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Volume-Weighted Unipolar Voltage )
Predicts Heart Failure Mortality in o
Patients With Dilated Cardiomyopathy

and Ventricular Arrhythmias

Yoshitaka Kimura, MD, PuD,*" Hans K.C. Beukers, MD,? Robert Rademaker, MD,*" H. Sophia Chen, MD,*®
Micaela Ebert, MD,* Thomas Jensen, MD,>¢ Sebastiaan R. Piers, MD, PuD,*" Adrianus P. Wijnmaalen, MD, PuD,>"
Marta de Riva, MD, PuD,*" Olaf M. Dekkers, MD, PuD,® William G. Stevenson, MD,’ Katja Zeppenfeld, MD, PuD®"

ABSTRACT

BACKGROUND Patients with dilated cardiomyopathy (DCM) who are undergoing catheter ablation of ventricular
arrhythmias (VAs) are at risk of rapidly progressive heart failure (HF). Endocardial voltages decrease with loss of viable
myocardium. Global left ventricular (LV) voltage as a surrogate for the amount of remaining viable myocardium may
predict prognosis.

OBJECTIVES This study evaluated whether the newly proposed parameter volume-weighted (vw) unipolar voltage
(UV) can predict HF-related adverse outcomes (HFOs), including death, heart transplantation, or ventricular assist device
implantation, in DCM.

METHODS In consecutive patients with DCM referred for VA ablation, vwUV was calculated by mathematically integrating
UV over the left ventricle, divided by the endocardial LV surface area and wall thickness. Patients were followed for HFOs.

RESULTS A total of 103 patients (57 + 14 years of age; left ventricular ejection fraction [LVEF], 39% =+ 13%) were
included. Median vwUV was 9.75 (IQR: 7.27-12.29). During a median follow-up of 24 months (IQR: 8-47 months), 25
patients (24%) died, and 16 had HFOs 7 months (IQR: 1-18 months) after ablation. Patients with HFOs had significantly
lower LVEF (29% + 10% vs 41% =+ 12%), vw bipolar voltage (BV) (3.00 [IQR: 2.47-3.53] vs 5.00 [IQR: 4.12-5.73]), and
vwUV (5.94 [IQR: 5.28-6.55] vs 10.37 [IQR: 8.82-12.81]; all P < 0.001), than patients without HFOs. In Cox regression
analysis and goodness-of-fit tests, vwUV was the strongest and independent predictor for HFOs (HR: 3.68; Cl: 2.09-6.45;
likelihood ratio chi-square, 33.05; P < 0.001).

CONCLUSIONS The novel parameter vwUV, as a surrogate for the amount of viable myocardium, identifies patients
with DCM with VA who are at high risk for HF progression and mortality. (J Am Coll Cardiol EP 2023;9:965-975)
© 2023 by the American College of Cardiology Foundation.
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ABBREVIATIONS
AND ACRONYMS

AWT = average wall thickness
BV = bipolar voltage

CMR = cardiac magnetic
resonance

CT = computed tomography
DCM = dilated cardiomyopathy

EAM = electroanatomical
mapping

EAVM = electroanatomical
voltage mapping

ECV = extracellular volume
HF = heart failure

HFmrEF = heart failure with
mildly reduced ejection fraction

HFO = heart failure-related
adverse outcome

HFpEF = heart failure with
preserved ejection fraction

HFrEF = heart failure with
reduced ejection fraction

HNDCM = hypokinetic
nondilated cardiomyopathy

HT = heart transplantation

LGE = late gadolinium
enhancement

LR = likelihood ratio
LV = left ventricular
LVA = low voltage area

LVAD = left ventricular assist
device

LVEF = left ventricular ejection
fraction

NT-proBNP = N-terminal pro-
B-type natriuretic peptide

PVC = premature ventricular
contraction

RFCA = radiofrequency
catheter ablation

ROC = receiver-operating
characteristic

UV = unipolar voltage
VA = ventricular arrhythmia
VT = ventricular tachycardia

VWBV = volume-weighted
bipolar voltage

vwUV = volume-weighted
unipolar voltage

WT = wall thickness

atients with nonischemic dilated car-
diomyopathy (DCM) and ventricular
arrhythmias (VAs) are at high risk of
heart failure (HF)-related death.' Diffuse
fibrosis plays an important role in the devel-
opment of HF. Cardiac magnetic resonance
(CMR) has been proposed to delineate
regional and diffuse fibrosis noninvasively.
Of note, an increase in extracellular volume
(ECV) fraction, which reflects diffuse myocar-
dial fibrosis,”®> may precede impairment of
left ventricular (LV) systolic function.” The
extent of ECV fraction increase provides
prognostic information on HF outcome in
addition to late gadolinium enhancement
(LGE), which visualizes regional scar.*>
Unipolar electroanatomical voltage map-
ping (EAVM), routinely performed in patients
undergoing VA ablation, correlates with
fibrosis and can detect fibrosis not evident on
CMR in patients with DCM.® Unipolar voltage
(UV) cutoff values for normal human left
ventricles have been derived from young,
healthy control subjects.” Of importance,
from analysis of EAVM and histologic fibrosis
in explanted human hearts with DCM, we
found linear relationships between UV and
the amount of transmural viable myocardium
and between UV and wall thickness (WT).%®
On the basis of these data, we propose a
new parameter, volume-weighted (vw) UV,
as a surrogate for the total amount of
remaining viable myocardium. We hypothe-
sized that a critical reduction in vwUV may
identify patients at risk to develop rapid
deterioration of cardiac function and end-
stage HF.

METHODS

PATIENT GROUP. Consecutive patients with
DCM or hypokinetic nondilated cardiomyop-
athy (HNDCM)°® who were referred for radio-
frequency catheter ablation (RFCA) of VA to
the Leiden University Medical Center (Lei-
den, the Netherlands) between June 2011 and
March 2018 were enrolled. Patients with sig-
nificant coronary artery disease, defined by
>75% coronary artery stenosis, congenital

heart disease, hypertrophic cardiomyopathy, restric-
tive cardiomyopathy, biopsy-proven myocarditis,
cardiac sarcoidosis, LV noncompaction, or primary
valvular disease were excluded. The study was
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approved by the Dutch local ethical committee
(G21.120).

PREPROCEDURAL ANALYSIS. All patients under-
went a comprehensive clinical evaluation. Echocar-
diographic measurements of the left ventricle,
including WT (intraventricular septum and posterior
wall) were performed in the parasternal long-axis
view."> LV WT was also measured by contrast
computed tomography (CT) in 20 patients where
preprocedural contrast CT was available and was
compared with echocardiography-derived WT. Using
MASS Research Software (Research version 2018,
LKEB, Leiden University Medical Center), endocardial
and epicardial LV contours were manually drawn on
the short-axis CT images, and the average WT (AWT)
was automatically calculated.

LV ejection fraction (LVEF) was assessed with the
biplane Simpson method.'® On the basis of the 2021
European Society of Cardiology guidelines for the
diagnosis and treatment of HF, HF with preserved
ejection fraction (HFpEF), HF with mildly reduced EF
(HFmrEF), and HF with reduced EF (HFrEF) were
defined by LVEF =50%, 41% to 49%, and =40%,
respectively.” Kidney disease was defined as an
estimated glomerular filtration rate of <45 mL/
min/1.73 m? (chronic kidney disease stage =3B). Ge-
netic testing by combined next-generation and
Sanger sequencing of =55 cardiomyopathy-related
genes was performed as previously described."” All
antiarrhythmic agents (except for amiodarone) were
discontinued before mapping and ablation.

ELECTROANATOMICAL MAPPING AND ABLATION. The
procedure was performed with the patient under
conscious sedation, deep sedation, or general anes-
thesia, when indicated. All patients underwent
endocardial electroanatomical mapping (EAM) of the
aortic root and left ventricle during baseline rhythm
by using the CARTO3 system (Biosense Webster, Inc).
Mapping was performed using a 3.5-mm electrode tip
catheter (NaviStar ThermoCool or Thermocool
Smarttouch, Biosense Webster) with a fill threshold
of =10 millimeters. Catheter tip-to-tissue contact was
confirmed by stable electrogram recordings and/or
contact force. In almost all cases, retrograde and
transseptal access was obtained to facilitate catheter
contact. All EAM was performed by an experienced
operator. Electrograms were filtered at 30 to 400 Hz
(bipolar) and 1 to 240 Hz (unipolar) and were dis-
played at 200 mm/s sweep speed. Confluent areas of
endocardial low bipolar voltage (BV) (<1.5 mV) and
UV (<8.27 mV) were defined as low-voltage areas
(LVA)." The positions of the aortic and mitral valve
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FIGURE 1 Electroanatomical Mapping Data Processing and Interpolation Method
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(A) The electroanatomical mapping was reviewed to remove the valve areas and the mapping points with premature ventricular contractions or artifacts and to adapt the
mapping window of interest. (B) The corrected mapping points and (C) 3-dimensional mesh files obtained from the CARTO system (Biosense Webster, Inc.) were
transferred and visualized in ParaView (Kitware, Inc.). (D, top) The bipolar voltage and unipolar voltage values for each triangle of the 3-dimensional mesh were
calculated by interpolating the voltages of the surrounding measured electroanatomical mapping contact points. (D, bottom) A maximum inclusion radius from the

electroanatomical mapping point and a Gaussian distribution were used for interpolation, as described in the text.

annuli were determined on the basis of the aortic root
map and local electrograms. All mapping and ablation
procedures were continuously recorded for off-line
analysis. The details of the induction protocol, the
ablation procedure, and the definition of procedural
outcomes are described in Supplemental Method 1.

LONG-TERM OUTCOME. Patients were routinely fol-
lowed at the outpatient clinic 3, 6, and 12 months
after RFCA and every 6 to 12 months afterward.
Follow-up included medical history, implantable
cardioverter-defibrillator interrogation, and repeat
echocardiography =3 months after ablation and on
clinical indication thereafter.

The primary endpoint was an HF-related adverse
outcome (HFO), defined as HF death, heart trans-
plantation (HT), or left ventricular assist device
(LVAD) implantation. Causes of death were catego-
rized into sudden cardiac death, HF death, other
cardiovascular deaths, or noncardiac death.

The secondary endpoint was LVEF deterioration,
defined as a >5% decrease of LVEF from baseline and
transition to a worse HF category (from HFpEF to

HFmrEF or from HFmrEF to HFTEF). For the analysis,
the latest available echocardiography was evaluated.
If LVEF deterioration was noted, the first time when
LVEF deterioration occurred was determined by
reviewing all previous echocardiography reports. A
detailed definition of all endpoints and the follow-up
is provided in Supplemental Method 2.

ELECTROANATOMICAL MAPPING ANALYSIS. QRS
complex duration at baseline was measured with
electronic calipers. All electrograms were reviewed
off-line by an independent examiner on the CARTO
system to confirm the stability of the electrogram by
comparing it with the previous beats. Premature
ventricular contractions (PVCs) were removed. For
each point, the mapping window of interest was
manually adapted to exclude far-field electrograms,
artifacts, and electrogram changes resulting from
injury current from the peak-to-peak measurement of
BV and UV amplitudes. LVAs, the total LV endocardial
surface area, and the LV volume were assessed using
the CARTO area and volume measurement tools, after
excluding the aortic and mitral valve areas. The total
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percentage of LVA was calculated by dividing the LVA
by the total LV endocardial surface area.

AREA AND VOLUME-WEIGHTED BIPOLAR AND UNIPOLAR
VOLTAGES. After manual correction and removal of
the aortic and mitral valve areas, the endocardial
EAM data and 3-dimensional meshes were transferred
from CARTO to ParaView 3-dimensional visualization
software version 5.7 (Kitware, Inc) by using custom-
made Python plugins (Figures 1A to 1C). To calculate
area and volume-weighted bipolar and unipolar
voltages (vwBV, vwUYV) the following mathematical
steps were performed (Figure 1D).

1. The BV and UV values at each location on the LV
endocardial surface mesh were determined by
interpolating the voltages of the surrounding
measured EAM contact points. The interpolation
corrects for differences of local mapping density
and distances between points. The interpolation
uses the weighted average of the EAM points
within a specified radius and a Gaussian distribu-
tion to assign the weights. This interpolation en-
sures that adjacent points contribute more to the
interpolated voltages than distant points. The
weighting function for the Gaussian interpolation
method is the Gaussian distribution:

w(d,s) =aexp(1/2[d/d]2)

where d is the distance from an EAM point to
interpolated point, ¢ is the width of the distribu-
tion, and a is a normalization factor, ensuring that
the sum of all weights is 1 (Supplemental Method 3).

2. The integrated BV and UV were calculated by
mathematically integrating the BV and UV over the
LV surface. For this step, the interpolated value of
each triangle of the mesh was multiplied by its
surface area, and the results for all triangles were
summed together. The area-weighted BV and UV
(awBV and awUV) were determined by dividing the
integrated BV and UV by the total LV endocardial
surface area.

3. The vwBV and vwUV were acquired by dividing the
awBV and awUV by the AWT of the intraventricular
septum and posterior wall on the basis of the
assumption that BV and UV have a linear rela-
tionship with the corresponding WT.°

STATISTICAL ANALYSIS. Categorical variables are
displayed as numbers (percentages) and continuous
variables as mean + SD when normally distributed or
median with IQR when not normally distributed.
Categorical variables were compared using the chi-
square or Fisher exact test. Continuous variables
were compared with Student’s t-test. Receiver-
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operating characteristic (ROC) curve analysis was
performed to determine the optimal cutoff value for
vwUV to predict HFO, defined as the values maxi-
mizing the sum of sensitivity and specificity. Survival
curves were estimated by the Kaplan-Meier method
and were compared by the log-rank test. Univariable
Cox proportional hazard analysis was used to test the
association between HFO (freedom from HFO) and
baseline covariables. Independent predictors of HFO
were analyzed with 3 different multivariable models:
1) age, significant baseline clinical variables in uni-
variable analysis, and vwUV were included; 2) all
variables significant in univariable analysis were
included; and 3) a backward stepwise selection was
used. Variables with P <0.10 were initially included.
At each step, the least significant variable was
removed from the model until all variables reached
P <0.20. All tests were 2-sided, and a P value <0.05
was considered statistically significant.

To evaluate the additional value of mapping-
derived parameters to identify patients at risk of
HFO, models containing a propensity base score were
created and compared with models consisting of the
propensity score in addition to the additional
parameter. The models were compared using a
goodness-of-fit test. Propensity scores were calcu-
lated using Cox regression to correct for potential
clinical confounders and simplifying the calculations
for the likelihood ratios (LRs). Age, sex, and all clin-
ical variables associated with HFO in the univariable
Cox regression analysis (kidney disease, N-terminal
pro-B-type natriuretic peptide [NT-proBNP], [likely]
pathogenic genetic mutation, LVEF, and amiodarone
use at baseline) were included. Using these pro-
pensity scores, all LR calculations were performed on
models created by the following steps. First, the base
propensity score for the outcome was calculated.
Then, each of the following variables was added in a
separate model: bipolar and unipolar LVAs; vwBYV;
and vwUV. For each of these models containing 2
variables (propensity score and the variable to be
tested), the LR in comparison with the base model
(containing just the propensity score) was calculated.
The increased LR was significant if the LR chi-square
test showed a P value <0.05. If that was the case, the
added variable was deemed an improvement over the
base model. All analyses were performed using SPSS
software version 25.0 (IBM Corp).

RESULTS

BASELINE, ELECTROANATOMICAL MAPPING, AND
ABLATION DATA. A total of 103 patients with DCM or
HNDCM (57 + 14 years of age; 81% men) who were


https://doi.org/10.1016/j.jacep.2022.11.015

JACC: CLINICAL ELECTROPHYSIOLOGY VOL. 9, NO. 7, 2023 Kimura et al 969
JULY 2023:965-975 Volume-Weighted Unipolar Voltage in DCM

referred for catheter ablation of VAs (sustained
monomorphic VT, n = 83 [81%]; PVC, n = 20 [19%])
were enrolled. The mean LVEF was 39% =+ 13%, and Overall HFO () HFO (+)

. (N =103) (n=187) (n =16) P Value
the median NT-proBNP value was 773 pg/mL (IQR:

TABLE 1 Baseline Characteristics

. . . Age, y 57 + 14 57 + 14 60 + 14 038

254-4,646 pg/mL). Genetic testing was performed in Male 83 (81) 70 (80) 1381 10

all but 2 patients, with a (likely) pathogenic mutation —— 37 (36) 31 36) 6 (38) 1.0
in 33 patients (32%). Baseline characteristics are Diabetes mellitus 16 (16) 13 (15) 3(19) 0.71
summarized in Table 1. Kidney disease 10 (10) 6 (7) 4 (25) 0.047
LV EAVM was performed in nonpaced rhythm History of AF 29 (28) 24 (28) 5@ 0.77
(n — 82) or during right ventricular pacing (n — 21) NT-proBNP, pg/mL 773 (254-1,646) 642 (212-1,291) 2,576 (1,397-4,670) <0.001
before RFCA. In the 83 patients referred for VT abla- (Liksggeﬁitt‘;ﬂ::itc 362 23(26) 10(63) 0.008
tion, a median of 3 sustained monomorphic VTs | qgs width, ms 108 (95-153)  107(93-153)  138(99-157) 0.8
(IQR: 1-5) could be induced. RFCA was performed LVEF, % 39 £ 13 41+ 12 29 £ 10 <0.001
in 78 patients (epicardial in 44). The median LVDD, cm 60 +8 59+9 64 +8 0.07
ablation time was 11 minutes (IQR: 6-20 minutes). In AWT, cm 0.95+0.15 0.94 + 0.3 0.99 + 0.17 0.20
5 patients, no ablation was performed because of the VEID, @it 07 O 056 OB 100 < 0.7 0.3
. . LVPWD, cm 0.94+0.15  093+0.14 0.98 + 0.21 0.18

absence of accessible target sites. Complete proce- T

. . . ACE inhibitor or ARB 79 (77) 68 (78) 11 (69) 0.52

dural success was achieved in 34 (44%), partial suc- VIRA 3332) 26 (30) 7 (4) 038

cess was achieved in 42 (54%), and the procedure B-Blocker 70 (68) 59 (68) 11(69) 10
failed in 2 cases (3%). Two patients had cardiac tam- Amiodarone 36 (35) 25 (29) 11 (69) 0.004
ponade, which was controlled by pericardial ICD present before ablation 69 (67) 53 (61) 16 (100) 0.001
drainage. No significant HF worsening after ablation CRT present before ablation 31.30) 24 (28) 7 (44) 0.24

was observed. Of the 20 patients who were referred
for PVC ablation, 16 underwent RFCA with procedural

Values are mean =+ SD, n (%), or median (IQR).
ACE = angiotensin-converting enzyme; AF = atrial fibrillation; ARB = angiotensin Il receptor blocker;

success in 69%. In 4 patients, no ablation was per- AWT = average wall thickness; CRT = cardiac resynchronization therapy; ICD = intracardiac cardioverter-
. defibrillator; HFO = heart failure-related adverse outcome; IVSD = intraventricular septum dimension;
formed because Of lnfrequeﬂt PVCs. LVDD = left ventricular diastolic dimension; LVEF = left ventricular ejection fraction; LVPWD = left ventricular

posterior wall dimension; MRA = mineralocorticoid receptor antagonist; NT-proBNP = N-terminal pro-B-type
FOLLOW-UP. During a median follow-up of natriuretic peptide; (+) = present; (~) = absent.

24 months (IQR: 8-47 months), 22 patients (21%) died
(13 HF, 3 sudden cardiac death, 6 noncardiac death),
and in 16 (16%) an HFO occurred (HF death, 13; HT or
LVAD, 3) after a median time from ablation of
7months (IQR: 1-18 months). No HFOs were caused by
uncontrollable VT. VT recurred in 47 (46%) patients.
Kaplan-Meier estimates of all-cause mortality, HT, or
LVAD and HFO at 1 year and 2 years after RFCA were
13% and 24% (for all-cause mortality, HT, or LVAD)
and 9% and 16% (for HFO), respectively. The modes
of deaths are summarized in Supplemental Table 1.

[AUC], 0.98; sensitivity, 94%; specificity, 95%)
(Supplemental Figure 1A). A strong correlation be-
tween echocardiography- and CT-derived AWTs was
observed (Supplemental Figure 2).

PREDICTION OF OUTCOME. In univariable Cox
regression analysis, log NT-proBNP, LVEF, amiodar-
one use, vwUV, vwBYV, bipolar and unipolar LVAs,
and short-term acute procedural outcome were

TABLE 2 Electroanatomical Mapping-Derived Data
BASELINE, ELECTROANATOMICAL MAPPING, AND
ABLATION DATA ACCORDING TO HFO. Patients with o~ e ot P Value
HFO more frequently had kidney disease, a patho- T m—— 180 £ 49 173 1 48 216 + 38 0.001
genic or likely pathogenic mutation, and a worse LV volume, cm® 208 + 92 198 + 91 262 + 81 0.001
LVEF at baseline evaluation, compared with patients Bipolar LVA, cm? 4 (1-17) 2 (1-10) 24 (8-64) <0.001
without HFO (Table 1). In terms of EAM-derived data, Unipolar LVA, cm® 73 (31-118) 55 (22-96) 162 (125-215) <0.001
patients with HFO had a larger mean LV surface area, Bipolar LVA, % 2(1-10) 2(0-5) 12 (5-30) <0.001
LV volume, and bipolar and unipolar LVAs than those Unipolar LVA, % 35 (17-55) 27 (13-48) 74 (53-92) <0.001
without an event, Furthermore, vwBV and vwUV Integrated BV 753 (604-789) 804 (625-987) 572 (485-670)  <0.001
VWBY 4.83 (3.59-5.60) 500 (4.12-573)  3.00 (2.47-353) <0.001
were significantly decreased in patients with HFO Integrated UV 1,567 (1195-1,946) 1,659 (1,375-2,061) 1,105 (984-1,331)  <0.001
(vwBV 3.00 [IQR: 2.47-3.53] vs 5.00 [IQR: 4.12-5.73]; vwuv 9.75(7.27-12.29)  10.19 (8.76-12.77)  5.61 (4.86-6.25)  <0.001
vwUYV 5.61 [IQR: 4.86-6.25] vs 10.19 [IQR: 8.76-12.77];
both P < 0.001) (Table 2, Figure 2). ROC curve analysis Values are mean  SD o median (1QR). .
showed that vwUV had ahigh diagnostic aCCUIaCcy fOI | agned bipsarsotiage iy - volume-wighted unetr solivoes other obsevatione st Tobie 1
consecutive HFO (cutoff 6.59; area under the curve
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FIGURE 2 vwBV and vwUV According to HFO
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(A) Volume-weighted bipolar voltage (vwBV) in patients with (+) and without (-) heart failure—related adverse outcomes (HFO). (B) Volume-
weighted unipolar voltage (vwUV) in patients with and without heart failure—related adverse outcomes.

significantly associated with HFO (Table 3). In all
3 models of multivariable Cox regression analyses,
only vwUV remained significantly associated with
HFO (Table 3).

GOODNESS-OF-FIT TESTS. After adjustment for
parameters that influence the risk for HFO in a pro-
pensity score, vwUV most significantly increased
the LR for HFO (LR chi-square, 33.05; P < 0.001)
(Table 4), followed by awUV (23.22) and unipolar LVA
(18.82).

ELECTROANATOMICAL MAPPING-DERIVED DATA
ACCORDING TO HF CATEGORIES. The proportions
of HFpEF, HFmrEF, and HFTEF were 21%, 27%, and
51% of the patients, respectively (Supplemental
Table 2). LV surface area and LV volume increased
with decreasing LVEF (LV surface area, R = 0.28; LV
volume, R? = 0.24; P < 0.001 for both) (Supplemental
Figure 3), with statistically significant differences
HFpEF and HFmrEF (P < 0.001)
(Supplemental Table 3). Bipolar and unipolar LVAs
(absolute and as a percentage of LV surface) were
significantly smaller in HFpEF compared with
HFmrEF, but they showed no significant difference
between patients with HFmrEF and HFrEF. Of note,
integrated BV and UV were not significantly different
across the 3 groups (Supplemental Table 3). However,
after correcting for the LV wall volume, vwBV and, in
particular, vwUV were significantly larger in patients
with HFpEF compared with patients with HFmrEF,
but they were similar between patients with HFmrEF
and those with HFTEF (Central Illustration).

between

OUTCOME ACCORDING TO HF CATEGORIES. Among
patients with HFmrEF and HFrEF, 5 (18%) and 11
(21%) patients had HFO, respectively, whereas all
patients with HFpEF survived without the need for
HT or LVAD placement. ROC curve analyses showed
that AUCs of vwUV for HFO were 0.94 (cutoff, 7.50;
sensitivity, 100%; specificity, 82%) and 0.99 (cutoff,
6.57; sensitivity, 100%; specificity, 93%) in patients
with HFmrEF and HFTEF, respectively (Supplemental
Figures 1B and 1C). When patients with HFmrEF and
with HFTEF were stratified according to the medians
of vwUYV, Kaplan-Meier analysis showed an excellent
prognosis for those with vwUV >7.50 and >6.57,
respectively (log-rank P < 0.001 in both) (Figures 3B
and 3C).

In 80 patients (78%), echocardiographic follow-up
data obtained after a median duration from the EAM
to the latest echocardiography of 32 months (IQR: 11-
58 months) were available. Among HFpEF and
HFmrEF patients, LVEF deterioration occurred in 2 of
18 (11%) and in 6 of 24 (25%) patients, respectively.
Importantly, among patients with HFmrEF and dis-
ease progression, LVEF deterioration occurred within
the first year after EAM in 5 of 6 (83%) with progres-
sion to HFO in 4 of 5 (80%) patients. In the 2 patients
with HFpEF and LVEF deterioration, LVEF deterio-
ration was observed 22 and 34 months after EAM.

Of interest, patients with HFmrEF and vwUV >7.50
also had a favorable prognosis regarding future LVEF
deterioration (Figure 3A). Two representative cases in
patients with HFmrEF are displayed in the Central
Illustration. The clinical course of all 27 patients


https://doi.org/10.1016/j.jacep.2022.11.015
https://doi.org/10.1016/j.jacep.2022.11.015
https://doi.org/10.1016/j.jacep.2022.11.015
https://doi.org/10.1016/j.jacep.2022.11.015
https://doi.org/10.1016/j.jacep.2022.11.015
https://doi.org/10.1016/j.jacep.2022.11.015
https://doi.org/10.1016/j.jacep.2022.11.015
https://doi.org/10.1016/j.jacep.2022.11.015
https://doi.org/10.1016/j.jacep.2022.11.015

JACC: CLINICAL ELECTROPHYSIOLOGY VOL. 9, NO. 7, 2023 Kimura et al 971
JULY 2023:965-975 Volume-Weighted Unipolar Voltage in DCM

TABLE 3 Univariable and Multivariable Analyses for Heart Failure-Related Adverse Outcomes
Univariable Analysis Multivariable Analysis
Model 1 Model 2 Model 3

HR 95% ClI P Value HR 95% CI P Value HR 95% ClI P Value HR 95% ClI P Value
Age 1.03 0.99-1.07 0.22 0.96 0.91-1.03 0.22 = = = = = =
Male 0.99 0.21-3.47 0.98 - - - - - - - - -
Kidney disease 3.50 1.12-11.01 0.03 3.35 0.45-27.4 0.23 4.39 0.28-63.8 0.28
AF 1.23 0.43-3.56 0.67 - - - - - - - - -
Log NT-proBNP 2.65 1.67-4.23 <0.001 1.21 0.58-2.44 0.59 1.00 0.50-2.08 0.99 = = =
(Likely) pathogenic genetic 3.87 1.40-10.67 0.01 0.8 0.02-1.29 0.09 0.46 0.05-3.35 0.46

Variant
QRS width, 1-ms increase 1.01 0.99-1.02 0.16 — - - — — - - - —
LVEF, 1% decrease 110 1.05-1.17 <0.001 0.99 0.92-1.06 0.74 0.98 0.89-1.08 0.68 - - -
Amiodarone 5.14 1.76-14.99 0.003 2.77 0.51-17.3 0.24 1.56 0.20-11.2 0.66 — — —
VWBV, 1 decrease 4.59 2.59-8.13 <0.001 - - - 0.74 0.09-8.70 0.80 - - -
vwUV, 1 decrease 3.10 2.04-4.69 <0.001 414 2.13-40.0 <0.001 3.55 1.10-15.6 0.03 3.68 2.09-6.45 <0.001
Bipolar LVA, 1% increase 1.07 1.04-1.11 <0.001 - - - 1.03 0.95-1.12 0.51 - -
Unipolar LVA, 1% increase 1.08 1.05-1.12 <0.001 - — — 1.02 0.96-1.09 0.54 — — —
Complete procedural success 4.44 1.23-16.1 0.02 - - - 3.03 0.45-34.2 0.27 - - -
Model 1: Age -+ significant baseline variables (kidney disease, log-proBNP, (likely) pathogenic genetic variant, LVEF, and amiodarone) + vowel; Model 2: All variables significant in univariable analysis; Model
3: Backward stepwise selection.
Abbreviations as in Tables 1 and 2.

with HFmrEF is summarized in Supplemental Similar to earlier studies, 16% of our patients had an
Figure 4. adverse outcome because of end-stage HF, which was
the dominant cause of death.

DISCUSSION
ROLE OF DIFFUSE MYOCARDIAL FIBROSIS IN

DILATED CARDIOMYOPATHY. Myocardial fibrosis is
perhaps the most important structural abnormality in
patients with DCM with VA.® LGE detects areas of
sizable replacement fibrosis but is less sensitive to

This is the first study to evaluate the performance of
a novel parameter, vwUV, to predict HF-related
adverse events in patients with DCM referred for
ablation of VA. The main findings can be summa-
rized as follows: 1) reduced vwUV available from
routine voltage mapping was a strong predictor and
the only independent predictor of HFO in patients
with DCM; 2) vwUV had the highest incremental
value for predicting HFO after adjustment for clin-
ical factors known to be associated with HFO,
including LVEF, NT-proBNP, and kidney disease;
and 3) vwUV was strongly related to subsequent
LVEF deterioration and HFO in patients with DCM
with HFmrEF at the time of mapping.

interstitial fibrosis. Histologic analysis has shown a
strong positive correlation between biopsy-proven
collagen volume and the ECV fraction, as deter-
mined by CMR T, mapping.> Significantly increased
ECV has been recognized in “early DCM” patients
with an LVEF of 45% to 55%, a finding suggesting that
increased ECV may precede LVEF deterioration.” Of
importance, native T, and ECV fraction outperform
the presence of LGE, which visualizes regional scar, in
predicting HFO and mortality in DCM.>*->

The results suggest that a critical reduction of TABLE 4 Goodness-of-Fit Test for Heart Failure-Related

vwUV, as a surrogate for the total remaining viable Adverse Outcomes
myocardium at the time of evaluation, provides in- A

1 ic inf i d i dentif LR Chi-Square P Value
crel.nenta .prognostlc 1-n orma IOP an may. identify Base propensity score " e
patients with DCM at risk for rapid progressive HF. +Bipolar LVA 3.45 0.06
MORTALITY IN DILATED CARDIOMYOPATHY WITH LT [ 18.82 <0.001
VENTRICULAR ARRHYTHMIAS. I tients with DCM FawsV 866 0.003

. In patients wi
patients ) +awUV 23.22 <0.001
and VA who are referred .for catheter ablation, sub- VWBV 1563 <0.001
sequent mortality is high.">'* Most deceased patients WUV 33.05 <0.001
with DCM died of progressive HF."” The high 1- and 2-
year mortality rates after RFCA of 13% and 24%, awBV = area-weighted bipolar volt.ag‘e; aWUY = area-weighted unipolar voltage;
i ; X i X LR = likelihood ratio; other abbreviations as in Tables 1 and 2.

respectively, in our cohort are in line with these data.
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CENTRAL ILLUSTRATION Distribution of Volume-Weighted Unipolar Voltage and Prognosis

A Distribution of vwUV According to HF Category

P=0.001

Volume-Weighted Unipolar
Voltage (vwUV)
g

P=0.003 P=0.59
I 11 1

Overall  HFpEF

HFMrEF  HFrEF

Heart failure-related adverse outcome (-)
@ Heart failure-related adverse outcome (+)

B Impact of vwUV on Prognosis in HFmrEF

Case 1: vwUV 11.2

o~/

Case 2: vwUV 7.4

VY

RAO view

Inferior view Modified LAO view

Kimura Y, et al. J Am Coll Cardiol EP. 2023;9(7):965-975.

D)

tvEDfiz%'Vr;m 40 months later
LV volume: 197 mL LVEF.: 40%
pro-BNP: 1,364 ng/l Survive

LVEF: 42% 6 months later
LVDd: 56 mm LVEF: 30%

LV volume: 205 mL LVAD

pro-BNP: 1,525 ng/l implantation

(A) Distribution of volume-weighted unipolar voltage (vwUV) according to heart failure category. (B) Prognosis in 2 representative cases in patients with heart failure
with mildly reduced ejection fraction (HFmrEF). HFO = heart failure-related adverse outcome; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart
failure with reduced ejection fraction; LAO = left anterior oblique; LV = left ventricular; LVAD = left ventricular assist device; LVDd = left ventricular diastolic
dimension; LVEF = left ventricular ejection fraction; pro-BNP = pro-B-type natriuretic peptide; RAO = right anterior oblique; (+) = present; (—) = absent.

ELECTROANATOMICAL MAPPING AS A SURROGATE
FOR DISEASE SEVERITY. EAVM, which is routinely
performed in patients undergoing VA ablation, is
considered the invasive gold standard to detect
fibrosis in DCM. Both UV and BV have a proportional
relationship with the amount of biopsy-proven viable
myocardium in DCM.° However, BV largely reflects

subendocardial fibrosis, and UV is considered supe-
rior to BV in detecting midwall or subepicardial
fibrosis in DCM with preserved WT because of its
wider “field of view.”

Campos et al'® reported that a large (>33% of the
endocardial surface) area with low UV defined as
UV<8.27 mV could distinguish between reversible
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FIGURE 3 Kaplan-Meier Analyses for LVEF Deterioration and HFO in HFmrEF and HFrEF
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ejection fraction (HFrEF). vwUV = volume-weighted bipolar voltage.

(A) Left ventricular ejection fraction (LVEF) deterioration in patients with heart failure with mildly reduced ejection fraction (HFmrEF). (B) Heart failure—related adverse
outcome (HFO) in patients with heart failure with mildly reduced ejection fraction. (C) Heart failure—related adverse outcome in patients with heart failure with reduced

and irreversible LV dysfunction. Using the same
voltage threshold, a unipolar LVA >145 cm? (or >70%
of the LV surface) was associated with cardiac mor-
tality in a mixed cohort of 55 patients with non-
ischemic cardiomyopathy and VT. Of note, in that
study, the 11 patients with an event had already a
very poor LVEF (22% + 6%) at baseline.'®

In line with and further extending the findings of
that report, unipolar LVA was a predictor of HFO in
univariable analysis. However, after adjustment for
clinical parameters, the newly proposed vwUV
remained the only independent predictor of HFO in
Cox regression multivariable analysis. The goodness-
of-fit test further supported the incremental and
superior prognostic value of vwUV compared with
unipolar LVA.

LOW-VOLTAGE AREA VS VOLUME-WEIGHTED
VOLTAGES. Determination of LVA requires a
voltage threshold, and the exact size of the LVA de-
pends on mapping density and the interpolation of
voltages provided by the mapping system. Previous
studies have applied UV <8.27 mV, on the basis of the
5th percentile of UV in 6 subjects with structurally
normal heart,” to estimate the endocardial area with
abnormal UV.'*!® On the basis of the comparison of
LGE CMR and voltage mapping, a wide range (5.64-
9.84 mV) of UV cutoffs has been proposed to detect
regional nonischemic scar.'”'® Different LGE CMR
acquisition protocols, postprocessing methods, and
signal intensity thresholds have been used, and to
date, there is no consensus on the most robust and
reproducible approach. Considering the observed
linear relationships between voltages and the amount

of viable myocardium and between voltages and WT
in patients with DCM,® any binary voltage threshold
cannot reflect the extent and severity of the diseased
myocardium.

To overcome these limitations, we developed and
tested a novel parameter, vwUV. Weighted and
interpolated voltages on the LV endocardial mesh are
obtained using a Gaussian distribution, correcting for
unevenly distributed mapping points. The awBV and
awUV, which were obtained by correcting for LV
surface area, were superior to bipolar and unipolar
LVAs, respectively. We further corrected for WT,
resulting vwUV, which provides an estimate for the
viable mass per cubic centimeter. The superior and
incremental prognostic value for HFO suggests that
vwUV more accurately reflects the total amount of

remaining viable myocardium in an individual
patient.
VWUV AND LVEF DETERIORATION IN PATIENTS

WITH HFmrEF. Efforts have been made to charac-
terize HFmrEF patients more accurately.'’ Progres-
sion from HFmrEF to HFTEF is associated with a poor
outcome.”’® However, to our knowledge, no predictor
of LVEF deterioration in patients with HFmrEF has
been identified. In our cohort, 18% of the patients
with HFmrEF died within 2 years of a cardiac cause.
Of note, among HFmrEF patients, only those with
vwUV of <7.50 showed subsequent LVEF deteriora-
tion, typically within 1 year after ablation, followed
by HFO in the majority. These data suggest that the
reduction of vwUV may precede LVEF deterioration.
A critical reduction in vwUV may identify patients at
risk, thus supporting an approach of early screening
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for advanced HF management such as LVAD place-
ment and HT.

STUDY LIMITATIONS. This was a single-center,
observational, and retrospective study. The rela-
tively small sample size and the low number of events
are limitations. Considering the low number of
events, the goodness-of-fit test was used to support
our hypothesis. The results, including the cutoff
values, need to be validated in a larger prospective
cohort.

Integrated BV and UV were corrected for LV surface
area obtained from EAM and AWT measured by
echocardiography. This was based on the assumption
that DCM or HNDCM patients have more uniform LV
wall thinning. Of note, a strong correlation was noted
between AWT measured by echocardiography and
CT.

The antiarrhythmic and HF management after
ablation was left to the discretion of the referring
cardiologist, which may have influenced the outcome
in some patients.

CONCLUSIONS

VwUYV is a newly proposed surrogate for the amount
of LV viable myocardium and is available from
routine endocardial mapping. Because of its excellent
accuracy for identifying patients at high risk for rapid
progression to end-stage HF, vwUV may serve as an
important prognostic tool in patients with DCM and
VAs.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
VwUV is available from routine voltage mapping, and
its significant reduction was a strong predictor and
the only independent predictor of HFO in patients
with DCM and VT. Furthermore, vwUV predicted
subsequent LVEF deterioration and HFO in patients
with DCM with mildly reduced LVEF at the time of
mapping.

TRANSLATIONAL OUTLOOK: The results suggest
that a critical reduction of vwUV, as a surrogate for
the total remaining viable myocardium at the time of
evaluation, provides incremental prognostic informa-
tion and may identify patients with DCM at risk for
rapidly progressive HF. Further studies are needed to
validate the outcome in a prospective manner.
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