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BACKGROUND Longitudinal strain (LS) derived from speckle-
tracking echocardiography (STE) corresponds to regions of scar in
ischemic cardiomyopathy.

OBJECTIVE We investigated if regional LS abnormalities correlate
with scar location and scar burden, identified using high-density
electroanatomic mapping (EAM) in nonischemic cardiomyopathy
(NICM).

METHODS Fifty NICM patients with ventricular tachycardia (VT) un-
derwent echocardiography; multilayer (endocardial, midmyocar-
dial, and epicardial) regional LS and global LS (GLS) were
evaluated prior to EAM for detection of low-voltage scar. Patients
were divided into 3 groups by EAM left ventricular scar location:
(1) anteroseptal (group 1, n 5 20); (2) inferolateral (group 2, n
5 20); and (3) epicardial scar (group 3; n 5 10). We correlated
(1) location of scar to regional LS and (2) regional strain and GLS
to scar percentage.

RESULTS Regional LS abnormalities correlated with EAM scar in all
groups. Segmental impaired LS and low voltage on EAM demon-
strated concordance with scar in w75% or its border zone in 25%
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of segments. In groups 1 and 2, endocardial GLS showed a strong
linear correlation with endocardial bipolar scar percentage (r 5
0.79, 0.75 for groups 1 and 2, respectively; P, .001), whereas mid-
myocardial GLS correlated with unipolar scar percentage (r 5 0.82,
0.78 for groups 1 and 2, respectively; P, .001). In group 3, epicar-
dial regional LS and GLS correlated with epicardial bipolar scar per-
centage (r 5 0.72, P , .001).

CONCLUSION Regional abnormalities on LS predict scar location
on EAM mapping in patients with NICM. Moreover, global and
regional LS correlate with scar percentage. STE could be used as a
noninvasive tool for localizing and quantifying scar prior to EAM.

KEYWORDS Ventricular tachycardia; Nonischemic cardiomyopathy;
Voltage mapping; Speckle tracking; Strain echocardiography; Global
longitudinal strain
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Introduction
Ventricular arrhythmias (VAs) are often related to re-entry
around regions of scar in patients with structural heart disease.
A key challenge is to accurately identify and localize scar. In
advanced disease, scar can be detected visually as regional
wall motion abnormality on echocardiography, as areas of
perfusion mismatch on cardiac positron emission
tomography (eg, in inflammatory myopathies), or as areas of
late gadolinium enhancement by cardiac magnetic resonance
imaging (cMRI). Speckle-tracking echocardiography (STE)
can quantify myocardial deformation by tracking ultrasonic
speckles and can quantify regional and global as well as
layer-specific (endocardial, mid-myocardial, and epicardial)
longitudinal strain (LS).1 Abnormalities of myocardial defor-
mation or strain can indicate the presence of scar.2

We recently demonstrated that multilayer strain abnormal-
ities can localize scar and quantify the extent of low-voltage
scar detected by electroanatomic mapping (EAM) in
hythm Society.
mons.org/
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KEY FINDINGS

- The relationship between noninvasive speckle-tracking
echocardiography (STE)–derived strain parameters and
invasive electroanatomic mapping (EAM) data in pa-
tients with nonischemic cardiomyopathy (NICM) and
substrate for ventricular tachycardia (VT) has not been
explored. This study demonstrates that global and
regional STE parameters correlate with low-voltage scar
on EAM in NICM patients.

- Endocardial strain identified bipolar scar, midmyocar-
dial strain identified unipolar scar, and epicardial strain
identified epicardial scar, respectively.

- The correlation of global and regional longitudinal
strain and scar percentage is linear, and performing
noninvasive STE in NICM patients with VT may provide
valuable information on scar burden and location, prior
to invasive EAM.

- Further studies are required to validate these findings
and assess the role of STE in the preprocedural
assessment of NICM patients with VT.
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ischemic cardiomyopathy (ICM) patients.2 As an extension
of this work, we hypothesized that regional and layer-
specific LS abnormalities may correlate with scar location
on high-density EAM in nonischemic cardiomyopathy
(NICM) patients, across typical “phenotypes” of anteroseptal
and inferolateral endocardial scar3 and epicardial-only scar.
Furthermore, we hypothesized that strain could quantify
scar burden3,4 in this prospective study of NICM patients un-
dergoing STE and high-density EAM prior to ventricular
tachycardia (VT) ablation.
Methods
Study population
Fifty consecutive NICM patients with sustained VT who un-
derwent index VT ablation at a tertiary hospital (Westmead
Hospital, Sydney, Australia; February 2018 – May 2019)
were prospectively recruited. NICM was identified as an
absence of significant coronary artery disease and defined ac-
cording to the criteria of the European Society of Cardiology
Working Group on Myocardial and Pericardial Diseases.5

Twenty patients, undergoing ablation for other arrhythmias
(eg, supraventricular arrhythmias), without scar, were re-
cruited as controls. Patients with a history of nonsustained
VT, prior myocardial infarction or obstructive coronary ar-
tery disease, congenital heart disease, primary valvular heart
disease, hypertrophic cardiomyopathy, or premature ventric-
ular contractions were excluded. Pacing-dependent patients
(n 5 7) and those with left bundle branch block (n 5 4)
were excluded; the 50 recruited patients were in sinus or
atrial-paced rhythm. Written informed consent was obtained
and the study protocol was approved by the Western Sydney
Local Health District Human Research Ethics Committee
(HREC Ref: HREC/17/WMEAD/435). The research re-
ported in this paper adhered to the Helsinki Declaration.
Standard echocardiographic assessment
A comprehensive transthoracic echocardiogram was per-
formed prior to their procedure by experienced medical pro-
fessionals/sonographers, using a commercially available
ultrasound machine (Vivid E9; GE Healthcare, Chicago,
IL). Images were acquired from the parasternal, apical, and
subcostal views; M-mode, 2-dimensional (2D), color, and
Doppler images were obtained. Three consecutive beats
were acquired at high frame rates (.55 frames/s). Measure-
ments were performed according to the American Society of
Echocardiography recommendations6 using offline software
(EchoPac 201; General Electric, Boston, MA), blinded to pa-
tient clinical information.
Speckle-tracking echocardiography
Strain measurements were performed offline, allowing semi-
automated analysis (EchoPac 201; General Electric). Global
LS (GLS), a measure of left ventricular (LV) longitudinal
deformation from apex to base during systole (ie, shortening,
hence denoted by negative value), was the average LS from
17 segments from the 3 apical views generated as a “bull’s-
eye” map (Supplemental Figure 1). The LV endocardial
border was traced in end-systole, with the LV wall subdi-
vided into basal, mid, and apical regions. Peak strain was
defined as the peak negative value on the strain curve,
including postsystolic peak if present.7 Midmyocardial,
epicardial, and endocardial peak strain and regional
segmental strain were recorded. Segments with poor image
quality or inadequate tracking were excluded. An average
of 3 measurements was used in the final analysis for strain pa-
rameters.
Electrophysiology study, mapping, and
radiofrequency ablation
Patients underwent high-density EAM, as previously
described.8 Intracardiac echocardiography was used for 3-
dimensional (3D) biventricular geometry reconstruction
(64-element, 5.5–10 Hz; SoundStar, CARTOSOUND mod-
ule; Biosense Webster, La Jolla, CA). Three-dimensional
EAM of the endocardial LV or epicardial LV was performed
using the CARTO 3 mapping system (Biosense Webster) us-
ing multielectrode mapping catheters (DecaNav or PentaRay;
Biosense Webster). An endocardial and/or epicardial 3D
shell of chamber geometry was constructed for each ventricle
and electrograms recorded during sinus rhythm. A color fill
threshold was set at 10 units for all maps. Conventional ven-
tricular peak-to-peak bipolar voltage parameters were used to
identify endocardial scar (dense scar: ,0.5 millivolts [mV],
low voltage: 0.5–1.5 mV, normal .1.5 mV).9 Unipolar LV
low voltage was defined as electrogram amplitude ,8.3
mV10 and bipolar low voltage ,1 mV identified epicardial
scar. The annulus was defined as a 1:1 ratio between atrial
and ventricular electrograms, and by intracardiac



Table 1 Baseline characteristics

Characteristic

NICM patients
undergoing EAM
and VT ablation
(n 5 50)

Controls
undergoing EAM
(n 5 20)

Age (years) 59 6 14 years 50 6 13
Male 38 (75) 11 (55)
Clinical characteristics
Hypertension 21 (42) 8 (40)
Diabetes mellitus 9 (18) 2 (10)
Dyslipidemia 16 (32) 6 (30)
Chronic kidney
disease

3 (5) 0

History of atrial
fibrillation

6 (12) 0

NYHA class III/IV 17 (33) 0
ICD 44 (88) 0

Medical therapy
Beta-blockers 35 (70) 15 (75)
ACEI/ARB 20 (40) 7 (35)
Spironolactone 8 (16) 0
Furosemide 20 (40) 0
Amiodarone 33 (66) 0
Lignocaine 8 (15) 0
Mexiletine 2 (3) 0

cMRI preprocedure 9 (18) 0
Underlying
cardiomyopathy
Idiopathic dilated 40 (80) 0
Arrhythmogenic
cardiomyopathy

5 (9) 0

Cardiac sarcoidosis 4 (8) 0
Congenital 1 (1) 0

Scar subtype
Anteroseptal 20 (40) 0
Inferolateral 20 (40) 0
LV epicardial 10 (20) 0

Values are presented as mean 6 SD or as n (%).
ACEI5 angiotensin-converting enzyme inhibitor; ARB5 angiotensin re-

ceptor blocker; cMRI5 cardiac magnetic resonance imaging; EAM5 electro-
anatomic mapping; ICD 5 implantable cardioverter-defibrillator; LV 5 left
ventricular; NICM 5 nonischemic cardiomyopathy; VT 5 ventricular tachy-
cardia.

178 Heart Rhythm O2, Vol 3, No 2, April 2022
echocardiography; low-voltage areas within 1 cm of the
annulus were excluded from measurements.

LV segmentation and scar analysis
LV voltage maps were manually analyzed as described pre-
viously,2 with offline analysis performed at 200 mm/s sweep
speed. Each electrogram was individually reviewed and an-
notated. The mitral annulus and aortic valve were excluded
from analysis. Scar and low-voltage areas were calculated us-
ing the proprietary surface area tool on the EAM system and
quantified as (1) endocardial or epicardial surface area (cm2)
and (2) proportion of total LV endocardial or epicardial sur-
face area (%). Subsequently, the LV basal and apical land-
marks were used to divide the chamber into 17 segments as
per the American Heart Association model for myocardial
segmentation and similar to the segmentation obtained
from the STE bull’s-eye map.6 The scar area in each segment
was measured and, using the LV surface area for that
segment, the scar percentage for that segment was deter-
mined. For epicardial map analysis, the septal segments
were excluded, as there were no adjacent epicardial surfaces
to correlate with. As a result, only the remaining segments
were analyzed. Only the scar areas overlying the LV epicar-
dium were analyzed.

For correlation between scar location on strain imaging
and EAM, 3D EAM segmental data were converted into a
2D, 17-segment “bull’s-eye” map similar to the strain map
using in-house custom-designed MATLAB software (Math-
works, Natick, MA; Supplemental Methods). The 17 seg-
ments on the 2D “bull’s-eye” EAM were correlated with
regions of impaired LS on the strain maps using side-by-
side comparisons. The two were determined as correlated if
the abnormal LS region was located in the same segment
as scar or within 1 segment of the scar map region (scar
border zone; Graphical Abstract).

Reproducibility
Interobserver and intraobserver reproducibility of GLS
(S.J.T, L.S.) and bipolar and unipolar scar (S.J.T., T.C.) on
EAM were performed in 15 randomly selected patients by
2 experienced analysts, blinded to each other’s measurements
and to patient’s clinical details.

Subgroups for correlation between STE indices and
EAM
We defined 3 subgroups of patients to evaluate correlation
between STE and scar pattern on high-density EAM: group
1: isolated anteroseptal scar (n 5 20); group 2: isolated in-
ferolateral scar (n 5 20); and group 3: LV epicardial scar
(n 5 10).

Statistical analysis
Continuous variables are presented as mean6 standard devi-
ation or median (interquartile range [IQR]); categorical vari-
ables are summarized using frequencies and percentages. The
Pearson rank correlation test was used to assess possible cor-
relations. EAM and echocardiographic parameters among the
3 different groups were analyzed using 1-way ANOVA. Dif-
ferences were considered significant with a 2-tailed P value
of,.05. Inter- and intraobserver reproducibility are reported
as coefficients of repeatability. Statistical analysis was per-
formed using commercially available software (SPSS soft-
ware 22.0; SPSS Inc, Chicago, IL).
Results
Baseline characteristics
Fifty NICM patients who underwent VT ablation (mean age
59 6 14 years; 75% male) and 20 controls who underwent
EAM and STE strain evaluation (mean age 50 6 13 years;
55% male) were included (Table 1). Echocardiography was
performed 1.9 6 1 days prior to EAM. In patients with
cMRI (n 5 9, 18%), this was performed 21 6 12 days prior
to EAM.



Table 2 Electroanatomic mapping parameters in nonischemic cardiomyopathy patients and controls

LV isolated
anteroseptal scar
(group 1, n 5 20)

LV isolated
inferolateral scar
(group 2, n 5 20)

LV epicardial scar
(group 3, n 5 10)

Controls
undergoing EAM
(n 5 20)

P value (1-way
ANOVA)x

Total points (n) 963 (544–1986) 1064 (705–2022) 1954 (1840–2143) 775 (521–1010) ,.001
Chamber volume (mL) 196 (176–205) 207 (171–211) - 144 (105–172) .078
Chamber surface area (cm2) 176 (161–196) 181 (166–192) 162 (143–176)† 161 (145–178) .432
Total bipolar scar area
,1.5 mV (cm2)

45 (31–59) 47 (29–63) 49 (38–56)‡ 0 .137

Bipolar scar area as
percentage of chamber
total surface area (%)

20 (17–40) 21 (16–42) 27 (20–46) 0 .063

Total unipolar scar area
,8.3 mV (cm2)

56 (46–70) 54 (43–66) - 0 .273

Unipolar scar area as
percentage of chamber
total surface area (%)

30 (26–46) 32 (24–46) - 0 .162

Values are presented as mean 6 SD, or median (interquartile range).
EAM 5 electroanatomic mapping; LV 5 left ventricular.

†Surface area of analyzed segments only.
‡Scar area overlying epicardial LV only.
xExcludes control group.
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Electroanatomic mapping data
Amedian of 963 (IQR 544–1986) points were collected from
LV EAM for group 1, 1064 (IQR 705–2022) for group 2, and
1954 (IQR 1840–2143) for group 3 (Table 2), with no signif-
icant differences in chamber volume, surface area, bipolar
scar, or unipolar scar among the groups.

Echocardiographic data
There were no differences between the groups for LV size
and function parameters (Table 3). Using a 17-segment
model, 740 segments were analyzed, and 110 segments
were excluded owing to poor image quality and inadequate
tracking. Strain in all 3 LV layers demonstrated marked
impairment in all groups.

Correlation between strain and voltage data
All 20 controls demonstrated normal multilayer GLS: endo-
cardial GLS -25.3%6 2.2%, midmyocardial GLS -23.1%6
2.3%, epicardial GLS -21.0% 6 1.9%. Mean bipolar (5.4 6
2.0 mV) and unipolar voltage (19.06 5.7 mV) on EAMwere
also normal in controls. The Pearson correlation between
GLS strain indices and global bipolar and unipolar percent-
age scar are presented in Table 4. When endocardial bipolar
scar percentage (groups 1 and 2, n5 40) was evaluated as ter-
tiles (,15% scar, 15%–25% scar, and .25% scar), corre-
sponding endocardial GLS values were -13.4% 6 0.9%,
-12.8% 6 1.3%, and -10.7% 6 1.5%, respectively.

Group 1 (anteroseptal scar)
NICM patients with anteroseptal scar (group 1) demonstrated
a linear correlation between bipolar and unipolar scar per-
centage and layer-specific strain indices. Bipolar scar per-
centage correlated best with endocardial GLS (r 5 0.79;
P, .001; Figure 1A), with lower correlations with midmyo-
cardial (r 5 0.77; P , .001) and epicardial GLS (r 5 0.75;
P, .001). Unipolar scar percentage correlated best with mid-
myocardial GLS (r 5 0.82; P , .001; Figure 1B).

The correlation between segmental LS and bipolar/unipo-
lar scar and mean voltage in the 17 LV segments for group 1
patients is shown in Supplemental Table 1, with good corre-
lation between bipolar voltage and endocardial LS, and be-
tween unipolar voltage and midmyocardial LS. Figure 2A
illustrates the linear correlation between segmental endocar-
dial LS and segmental endocardial bipolar scar percentage in
the 17 LV segments (r 5 0.72–0.82, P , .001).

Figure 3 demonstrates a case example of an NICM patient
with anteroseptal scar demonstrating strong regional correla-
tion between the endocardial strain abnormalities that match
bipolar scar regions. Similarly, midmyocardial and epicardial
strain abnormalities match the unipolar scar regions.

Using a regional LS value of -16%orworse,6 the number of
segments with impaired endocardial LS for each patient was 7
6 1. Using mean voltage ,1.5 mV for endocardial bipolar
scar, the number of segments with bipolar scar for each patient
was 66 1. Using these cut-off values to identify abnormal seg-
ments in 20 patients, endocardial LS and endocardial bipolar
voltage were matched in 76% of segments. For the remaining
24%, the segment with impaired endocardial LS was adjacent
to that with low bipolar endocardial voltage.

Using mean voltage,8.3 mV for unipolar scar, the num-
ber of segments with low endocardial unipolar voltage for pa-
tients was 76 1. Segmental matching for impaired epicardial
LS and abnormal endocardial unipolar voltage demonstrated
concordance in 70% of segments. In the remaining 30% of
segments, impaired endocardial LS was seen in an adjacent
segment.
Group 2 (inferolateral scar)
Bipolar scar percentage correlated best with endocardial GLS
(r 5 0.75; P , .001), whereas unipolar scar percentage



Table 3 Echocardiographic parameters in nonischemic cardiomyopathy patients and controls undergoing left ventricular electroanatomic
mapping

LV echocardiographic
variable

LV isolated
anteroseptal scar
(group 1, n 5 20)

LV isolated
inferolateral scar
(group 2, n 5 20)

LV epicardial scar
(group 3, n 5 10)

Controls
undergoing EAM
(n 5 20)

P value
(1-way ANOVA)†

LVEDVi (mL/m2) 98 6 29 102 6 31 100 6 28 51 6 13 .074
LVEF (%) 44 6 16 40 6 14 40 6 15 60 6 5 .142
LAVi (mL/m2) 56 6 29 55 6 31 56 6 30 27 6 8 .352
LV strain parameters
Endocardial
longitudinal strain
(%)

-11.9 6 3.6 -11.8 6 3.7 -11.7 6 3.7 -25.3 6 2.2 .116

Midmyocardial
longitudinal strain
(%)

-10.5 6 3.1 -10.5 6 3.2 -10.2 6 2.9 -23.1 6 2.3 .214

Epicardial longitudinal
strain (%)

-9.2 6 2.7 -9.0 6 2.9 -9.5 6 3.1 -21.0 6 1.9 .187

Values are presented as mean 6 SD.
EAM5 electroanatomic mapping; LAVi5 left atrial volume indexed; LV5 left ventricular; LVEDVi5 left ventricular end diastolic volume indexed; LVEF5 left

ventricular ejection fraction.
†Excludes control group.
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correlated best with midmyocardial GLS (r 5 0.78; P ,
.001). Regional correlations are presented in Supplemental
Table 2. Figure 2B illustrates the linear correlation between
segmental endocardial LS and segmental endocardial bipolar
scar percentage in the 17 LV segments (r 5 0.72–0.80, P ,
.001).

A patient with inferolateral scar and correlation with STE
indices is presented in Figure 4, demonstrating strong
regional correlation between endocardial strain and bipolar
scar regions. Similarly, midmyocardial and epicardial strain
abnormalities match the unipolar scar regions.

Endocardial LS and endocardial bipolar voltage matched
in 73% of segments; the remaining 27% of segments with
impaired endocardial LS were adjacent to segments with
low bipolar endocardial voltage.

Similarly, segmental matching for impaired epicardial LS
and abnormal unipolar voltage demonstrated concordance in
72% of segments, with the remaining 28% being adjacent
segments.
Group 3 (LV epicardial scar)
In the 10 patients with LV epicardial EAM, epicardial GLS
correlated with epicardial bipolar scar percentage
(r5 0.72, P, .001). Segmental epicardial strain and epicar-
dial bipolar scar also demonstrated modest correlation
Table 4 Correlation between scar percentage and strain parameters

Strain parameter

LV isolated anteroseptal scar (group 1,
n 5 20)

Bipolar Unipolar

r P r P

Endocardial GLS 0.79 ,.001 0.81 ,.001
Midmyocardial GLS 0.77 ,.001 0.82 ,.001
Epicardial GLS 0.75 ,.001 0.79 ,.001

GLS 5 global longitudinal strain; LV 5 left ventricular.
(Supplemental Table 3). Figure 5 presents a case example
of an NICM patient with epicardial scar demonstrating
good correlation between epicardial strain and epicardial
scar.

Reproducibility
Interobserver (S.J.T. and L.S.) and intraobserver (S.J.T.) co-
efficients of repeatability for GLS were 2.6 and 1.7, respec-
tively, and for regional strain were 2.2 and 1.4,
respectively. Interobserver (S.J.T. and T.C.) and intraob-
server (S.J.T.) coefficients of repeatability for bipolar scar
were 5.6 and 6.6, respectively, and for unipolar scar were
5.4 and 6.2, respectively.
Discussion
This is the first study to comprehensively evaluate the rela-
tionship between global and segmental STE strain with inva-
sive high-density EAM in NICM patients with VT. We
demonstrate the following key findings: (1) Regional LS ab-
normalities localized low-voltage bipolar scar in NICM pa-
tients; abnormal endocardial strain correlated with regions
of endocardial bipolar scar, abnormal midmyocardial strain
correlated with regions of endocardial unipolar scar, and
abnormal epicardial strain correlated with regions of epicar-
dial scar. (2) LS was able to quantify scar burden, with strong
LV isolated inferolateral scar (group 2,
n 5 20)

LV epicardial scar
(group 3, n5 10)

Bipolar Unipolar Bipolar

R P r P r P

0.75 ,.001 0.72 ,.001 0.64 .04
0.69 .001 0.78 ,.001 0.66 .03
0.59 .006 0.76 ,.001 0.72 ,.001



Figure 1 Correlation between electroanatomic mapping scar and speckle-tracking echocardiography strain parameters in nonischemic cardiomyopathy pa-
tients.A: Correlation between bipolar scar (%) and endocardial global longitudinal strain (GLS; %).B: Correlation between unipolar scar (%) and midmyocardial
GLS (%).
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linear correlation between low-voltage bipolar and unipolar
scar percentage with endocardial and midmyocardial LS,
respectively.

We extend previous observations that regional and global
STE abnormalities can predict scar burden and location in
ICM, to patients with NICM.2 This noninvasive detection
of scar may aid in preemptive “scar” mapping prior to cath-
eter ablation and assist in risk stratification in NICM by iden-
tification of arrhythmogenic substrate.
VT in patients with NICM
The majority of VTs in NICM patients are due to scar-
mediated re-entry in and around regions of scar.11 The
arrhythmia is often precipitated by the interplay between
areas of interstitial fibrosis within adjacent areas of
healthy myocardium.12 Crucially, these circuits may
span all 3 myocardial layers in a 3D manner.13 The
impaired myocardial deformation seen across all myocar-
dial layers in our study—endocardial, midmyocardial, and
epicardial—illustrates this concept of profound transmural
myocardial alterations.

Scar subtypes in NICM
Two discrete phenotypes based on LV scar regions are
recognized in NICM patients—anteroseptal and inferolat-
eral.3,4,14 Anteroseptal scar typically involves the basal
anteroseptum, periaortic LV, aortomitral continuity,
aortic cusps, and right ventricular septum. Often the
scar extends intramurally, and epicardial mapping and
ablation is of limited value as the right ventricular
outflow tract overlies the area superiorly, and fat and cor-
onary arteries are present in the basal region. Our study
showed that in this group, endocardial and



Figure 2 Correlation between segmental endocardial strain and segmental
bipolar scar percentage in each left ventricular (LV) segment in patients with
anteroseptal scar (group 1, panel A) inferolateral scar (group 2, panel B). A:
Correlation between bipolar scar percentage and endocardial longitudinal
strain (LS) within LV segments for patients with anteroseptal scar (n 5
20). B: Correlation between bipolar scar percentage and endocardial LS
within LV segments for patients with inferolateral scar (n 5 20).

182 Heart Rhythm O2, Vol 3, No 2, April 2022
midmyocardial GLS have the strongest correlation with
bipolar and unipolar scar, respectively.

In contrast, inferolateral scar can be predominantly
epicardial. Midmyocardial strain demonstrated better cor-
relation with unipolar than with bipolar scar in this group
of patients. Unipolar recordings represent far-field signals
generated by depolarization of tissue remote from the
recording electrode,15 and hence more accurately reflect
this midmyocardial/epicardial substrate than bipolar
voltage, which records depolarization immediately beneath
the recording electrode. Lastly, NICM may have only
epicardial scar. In our study, epicardial strain correlated
with epicardial scar location and modestly with epicardial
scar percentage.
Speckle-tracking strain echocardiography in the
assessment of substrate in patients with NICM
STE quantifies myocardial deformation and global and
regional LS and can identifyfibrosis or scar.1While substantial
literature demonstrates utility of STE indices for detecting
subclinicalmyocardial dysfunction, there is a paucity of reports
that have examined if STE can identify fibrosis and scar local-
ization determined by EAM.2 Low-voltage scar by EAM cor-
relates with scar on histopathology.16 Our study confirms that
strain predicts both the regionality and topography of scar seen
on EAM in NICM patients.

Previous studies have suggested that LV regions with scar
exhibit electromechanical uncoupling.17 In our study,
regional strain demonstrated a good correlation with regional
voltage/scar indices, illustrating the utility of strain in locali-
zation of fibrosis, that could be used as a surrogate for scar
identification and localization.

Finally, strain analysis by semi-automated image process-
ing provides an objective and quantitative marker of both
global and segmental contractile function with higher repro-
ducibility of measurement, compared to subjective visual
assessment.1 During EAM, LV contractile function can be
assessed intraprocedurally with intracardiac echocardiogra-
phy; however, this also provides a qualitative rather than
quantitative assessment of scarred myocardium.18
Limitations
This was a single-center study with a modest sample size.
However, patients underwent meticulous echocardiographic
assessment and high-density voltage maps. Investigators per-
forming STE measurements were blinded to EAM measure-
ments and vice versa. This study was hypothesis generating,
and findings require validation.

We recognize that STE has some limitations. The 2D im-
age quality and frame rates remain a crucial determinant of
strain assessment.19). In addition, there are vendor-specific
differences and variations in software algorithms; hence
cross-platform values are not interchangeable for serial
follow-up.20 There has been a call for standardization of
STE strain analysis by international societies, minimizing
these differences.7 In this study, all echocardiograms were
performed using single-vendor equipment and software.

Finally, cMRI could not be performed in all patients for
several reasons, including the acuity of the patient’s presen-
tation, retained defibrillator and/or pacing leads, patient
claustrophobia, and renal disease prohibiting use of gadolin-
ium contrast. Only 9 of the patients underwent cMRI; a repre-
sentative example of 1 of the 9 patients who underwent
cMRI, together with EAM and strain images, has been
included as an example (Supplemental Figure 2). In addition,
epicardial mapping was not performed on all patients, as this
was not clinically indicated.
Conclusion
Regional strain abnormalities correlate with regional scar
identified on EAM across a variety of NICM scar



Figure 3 Example of a patient with nonischemic cardiomyopathy (NICM) and anteroseptal scar with layer-specific speckle-tracking echocardiography (STE)
parameters and bipolar and unipolar scar burden on electroanatomic mapping (EAM). STE and EAM in a 65-year-old manwith NICM and ventricular tachycardia
from an anteroseptal scar. Left upper panel: Three-dimensional (3D) EAM demonstrating bipolar scar. Left lower panel: 3D EAM demonstrating unipolar scar.
Right upper panel: Regional endocardial longitudinal strain demonstrating impaired strain in anterior and anteroseptal segments (left), midmyocardial global lon-
gitudinal strain (GLS; middle), and epicardial GLS (right). Right lower panel: Bipolar scar on EAM demonstrating anterior and anteroseptal scar (left), and uni-
polar scar on EAM (right) demonstrating a larger region of midmyocardial involvement. Low-voltage bipolar areas (,0.5 mV) are in red, healthy bipolar areas
(.1.5 mV) are in purple, and colors in between are border zone (0.5–1.5 mV). Low-voltage unipolar areas (,3 mV) are in red, healthy unipolar areas (.8.3 mV)
are in purple, and colors in between are border zone (3–8.3 mV).

Figure 4 Example of a nonischemic cardiomyopathy (NICM) patient with inferolateral scar with layer-specific speckle-tracking echocardiography (STE) pa-
rameters and bipolar and unipolar scar burden on electroanatomic mapping (EAM). STE and EAM parameters in a 68-year-old woman with NICM and an infero-
lateral scar. Left upper panel: Three-dimensional (3D) EAM demonstrating bipolar scar. Left lower panel: 3D EAM demonstrating unipolar scar. Right upper
panel: Endocardial global longitudinal strain (GLS) demonstrating impaired strain in inferolateral segments (left), midmyocardial GLS (middle), and epicardial
GLS (right). Right lower panel: Bipolar scar on EAM demonstrating an extensive inferolateral scar (left) and unipolar scar on EAM (right).
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Figure 5 Example of a nonischemic cardiomyopathy (NICM) patient with epicardial scar with layer-specific speckle-tracking echocardiography (STE) param-
eters and scar burden on epicardial electroanatomic mapping (EAM). STE and EAM parameters in a 60-year-old man with NICM and epicardial scar. Left upper
panel: Three-dimensional (3D) EAM demonstrating bipolar scar in the left anterior oblique view. Left lower panel: 3D EAM demonstrating bipolar scar in the left
posterolateral view. Right upper panel: Endocardial global longitudinal strain (GLS; left), midmyocardial GLS (middle), and epicardial GLS (right). Right lower
panel: Epicardial bipolar scar. The septal segments were excluded from analysis, as there were no adjacent epicardial surfaces with which to correlate.
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phenotypes. Endocardial strain identified bipolar scar, mid-
myocardial strain identified unipolar scar, and epicardial
strain identified epicardial scar directly. The correlation of
regional and global LS and scar percentage is linear, suggest-
ing that scar burden may be quantified using noninvasive
STE analysis. Further validation of these findings is required
to confirm the role of STE in the preprocedural assessment of
NICM patients with VT.
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