sensitivity of
77.5% and specificity of 78.4% (area under the curve
[AUC] ¼ 0.835). A BVC cutoff of 1.27 mV (sensitivity:
71.8%, specificity: 84%, AUC ¼ 0.814) and a BVm cutoff
FIGURE 3 Relationship Between Voltages and VM Throughout the M

(Left)Mean � SD voltages (unipolar [UVC] and bipolar [BVC] from conven

correction for multiple testing: p < 0.0167 considered significant. (Righ

whole dataset. VM ¼ viable myocardium.
of 2.84 mV (sensitivity: 66.2%, specificity: 86.4%,
AUC ¼ 0.802) were found.

If either low UVC or low BVC (or both) were
considered pathological, the sensitivity could be
increased to 87.3% (specificity: 69.6%). If the BVm

cutoff was also included such that any location pre-
senting with UVC of <5.44 mV, BVC of <1.27 mV, or
BVm of <2.84 mV was considered pathological, the
sensitivity for detecting areas with <47 mm2 was
increased to 93.0% (specificity: 65.6%).

RV ELECTRICAL STIMULATION AND EGM ANALYSIS.

A total of 32 TB were taken that corresponded to
sites at which RVE was performed. The median
voltages measured at these sites during atrial pacing
were 0.88 mV (IQR: 0.58 to 1.80) for BVC and
2.33 mV (IQR: 1.34 to 4.30) for BVm. The BVC recorded
during RV pacing was significantly higher than those
recorded during atrial pacing with a median of
yocardium

tional electrodes, and bipolar from microelectrodes [BVm]). Bonferroni

t) Curves and equations of associative exponential relationship fit to

https://doi.org/10.1016/j.jacep.2019.06.004


FIGURE 4 Conventional and Microelectrogram Response to RV Pacing and Extrastimuli: Part 1

All signals visualized on the same scale, signal clipped at 1.7 mV. (A) Only the first (far-field) component (C1) is visible (on both conventional

and microelectrograms, during both atrial and right ventricular [RV] pacing) (no fibrosis). (B) Only the second (near-field) component (C2) is

visible (during both atrial and RV pacing) (pattern 1). (C) C1 and C2 is visible on all electrograms during both atrial and right ventricular pacing

(pattern 2a). (D) C1 and C2 visible on all electrodes during RV pacing (pattern 2b). SR ¼ sinus rhythm; other abbreviations as in Figure 3.
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1.50 mV (IQR: 1.00 to 2.86; mean difference from
atrial pacing: 0.61 mV; 95% CI: 0.16 to 1.06,
p ¼ 0.009). Interestingly, there was no difference in
the amplitude of the BVm measured during RV pacing
compared with during atrial pacing. Median BVm

during RV pacing was 3.01 mV (IQR: 1.42 to 5.95;
mean difference: 0.36; 95% CI: �0.55 to 1.28;
p ¼ 0.429).
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The QDOT Micro catheter generated 3 microelec-
trode EGM, the largest of which was taken for all
previous analyses. When switching from atrial pacing
to RV pacing, the electrode pair that generated the
largest amplitude signal changed (mean change of
0.98 mV) at one-half of the sites (n ¼ 16).

At locations with only 1 layer of viable myocardium
(n ¼ 7) (no fibrosis and pattern 1), only 1 component
was observed (be it C1 or C2), irrespective of activa-
tion (atrial or RV pacing) and electrodes (BVC or BVm)
from which it was collected. Locations without
fibrosis generated only 1 large C1 (Figure 4A). Loca-
tions with pattern 1 (thin layer of surviving endocar-
dium overlaid with transmural fibrosis) generated
only a small C2, in the absence of C1 (Figure 4B).

In the biopsies with patterns 2a, 2b, and 3 (n ¼ 25),
both C1 and C2 were generated at all but 3 locations.
If both C1 and C2 were observed, the 2 components
were always visible on at least 1 of the microelectrode
EGM (usually on all 3). If both C1 and C2 were visible
on both the micro- and conventional EGM (13 sites)
both components were already visible during atrial
or RV pacing (S1) and the delay between C1 and C2
increased on the application of S2 (Figures 4C and 4D).

Interestingly, at 9 sites, a second component was
only discernible on the microelectrodes (Figure 5). In
some cases, C2 was visible on the microelectrodes
during RV pacing (S1) and on application of the
extrastimuli (S2), but it was only visible on the con-
ventional EGM on S2. At these locations, C2 was often
partially obscured by the decay artifact of C1
(Figures 5A and 5B). Most significantly, at a number of
locations, C2 was only visible on the micro-EGM.
Figure 5C shows a typical example of when S2 was
only visible during baseline and S1 on the microelec-
trodes and was blocked on the application of S2.
Figure 5D shows an example of C2 becoming visible on
the micro-EGM only under S2 while remaining
obscured by the decay artifact of C1 in the conven-
tional EGM. These locations showed a more complex
fibrotic pattern (most frequently pattern 2b) with
either very thin layers of surviving endocardium
(Figure 5C) or a thin layer of fibrosis separating the
endocardial layer from the overlaying surviving
epicardial layer (Figure 5D, Online Appendix).

DISCUSSION

This study is the first to couple voltage mapping data
and EGM characteristics simultaneously collected
with both conventional and microelectrodes during
sinus rhythm, RV pacing, and RVE with the true gold
standard for fibrosis identification—histology with
high registration accuracy.
MAIN FINDINGS. 1) All voltage amplitudes (UVC, BVC,
and BVm) are affected by the amount of viable
myocardium present at a given location. 2) By being
able to definitively identify areas of fibrosis using
histology, we have been able to generate cutoff
values for UVC, BVC, and BVm (5.44 mV, 1.27 mV, and
2.84 mV, respectively) for identifying normal amount
of viable myocardium. Combining information pro-
vided by UVC, BVC, and BVm increases the sensitivity
of voltage mapping in identifying areas of abnormally
low VM. 3) The spatial relationship of the 3 micro-
electrode recordings, and the selection of the EGM
with the largest amplitude, may allow for partial
compensation of wave front propagation de-
pendency. 4) EGM produced by microelectrodes have
relatively higher amplitudes allowing for the identi-
fication of smaller near-field components. Micro-
electrode EGM can detect the activation of a
subendocardial layer even if the delay is so slight that
it occurs within the duration of the far-field EGM (on
the conventional EGM).

VOLTAGE MAPPING USING MULTISIZE ELECTRODE. In
the current study we have shown that BV amplitudes
recorded with microelectrodes are significantly larger
than the BV amplitudes measured using conventional
mapping catheters, irrespective of whether this was
in areas with normal versus abnormal amounts of VM.
Accordingly, we cannot use the same cutoff value for
both conventional and microelectrode BV ampli-
tudes. If a single cutoff value is used (at all), a
different value should be defined for each electrode
size used. One possible reason for these higher am-
plitudes is the use of smaller electrodes. UV signals
collected from smaller electrodes should overlap less
and as such the resultant BV signal should suffer less
cancellation. Furthermore, as the QDOT Micro cath-
eter combines 3 microelectrodes, there is a signifi-
cantly high chance that 1 of these pairs will be in line
with the depolarization wave front. Changing the
activation wave front (from atrial pacing to RV pac-
ing) led to no significant change in the BVm amplitude
measured in a small group (n ¼ 32) while it led to a
significant change in the amplitude of the BVC

measured.
In areas with normal amounts of viable myocar-

dium, we recorded median BVm of 5.07 mV with a
lower fifth percentile of 1.82 mV. This is higher than
the BVm measured in healthy swine by Leshem et al.
(17) who found a mean BVm of 3.8 � 2.3 mV (and a
lower fifth percentile of 1.3 mV). There are several
aspects that may contribute to the observed differ-
ences. A possible reason may lie in the swine used:
Leshem et al. (17) used swine that weighed 56 kg at

https://doi.org/10.1016/j.jacep.2019.06.004


FIGURE 5 Conventional and Microelectrogram Response to RV Pacing and Extrastimuli: Part 2

(A) C2 is visible on microelectrograms during S1, and C2 is only visible on conventional electrogram during S2 (pattern 2b). (B) C2 is only visible

on conventional electrogram during S2 and partially obscured in decay artifact of C1 (pattern 2a). (C) Small amplitude C2 is only visible in

microelectrograms at baseline and during S1 and is blocked on S2 (pattern 2b). (D) C2 is only visible on microelectrograms during application of

S2 and is not visible in decay artifact of conventional electrogram (pattern 2b). Abbreviations as in Figures 3 and 4.
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the time of mapping to generate normal values
(E. Leshem, personal communication, April 2019),
whereas our swine averaged 86 kg at the time of
mapping. Furthermore, in this study, care was taken
to ensure that all points were acquired with contact
force of >9g, which was facilitated by a carotid
approach (which may also influence the catheter
orientation and angle of incidence, which may affect
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Relationship between voltages (from conventional electrode tip [unipolar voltage and bipolar voltage (BVC)] and from microelectrode [BVm]) and viable

myocardium generated at a given location. Positive association between BVm and viable myocardium BVm is sensitive to changes in viable myocardium

occurring further away from the catheter tip. Cutoff values generated through receiver-operating characteristic analysis shown. Schematic shows additional

advantage of using microelectrodes.
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the voltages recorded). Leshem et al. (17), using an
inguinal approach, allowed for variation between 5g
and 40g, which may also have contributed to the
lower BVm recorded.

All 3 voltages appear to be sensitive to change in
VM occurring at any site throughout the myocardial
wall. An associative exponential relationship was
seen for all 3 voltages (UVC, BVC, and BVm). Interest-
ingly, if the subgroups are compared, this saturation
appears to occur later for BVm and BVC than for UVC.
This maintenance of a positive relationship between
VM and BVm suggests that BVm is influenced by in-
creases in viable myocardium across the wall, rather
than only the subendocardial layer.

By being able to use the true gold standard for scar
identification—histology—we have been able to
generate more clinically applicable cutoff values. We
found that a UVC cutoff of 5.44 mV was best able to
distinguish areas of reduced VM. A BVC of 1.27 mV
and a BVm of 2.84 mV were also best able to identify
these areas. Interestingly, by considering all voltages,
rather than focusing on areas below a single cutoff
value, we could increase the sensitivity of voltage
mapping to 93% (as opposed to 76%, 69%, and 64% if
using the single cutoffs of UVC of <5.44 mV, BVC

of <1.27 mV, or BVm of <2.84 mV, respectively). The
information provided by UVC, BVC, and BVm is likely
slightly different and complimentary and the
respective maps may show slightly different low-
voltage areas in scars with complex geometry and
transmurality (Figure 1C).

IDENTIFY EGM CONSISTENT WITH SLOW CONDUCTION

USING MULTISIZE ELECTRODES. When performing
RVE, it became apparent that near-field (C2) com-
ponents were more readily visualized on the mi-
croelectrodes. We hypothesize that the strength and
additional benefit of the microelectrodes are in
2 aspects. 1) The signals generated by the micro-
electrodes are of a relatively higher amplitude,
compared with those generated by the conventional
electrodes at any given location. This allows for
identification of small near-field component arising
from thin layer of surviving endocardium (higher
signal-to-noise ratio), which are not visualized on
conventional EGM (Figure 3, Central Illustration). 2)
The EGM produced by the microelectrode are more
precise with respect to time (greater temporal reso-
lution), resulting in narrower, sharper signals with a
smaller decay artifact that allows for the identification
of a second component that is hidden in the
decay artifact of conventional electrodes (Figure 5,
Central Illustration). These second components may
even be visible during sinus rhythm; eliminating the
need for RVE in some cases. The application of RVE
can further unmask poorly coupled subendocardial
myocardium arising from a thin layer that may be too
small to be visible on conventional electrodes. This
may be particularly important in the detection of the
thin layer of myocardium needed to sustain VT. It has
recently been shown that most VT are established in
VM with a thickness of #2.2 mm (8), which may be
difficult to detect with conventional, large-tip
electrodes.

STUDY LIMITATIONS. Whereas cutoff values in a
swine infarct model were identified in this study,
these values need to be validated in humans. The
histology of 2-dimensional slices corresponding to
the mapping points were taken. However, voltage
mapping is influenced by the myocardial tissue sur-
rounding the catheter tip in all 3 dimensions.
Furthermore, the exact orientation of the catheter to
tissue and wave front propagation is unfortunately
not known. In this study, only fibrosis amount and
patterns were assessed, other histopathological
characteristics may also play a role in arrhythmo-
genesis and should be explored. Although the rela-
tionship between voltage mapping and histology has
been elucidated, the specific histological character-
istics of VT-related sites have not been explored.

CONCLUSIONS

Using a post-infarct model, the following cutoff
values for the QDOT Micro catheter have been
established: UVC of <5.44 mV, BVC of <1.27 mV, BVm

of <2.84 mV. The combined information provided by
multisize electrode voltage mapping increases the
sensitivity with which areas of scar are identified. The
use of microelectrodes allows for the identification of
small near-field components that are either not
detected by the large-tipped electrodes or are
obscured by the decay artifact produced in conven-
tional EGM. The use of the microelectrode catheter
not only improves the detection of areas of low VM,
but also provides more detailed information about
areas of (functional) slow conduction.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE 1: All

voltages (UVC, BVC, and BVm) are influenced by changes in

VM occurring across the myocardial wall, not just within

the subendocardial layer. Combining the information

provided by multisize electrodes may allow for more

accurate substrate delineation, particularly in the case of

nontransmural or patchy scar.

COMPETENCY IN MEDICAL KNOWLEDGE 2:

Microelectrode signals are able to identify small

near-field components that are not detected by the

large-tipped electrodes or are obscured by the decay

artifact produced in conventional EGM. Using these

microelectrodes may allow for better identification of

(functional) slow conducting areas and thereby improve

ablation outcomes. This may be of particular importance

in patients with early reperfusion infarctions where the

large surviving epicardial layer hampers mapping using

conventional electrodes.

TRANSLATIONAL OUTLOOK: Further studies in

humans are needed to validate the voltage amplitudes

generated in this swine model. Furthermore, further

studies are needed to explore the relationship between

histological characteristics and VT-related sites as

identified using microelectrodes.
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APPENDIX For an expanded Methods section
as well as a supplemental table and figure,
please see the online version of this paper.
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