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BACKGROUND Electroanatomical voltage mapping (EAVM) has been compared with late gadolinium enhancement

cardiovascular magnetic resonance (LGE-CMR), which cannot delineate diffuse fibrosis. T1-mapping CMR overcomes the

limitations of LGE-CMR, but it has not been directly compared against EAVM.

OBJECTIVES This study aims to assess the relationship between left ventricular (LV) endocardial voltage obtained by

EAVM and extracellular volume (ECV) obtained by T1 mapping.

METHODS The study investigated patients who underwent endocardial EAVM for ventricular arrhythmias (CARTO 3,

Biosense Webster) together with preprocedural contrast-enhanced T1 mapping (Ingenia 3T, Philips Healthcare). After

image integration, EAVM datapoints were projected onto LGE-CMR and ECV-encoded images. Average values of unipolar

voltage (UV), bipolar voltage (BV), LGE transmurality, and ECV were merged from corresponding cardiac segments (6 per

slice) and pooled for analysis.

RESULTS The analysis included data from 628 segments from 18 patients (57 � 13 years of age, 17% females, LV

ejection fraction 48% � 14%, nonischemic/ischemic cardiomyopathy/controls: 8/6/4 patients). Based on the 95th and

5th percentile values obtained from the controls, ECV >33%, BV <2.9 mV, and UV <6.7 mV were considered abnormal.

There was a significant inverse association between voltage and ECV, but only in segments with abnormal ECV. Increased

ECV could predict abnormal BV and UV with acceptable accuracy (area under the curve of 0.78 [95% CI: 0.74-0.83] and

0.84 [95% CI: 0.79-0.88]).

CONCLUSIONS This study found a significant inverse relationship between LV endocardial voltage and ECV. Real-time

integration of T1 mapping may guide catheter mapping and may allow identification of areas of diffuse fibrosis potentially

related to ventricular arrhythmias. (J Am Coll Cardiol EP 2023;9:740–748) © 2023 Published by Elsevier on behalf of the

American College of Cardiology Foundation.
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AB BR E V I A T I O N S

AND ACRONYM S

BV = bipolar voltage

CMR = cardiovascular magnetic

resonance

EAVM = electroanatomical

voltage mapping

ECV = extracellular volume

IHD = ischemic heart disease

LGE = late gadolinium

enhancement

LV = left ventricular

NICM = nonischemic

cardiomyopathy

SHD = structural heart disease

UV = unipolar voltage
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C urrently, identification of fibrotic substrate
of ventricular arrhythmias in patients with
ischemic heart disease (IHD) and nonische-

mic cardiomyopathies (NICMs) relies on electroana-
tomical voltage mapping (EAVM). A region of
interest with increased fibrosis can be approximated
by a finding of abnormally decreased unipolar voltage
(UV) and bipolar voltage (BV). Various voltage cutoffs
have been suggested.1 For clinical use, the voltage
cutoffs require direct validation by histology or, alter-
natively, by cardiac magnetic resonance (CMR) imag-
ing.2-6

Earlier studies have validated voltage cutoffs for
fibrosis against conventional late gadolinium
enhancement (LGE) CMR.4 However, quantification
of fibrosis by LGE-CMR also relies on various and
inconsistent signal intensity thresholds, and it cannot
reliably detect diffuse fibrosis, which occurs in NICM
or in remote myocardium in patients with postinfarct
left ventricular (LV) remodeling. Limitations of LGE-
CMR to detect diffuse fibrosis can be overcome by
the CMR technique of T1 mapping, which has been
validated against histology.7,8

Previous studies have correlated native T1 values
with occurrence of ventricular arrhythmias, pre- and
postcontrast T1 values with all-cause mortality, and
postcontrast T1 values with EAVM.8-11 T1 mapping
was restricted to a small region of interest in the
interventricular septum, unfoundedly assuming uni-
form distribution of fibrosis throughout the LV
myocardium. A direct comparison of EAVM and T1
mapping of the entire LV myocardium has not yet
been performed.

The purpose of the study was to assess the rela-
tionship between LV endocardial voltage obtained by
EAVM and extracellular volume (ECV) obtained by T1
mapping. To this end, we used 3-dimensional (3D)
integration and reversed registration of EAVM with
whole-heart precontrast/postcontrast T1 mapping in
patients with ventricular arrhythmias and in control
patients without structural heart disease (SHD).
METHODS

STUDY POPULATION. The study population con-
sisted of consecutive patients who underwent endo-
cardial EAVM for diagnosis and treatment of
ventricular arrhythmias together with preprocedural
CMR with contrast-enhanced T1 mapping and LGE. To
ensure image quality, patients with implanted de-
vices were excluded. Approval of the study by the
institutional ethics committee was not required as all
the performed procedures were part of a
routine clinical protocol. All patients pro-
vided informed consent to the procedures.

CMR IMAGING. CMR was performed on a 3-T
Ingenia scanner (Philips Healthcare) within
a median of 15 days before EAVM (IQR:
3-43 days). A concomitant blood sample
was obtained to measure the hematocrit for
calculation of ECV. Cine images for evalua-
tion of cardiac morphology and function were
acquired in standard cardiac views. LGE
images were acquired 10 to 15 minutes
after bolus injection of 0.15 mmol/kg of
gadoterate meglumine by a whole-heart
navigator-gated free-breathing 3D gradient-
echo phase sensitive inversion recovery

sequence (acquired axial-plane resolution of 1.6 � 1.6
millimeters). Whole-heart T1 mapping (10 to 12
contiguous slices covering the entire LV with the
proximal part of ascending aorta) was performed
before and after administration of gadolinium
contrast by a modified Look-Locker inversion recov-
ery imaging sequence (reconstructed voxel resolution
of 1.25 � 1.25 � 10 millimeters). In patients in whom
whole-heart T1 mapping was not possible for logis-
tical reasons, at least 3 short-axis slices (at basal,
midventricular, and apical third of the LV) were
obtained. Our hardware setup and detailed parame-
ters of the used sequences have been described in
detail elsewhere.12,13

EAVM. All patients underwent detailed endocardial
EAVM of the LV during sinus rhythm (CARTO 3, Bio-
sense Webster) using a 3.5-mm catheter (NaviStar
ThermoCool, Biosense Webster) via a transaortic
retrograde approach. Intracardiac electrograms were
filtered at 30 to 400 Hz (bipolar) and 1 to 240 Hz
(unipolar). The fill threshold was set to <15
millimeters.

Limited mapping of the ascending aorta was per-
formed, and the ostium of the left main coronary ar-
tery was tagged as an anatomical landmark for image
integration. The position within the ostium was
confirmed by contrast injection through the irrigation
port of the mapping catheter.14 Radiofrequency en-
ergy was delivered only after completing the EAVM.

IMAGE PROCESSING. CMR studies were processed
offline using the MASS research software version
2018-EXP (Leiden University Medical Centre, Leiden,
the Netherlands). Short-axis ECV maps were calcu-
lated pixel-wise, by a standard formula from pre- and
postcontrast T1 maps and the patient’s blood



TABLE 1 Baseline Characteristics

All Patients
(N ¼ 18)

Without SHD
(n ¼ 4)

IHD
(n ¼ 6)

NICM
(n ¼ 8)

Age, y 57 � 13 56 � 13 67 � 11 51 � 10

Female 3 (17) 2 (50) 0 (0) 1 (13)

Body surface area, m2 2.1 � 0.2 2.0 � 0.2 2.0 � 0.1 2.2 � 0.3

Hypertension 9 (50) 2 (50) 4 (67) 3 (38)

Diabetes mellitus 1 (6) 0 (0) 1 (17) 0 (0)

Previous myocardial infarction 6 (33) 0 (0) 6 (100) 0 (0)

Betablockers 14 (78) 2 (50) 6 (100) 6 (75)

ACEI/ARB 10 (56) 1 (25) 5 (83) 4 (50)

Antiarrhythmic drugs 3 (17) 0 (0) 0 (0) 3 (38)

LV ejection fraction, % 48 � 14 60 � 3 38 � 13 48 � 13

LVEDVI, mL/m2 109 � 23 93 � 17 120 � 19 109 � 27

LV mass, g 123 � 25 99 � 18 138 � 19 124 � 24

Presence of any LGE 11 (61) 0 (0) 6 (100) 5 (63)

LGE mass of total LV mass, % 20 (10-29) 0 (0) 27 (22-30) 10 (6-10)

Values are mean � SD, median (IQR), and n (%), as appropriate.

ACEI/ARB ¼ angiotensin-converting enzyme inhibitor/angiotensin receptor blockers; IHD ¼ ischemic heart
disease; LGE ¼ late gadolinium enhancement; LV ¼ left ventricular; LVEDVI ¼ left ventricular end-diastolic
volume index; NICM ¼ nonischemic heart disease; SHD ¼ structural heart disease.
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hematocrit.12 Before generating the T1 maps, the im-
age stacks were aligned by an automated registration
algorithm.12

Isotropic LGE images were reconstructed to 2-mm-
thick short-axis slices and analyzed according to our
previously described method.2,14 Presence of LGE was
identified by an experienced radiologist and subse-
quently extracted by an automated thresholding al-
gorithm (using a cut-off of signal intensity (SI) >50%
of the maximum SI within the LV myocardium).14

Contours of the LV, right ventricle (RV), ascending
aorta, and proximal part of the left main coronary
artery were delineated by manual segmentation
separately for the ECV and LGE image stacks. In each
slice, the segmented LV myocardium was divided into
6 equiangular segments starting at the anterior
insertion of the RV to the septum. The most apical 1 to
2 slices without a visible LV cavity were excluded. For
each LV segment, the mean ECV was calculated by
averaging the values of all encompassed voxels; the
mean LGE transmurality was calculated from the
average transmurality of 17 equidistant centerlines.4

Contours of the segmented cardiac structures were
exported as 3D surface shells (VTK format) compat-
ible with the CARTO system.2

IMAGE INTEGRATION AND BACKWARD REGISTRATION

OF EAVM DATA ON CMR. Using the CARTO Merge
module (Biosense), CMR-derived 3D shells were
aligned with EAVM-derived structures using the
ostium of the left main coronary artery and all
available cavities (LV, RV, aorta) to optimize the
alignment.2,4,14

The merged EAVM studies were exported as data-
points with a unique ID, containing spatial co-
ordinates, BV, UV, and associated transformation
matrix. Using an inversed transformation matrix from
the CARTO Merge, the data points were projected
back to their corresponding location on the short-axis
CMR images. Each of the projected points was
coupled with the underlying cardiac segment. The
entire merging and inverse registration process was
performed separately for ECV and LGE images.
Datapoints containing voltage, segment location, and
ECV were merged by the unique ID with corre-
sponding datapoints containing segment LGE trans-
murality. Lastly, to account for the variability of
EAVM, all voltage, ECV, and LGE transmurality data
were averaged over each cardiac segment. Segments
pooled from all patients were submitted for analysis.

STATISTICAL ANALYSIS. Statistical analyses were
performed in R software version 3.2 (R Foundation
for Statistical Computing). Continuous variables are
reported as mean � SD or median (IQR), according
to the normality of the distribution. Between-group
comparisons were performed by the Student t test,
chi square test, or Fisher exact test, as appropriate. A
value of P < 0.05 was considered statistically
significant.

The relationship between voltage and ECV of the
pooled cardiac segments was first visually explored
on scatterplots with the use of interpolation by local
polynomial regression fitting. ECV/voltage relation-
ships in distinct data subsets were evaluated by linear
regression and Pearson’s correlation. Receiver oper-
ating characteristic (ROC) analysis was performed to
evaluate the predictive value of decreased endocar-
dial voltage to detect abnormally increased ECV
(defined as >95th percentile values obtained in pa-
tients without SHD) and to evaluate the predictive
value of increased ECV to detect abnormally
decreased endocardial voltage (defined as <5th
percentile values in patients without SHD).2,15

RESULTS

STUDY POPULATION. The study included 18 patients
(57 � 13 years of age, 17% females, LV ejection fraction
48% � 14%). Of them, 8 had a NICM which had been
concluded as idiopathic dilated cardiomyopathy after
evaluation according to our standard diagnostic
workup, 6 had IHD with a history of prior myocardial
infarction, and 4 had no evidence of an SHD or a



TABLE 2 ECV and Endocardial Voltage According to the Etiology and the Presence of LGE

All Patients Without SHD IHD NICM

All segments, n 628 177 261 190

ECV, % 35 � 10 28 � 3 37 � 11a 38 � 9a

Bipolar voltage, mV 4.6 � 2.5 5.7 � 2.6 4.0 � 2.6a 4.3 � 2.0a

Unipolar voltage, mV 11.9 � 5.5 13.8 � 4.9 11.1 � 5.6a 11.1 � 5.4a

Segments without LGE, n 499 177 171 151

ECV, % 31 � 6 28 � 3 32 � 7a 36 � 6a,b

Bipolar voltage, mV 5.0 � 2.3 5.7 � 2.6 4.7 � 2.3a 4.6 � 1.8a

Unipolar voltage, mV 13.0 � 5.2 13.8 � 4.9 13.2 � 5.2 11.9 � 5.4c,d

Segments with LGE, n 129 0 90 39

ECV, % 48 � 11e N/A 46 � 10e 47 � 14e

Bipolar voltage, mV 2.8 � 2.6e N/A 2.7 � 2.7e 3.2 � 2.4e

Unipolar voltage, mV 7.4 � 4.1e N/A 7.0 � 4.0e 8.1 � 4.4e

Values are mean � SD. a¼ significant difference between IHD and without SHD or between CMP and without SHD
(P < 0.05 and P < 0.001, respectively). b¼ significant difference between NICM and IHD (P < 0.05 and
P < 0.001, respectively). c¼significant difference between NICM and IHD (P < 0.05). d¼significant difference
between NICM and IHD (P < 0.001). e¼ significant difference between segments with LGE and without LGE
within one patient group (P < 0.001 in all cases).

ECV ¼ extracellular volume; N/A ¼ not applicable; other abbreviations as in Table 1.
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primary electrical disease. The patients without SHD
served as normal controls.

EAVM was performed as a part of catheter ablation
for ventricular tachycardia (n ¼ 11), premature ven-
tricular contractions (n ¼ 5), or as a part of a diag-
nostic workup in patients with presumed arrhythmic
syncope and normal findings on CMR (n ¼ 2). All pa-
tients underwent preprocedural 3D LGE-CMR. Of
them, 12 (67%) had available whole-heart T1 mapping
and 6 (33%) had available T1 mapping in 3 slices. All
patients were in sinus rhythm at the time of EAVM
and CMR. Baseline characteristics of the patients are
provided in Table 1.

ELECTROANATOMIC MAPPING AND IMAGE

INTEGRATION. On average, EAVM contained 227 �
68 mapping points per patient. The mean surface
registration error between the EAVM- and CMR-
derived LV endocardial shells was 4.5 � 1.8 millime-
ters. In total, 628 cardiac segments with merged
voltage, ECV, and LGE-transmurality data were
available for the analysis (37 � 15 segments per pa-
tient). The average segment voltage was calculated
from a mean of 8 � 5 mapping points per segment.

ECV AND ENDOCARDIAL VOLTAGES. Table 2 sum-
marizes ECV and endocardial voltage data of the LV
myocardium according to the etiology and presence
of LGE. In patients without SHD, the mean ECV was
28% � 3% and the 95th percentile ECV (considered as
a cutoff for abnormally increased ECV) was 33%.
Regardless of the etiology, ECV was significantly
increased in segments with LGE compared to seg-
ments without LGE. ECV of segments with LGE did
not differ between IHD and NICM, but ECV of seg-
ments without LGE was significantly increased in
NICM compared to IHD. Moreover, compared to pa-
tients without SHD, both IHD and NICM had increased
ECV in the entire myocardium and in the segments
without LGE (Table 2).

The median bipolar and unipolar voltages in pa-
tients without SHD were 4.9 mV (IQR: 4.0-6.6 mV)
and 14.1 mV (IQR: 9.6-16.8 mV). The 5th percentile
voltage values (considered as cutoff for abnormally
decreased voltages) were 2.9 mV and 6.7 mV,
respectively. BV and UV of the entire LV were
significantly reduced in IHD and NICM compared to
patients without SHD. If only segments without LGE
were analyzed, the average BV remained significantly
reduced in IHD and NICM (4.7 mV and 4.6 mV,
respectively), whereas UV was significantly reduced
only in NICM. Neither the average ECV nor voltages of
the entire LV differed between NICM and IHD despite
lower LV ejection fraction in the latter group (48% �
12% vs 38% � 13%) (Table 2).
RELATIONSHIP BETWEEN ECV AND ENDOCARDIAL

VOLTAGE. Overall, there was a significant inverse
association between endocardial voltage and ECV
(Table 3, Central Illustration). The association was
stronger in abnormal myocardium with increased
ECV of >33% or decreased voltage with BV of <2.9 mV
or UV of <6.7 mV compared to the myocardium with
normal ECV or voltage (Table 3). No significant cor-
relation was found between ECV and either BV or UV
in segments with ECV of #31% and ECV of #30%,
respectively. The correlation between ECV and
voltage was more robust in segments with LGE
compared to segments without LGE. Both BV and UV
were inversely associated with LGE transmurality
(beta ¼ -0.04 and -0.09 in univariate analysis,
respectively; P < 0.001 for both).

A similar pattern of the voltage-ECV relationship
was also found in a point-by-point analysis which
compared voltage of the mapping points with local
ECV without calculating the average for cardiac seg-
ments, and also in a subanalysis of patients with
available whole-heart T1 mapping (Supplemental
Tables 1 and 2, Supplemental Figures 1 and 2).

ENDOCARDIAL VOLTAGE MAPPING TO PREDICT

ABNORMAL ECV. Both BV and UV were significant
predictors of abnormally increased ECV of >33% with
area under the ROC curve (AUC) of 0.71 (95% CI: 0.67-
0.75) and 0.75 (95% CI: 0.71-0.79), respectively
(Figure 1). The sensitivity, specificity, and accuracy to
detect abnormal myocardium by decreased voltage
was for BV of <0.5 mV: 100%, 55%, and 56%; for BV
of <1.5 mV: 96%, 58%, and 61%; for BV of <2.9 mV:
75%, 63%, and 66%; UV of <6.7 mV: 83%, 63%, and

https://doi.org/10.1016/j.jacep.2022.10.035
https://doi.org/10.1016/j.jacep.2022.10.035
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TABLE 3 Correlation Between Voltage and ECV for Selected

Subsets

n
Correlation
Coefficient F Adjusted R2 P Value

BV vs ECV

All
segments

628 –0.47 175 0.21 <0.001

ECV >33% 290 –0.56 132 0.31 <0.001

ECV #33% 338 –0.12 5 0.01 0.03

BV <2.9 mV 154 –0.64 105 0.41 <0.001

BV $2.9 mV 474 –0.19 16 0.04 <0.001

LGE absent 482 –0.23 27 0.05 <0.001

LGE present 145 –0.65 101 0.41 <0.001

UV vs ECV

All
segments

628 –0.49 201 0.24 <0.001

ECV >33% 290 –0.53 112 0.28 <0.001

ECV #33% 338 –0.11 4 0.01 0.046

UV <6.7 mV 123 –0.47 33 0.21 <0.001

UV 6.7 mV 505 –0.25 33 0.06 <0.001

LGE absent 482 –0.23 27 0.05 <0.001

LGE present 145 –0.61 85 0.37 <0.001

The correlation coefficient was calculated using Pearson’s test, F-statistics
(1 degree of freedom). R2 (adjusted) values were calculated by linear regression.
P values were calculated using analysis of variance.

BV ¼ bipolar voltage; UV ¼ unipolar voltage; other abbreviations as in Tables 1
and 2.
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67%; and UV of <8.3 mV: 71%, 65%, and 67%,
respectively.

T1 MAPPING TO PREDICT LOW ENDOCARDIAL VOLTAGES.

Increased ECV could predict abnormally decreased
voltage (BV of <2.9 mV and UV of <6.7 mV) with an
AUC of 0.78 (95% CI: 0.74-0.83) and 0.84 (95% CI:
0.79-0.88), respectively. A cutoff value of ECV >41%
predicted abnormally decreased BV with a sensi-
tivity of 51% and a specificity of 93%, and a cutoff
value of ECV >36% predicted abnormally decreased
UV with a sensitivity of 84% and specificity of 76%
(Figure 1).

DISCUSSION

This is the first in vivo study in humans to system-
atically compare CMR-derived ECV values, as a sur-
rogate of fibrosis, with LV endocardial voltage
obtained by EAVM, as a surrogate of excitable
myocardium. The unique feature of this study is the
use of advanced methods that included whole-heart
T1 mapping (instead of comparing only 1 septal re-
gion of interest) and precise image integration which
allowed for direct comparison of EAVM and CMR data
of corresponding segments.9-11

The main findings can be summarized as follows. 1)
Based on control patients without SHD, ECV of >33%
was identified as a cutoff for abnormally increased
ECV, and BV of <2.9 mV and UV of <6.7 mV were
identified as cutoffs for abnormally decreased endo-
cardial voltage. 2) Compared to patients without SHD,
patients with NICM and IHD had significantly
increased ECV also in segments without LGE. 3) There
was a significant inverse relationship between ECV
and both BV and UV for ischemic and nonischemic
etiologies. The ECV/voltage relationship was more
robust in myocardium with abnormally increased ECV
(>33%) or abnormally decreased voltage (BV <2.9 mV
or UV< 6.7 mV), but it was weak in myocardium with
normal ECV and/or endocardial voltage.

DEFINITION OF ABNORMAL MYOCARDIAL VOLTAGE. The
use of binary voltage cutoffs to discern abnormal
myocardium by EAVM is widely implemented in
clinical practice, although the evidence supporting
their use is limited.16 Currently, the most frequently
used cutoffs for abnormal voltage are BV of <1.5 mV
and UV of <8.3 mV. These cutoffs were derived from
the 5th percentile voltage values obtained by EAVM
in 4 and 6 healthy persons with the average age of 37
� 12 years and 36 � 18 years, respectively.1,15

Using the same approach in our patients without
SHD, we found a higher cutoff for abnormal BV
(<2.9 mV) but a lower cutoff for abnormal UV
(<6.7 mV). It is possible that these differences may be
due to aging and related fibrosis and/or loss of viable
myocardium in our relatively older population (mean
age, 57 � 13 years). A global reduction of the viable
myocardial mass may be more sensitively detected by
UV compared to BV because of a larger field of view of
the UV mapping. On the other hand, the voltage
cutoffs found in this study corroborate our previously
reported cutoffs of BV $3.0 mV and UV $6.7 mV for
nondiseased myocardium, which were derived in a
similar fashion from the myocardium remote from
infarct scar detected by LGE-CMR in IHD patients
without LV remodeling.2

A cutoff of BV<1.5 mV to detect compact trans-
mural scar has been validated in an animal infarct
model.17 BV mapping to detect intramural or sub-
epicardial nonischemic scar or infarct gray zones is
less accurate, which has been attributed to the
limited field of view of BV mapping.4,14 UV has been
suggested to better delineate nonischemic scars, and
various cutoff values for its use have been validated
against LGE-CMR. However, dependent on the LGE-
CMR acquisition and postprocessing method
different cu-off values to detect nonischemic scar,
ranging from 5.64 mV (SI>SImean remote
myocardium þ 6 SD) to 8.01 mV (SI >30% of SImax)
have been reported.6,14,18,19
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(A) Image processing of cardiac magnetic resonance (CMR) imaging data and conversion from 2-dimensional (2D) data to a 3-dimensional (3D) shell. (B) Coregistration

of processed CMR and electroanatomical voltage mapping (EAVM) data. (C) Reverse projection of EAVM data on the original CMR data using the reversed registration

matrix. (D) The scatter plots show the relationship between bipolar voltage (BV) and extracellular volume (ECV) (right panel) and UV and ECV (left panel) in segments

pooled from all patients. Each datapoint represents the average voltage and ECV of a cardiac segment. The gray lines represent the cutoffs for abnormally increased

ECV (>33%) and decreased voltage (BV of <2.9 mV and unipolar voltage [UV] of <6.7 mV) derived from the patients without structural heart disease. The color-shaded

areas depict data subsets where the voltage/ECV was weak. Color-coded regions show the average late gadolinium enhancement (LGE) transmurality of a corre-

sponding segment on LGE sequences. LGE starts to appear mostly in segments with ECV >45%. AP ¼ anterior posterior; EAM ¼ electroanatomical mapping;

Mod LL ¼ modified left lateral.
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RELATIONSHIP BETWEEN ENDOCARDIAL VOLTAGE

AND ECV. ECV assessed by T1 mapping can better
evaluate diffuse fibrosis than LGE-CMR.7 Diffuse
myocardial fibrosis can be found in NICM patients
and also in noninfarcted myocardium in IHD
patients with remodeled LV.2 In fact, in this study
we found abnormally increased ECV which was
accompanied by decreased voltage in patients with
NICM and IHD even in the myocardium without
apparent LGE.



FIGURE 1 ROC Analyses

(A) Bipolar voltage (BV) to detect extracellular volume (ECV) >30%. (B) Unipolar voltage (UV) to detect ECV >33%. (C) ECV to detect

BV <2.9 mV. (D) ECV to detect UV <6.7 mV. AUC¼ area under the curve.
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Another important observation was a sigmoid
shape of the ECV/voltage relationship curve: whereas
there was a significant inverse linear ECV/voltage
relationship in myocardium with intermediate
fibrosis (ECV between 30% and 60%), the relationship
curve flattened (ie, the correlation weakened) in
densely fibrotic tissue (ECV >60%) and also in healthy
tissue with minimal fibrosis (ECV <30%-31%). This
finding corroborates a previous study from our group
that found a similar relationship between endocardial
voltage with fibrosis assessed by whole-heart
histology.3 The observed ECV/voltage relationship
highlights the fact that an oversimplified use of
arbitrary binary or ternary voltage cutoffs to delineate
fibrosis may limit the diagnostic accuracy of EAVM in
different patient populations.

At last, compared to only postcontrast T1 mapping,
which is reported in milliseconds and is dependent on
CMR field, sequence type, and timing after gadolin-
ium administration, the assessment of ECV takes into
consideration native T1 values and blood hematocrit
and is more reproducible across different CMR



PERSPECTIVES

COMPETENCY IN PATIENT CARE AND PROCEDURAL

SKILLS: The use of preprocedural imaging to identify fibrosis

and potential arrhythmic substrate has been proven in clinical

practice. Assessment of ECV by postcontrast T1 mapping can be

valuable in patients with diffuse fibrosis not detectible by LGE.

Real-time integration of ECV to EAVM could help focusing

catheter mapping to the diseased myocardium, thereby

decreasing procedural time. In addition, the knowledge of the

presence of increased fibrosis could improve identification of

areas with diffuse fibrosis harboring the arrhythmic substrate.

TRANSLATIONAL OUTLOOK: Although the technique has

improved over the previous decade, assessment of ECV by

postcontrast T1 mapping is still time-consuming. We hypothesize

that, with the introduction of automated image processing using

artificial intelligence, in the future it will be feasible to imple-

ment real-time ECV data to EAVM.
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scanner vendors.20 As such, the established thresh-
olds of ECV in this study can be further validated by
future studies and implemented across centers.

CLINICAL IMPLICATIONS. CMR-derived 3D-shells
with color-coded ECV values projected on the sur-
face could be registered with EAVM during catheter
ablation for ventricular arrhythmia. This informa-
tion could help localize diseased myocardium,
thereby focusing mapping to fibrotic areas. In
addition, integration of ECV and EAVM data could
help clarify specific characteristics of fibrosis related
to sustained ventricular tachycardia in patients with
nonischemic substrate. Whether it would also
improve detection of the arrhythmic substrate and
procedural outcome must be determined by future
studies.

STUDY LIMITATIONS. This was a small retrospective
study. The sample size was limited by the fact that
patients undergoing ablation for ventricular arrhyth-
mias, who do not have implanted cardioverter-
defibrillators and are able to undergo preprocedural
CMR are relatively rare in clinical practice. This might
have led to a selection bias, which was documented
by the relatively higher average LV ejection fraction.
On the other hand, this enabled us to study patients
with a broad range of LV structural remodeling. The
sample size was sufficient to confirm significant as-
sociations between ECV and voltage and to show the
differences in ECV and voltage among different
etiologies.

We evaluated the LV voltage by point-by-point
contact mapping, as this approach enables a better
real-time control of the signal quality. On the other
hand, compared to mapping with contemporary
multielectrode-electrode catheters, the point-by-
point mapping could have led to relative under sam-
pling and uneven distribution of the mapping points.
To address this potential bias, we have analyzed
average segment data. Moreover, this approach
enabled us to study volumes of the same size and
compensated the possible registration errors and
variability in imaging and image processing.

At last, our proposed voltage cutoffs derived from
the “normal” voltage of individuals without SHD have
been evaluated to detect abnormal tissue with
increased ECV but not detect arrhythmic substrate
itself. Whether use of these cutoffs would be superior
to the currently used cutoffs must be determined by
future studies.

CONCLUSIONS

This study found that contrast-enhanced T1 mapping
is reliable in detecting endocardial low voltage area.
These findings may help during catheter ablation to
identify areas of fibrosis potentially related to ven-
tricular arrhythmias.
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