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ARTICLE INFO ABSTRACT
Keywords: Background: Three-dimensional electroanatomical mapping (EAM) can be helpful to diagnose arrhythmogenic
Electroanatomical voltage mapping right ventricular cardiomyopathy (ARVC). Yet, previous studies utilizing EAM have not systematically used
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contact-force sensing catheters (CFSC) to characterize the substrate in ARVC, which is the current gold standard
to assure adequate tissue contact.

Objective: To investigate reference values for endocardial right ventricular (RV) EAM as well as substrate char-
acterization in patients with ARVC by using CFSC.

Methods: Endocardial RV EAM during sinus rhythm was performed with CFSC in 12 patients with definite ARVC
and 5 matched controls without structural heart disease. A subanalysis for the RV outflow tract (RVOT), septum,
free-wall, subtricuspid region, and apex was performed. Endocardial bipolar and unipolar voltage amplitudes
(BVA, UVA), signal characteristics and duration as well as the impact of catheter orientation on endocardial
signals were also investigated.

Results: ARVC patients showed lower BVA vs. controls (p = 0.018), particularly in the subtricuspid region (1.4,
IQR:0.5-3.1 vs. 3.8, IQR:2.5-5 mV, p = 0.037) and RV apex (2.5, IQR:1.5-4 vs. 4.3,IQR:2.9-6.1 mV, p = 0.019).
BVA in all RV regions yielded a high sensitivity and specificity for ARVC diagnosis (AUC 59-78%, p < 0.05 for
all), with the highest performance for the subtricuspid region (AUC 78%, 95% CI:0.75-0.81, p < 0.001, negative
predictive value 100%). A positive correlation between BVA and an orthogonal catheter orientation (46°-90°:r =
0.106, p < 0.001), and a negative correlation between BVA and EGM duration (r = —0.370, p < 0.001) was
found.

Conclusions: EAM using CFSC validates previous bipolar cut-off values for normal endocardial RV voltage am-
plitudes. RV voltages are generally lower in ARVC as compared to controls, with the subtricuspid area being
commonly affected and having the highest discriminatory power to differentiate between ARVC and healthy
controls. Therefore, EAM using CFSC constitutes a promising tool for diagnosis of ARVC.

1. Introduction layers and progress towards the endocardium over time, potentially
leading to malignant ventricular arrhythmias and sudden cardiac death

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an (SCD), particularly in athletes [1,2]. The diagnosis of ARVC relies upon
inherited cardiomyopathy mainly caused by desmosomal abnormalities the 2010 Task Force Criteria, which can fail to detect early forms of the
leading to fibro-fatty replacement predominantly of the right ventricular disease, when the phenotype is not yet fully present, but the risk of SCD
(RV) myocardium. These changes usually begin in the subepicardial RV due to VF is particularly high [3]. Furthermore, there is substantial
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overlap between ARVC and other cardiopathies with RV involvement
such as myocarditis, Brugada syndrome, cardiac sarcoidosis and the
athlete’s heart, which can render correct diagnosis and management
difficult [4,5].

Three-dimensional (3D) electroanatomical mapping (EAM) uses
biologically inert low-intensity magnetic field energy to determine the
location of sensor-tipped diagnostic catheter electrodes in the heart
chambers. Areas with low voltage local electrograms (LVA) in the RV
have been described in ARVC and indicate the presence of abnormal RV
tissue, which can be picked up by EAM [6]. The presence of fractionated
electrograms (EGMs) of low voltage and prolonged duration may help to
distinguish ARVC from healthy probands, the athlete’s heart and other
RV abnormalities mimicking ARVC [7,8]. EAM is not yet considered in
the 2010 revised Task Force due to its invasive nature, technical chal-
lenges and, so far, small-scale studies having been performed mostly in
patients with advanced forms of the disease with associated limitations
in sensitivity and specificity [9,10]. With regard to these aspects, EAM
could represent an important additional tool to facilitate correct and
early diagnosis of ARVC. However, previous studies using EAM in ARVC
have not systematically assessed the amount and distribution of LVA by
contact-force sensing technology (CFST) — the current gold standard to
assure adequate tissue contact -, and their statistical analyses did not
take differences in the electrophysiological properties of each individual
patient into account [11,12].

Therefore, the aim of this prospective endocardial EAM study was to
1) determine cut-off values to differentiate between diseased RV
myocardium and healthy controls using CFST 2) delineate the regional
distribution and signal characteristics of LVA as a surrogate parameter of
fibro-fatty infiltration in patients with ARVC. 3) assess the impact of
contact force and catheter angulation on signal characteristics.

2. Methods
2.1. Patient cohort

In this prospective, single-center study 12 consecutive patients with
definite ARVC according to the 2010 Task Force Criteria and 5 controls
without structural heart disease referred for electrophysiological study
due to supraventricular tachycardia or palpitations of unknown origin
undergoing 3D endocardial EAM (Biosense Webster, CARTO3, Diamond
Bar, CA) of the RV using a CF sensing catheter (Thermocool Smarttouch,
Biosense Webster) were included. Genetic testing for ARVC-associated
genetic variants was performed in all ARVC patients. Participants
signed an informed consent form for participation in this study, which
was approved by the Zurich Cantonal Ethical committee (approval
numbers: KEK-ZH-Nr. 2011-0208 and PB_2016-02109).

2.2. 3D EAM and analysis

In brief, after right-sided femoral venous puncture, the CF sensing
catheter was inserted into the RV under fluoroscopic guidance via a long
sheath (Agilis or SL-1, Abbott, Chicago, IL). The EAM procedure in all
patients was performed during sinus rhythm. Points were taken with a
homogenous distribution throughout the different RV segments (fill
threshold >15 mm) with a higher density in LVA. Electrograms (EGMs)
were filtered at 30 to 500 Hz (bipolar) and 1 to 240 Hz (unipolar). EGMs
were displayed at the same gain (0.2 mV/cm for bipolar voltage (BV)
and 1.0 mV/cm for unipolar voltage (UV)) and sweep speed (400 mm/s)
on CARTO. Only points with adequate tissue contact (mean force >4 g
measured by the CF sensing catheter) were selected based on review of
all EGMs. Points taken during or after ablation, ectopic beats, floating
points, and points tagged as location only were excluded. The unipolar
and bipolar peak-to-peak voltage amplitudes (UVA and BVA, respec-
tively) were measured automatically. LVA as defined by voltage cut-off
points generated by our study had to cover an area of >1cm? including
at least 3 adjacent points [6]. Signal duration was defined as the distance
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between the earliest sharp peak deflection and the latest sharp peak
deflection, as previously described [13]. Potentials with a rounded
component with or without separation from the sharp component were
considered to represent far-field remote electrical activity and were not
included in the duration measurement. Fragmentation was defined as a
multicomponent (>2 deflections) signal. The degree of fragmentation
was quantified by the number of positive electrogram deflections
recorded at a gain of 0.2 mV/cm at 400 mm/s [14,15]. Late potentials
were defined as local ventricular potentials occurring after the terminal
portion of the surface QRS complex being distinct and separated by an
isoelectric line from the first ventricular component [16,17]. To assess
the impact of catheter orientation on EGM characteristics, we structured
the catheter contact angles into the following categories: a) 0°-30° (e.g.
0° = electrode parallel to the endocardial surface) b) 31°-45 °c) 46°-90°.
Betablockers/antiarrhythmic drugs were stopped 5 half-lives prior to
EAM, whereas amiodarone was stopped two weeks prior to the study.

2.3. Unipolar and bipolar voltage distribution per RV segment

To analyze regional differences in UV and BV, the RV was divided
into 5 regions: RV outflow tract (RVOT), septum, anterior free wall,
subtricuspid region and apex as previously suggested [17]. Points were
manually selected for analysis and distributed to each region by two
independent observers.

2.4. Statistical analysis

Categorical variables are expressed as number and percentage and
compared using the Chi-square test or Fisher exact test. Continuous
variables are expressed as mean +/— SD or median (interquartile range)
and compared between groups using Student’s t-test or Mann-Whitney U
test. Paired samples were compared using Wilcoxon signed rank test or
McNemar test. Correlation analyses were assessed with Pearson test,
with the measure of correlation reported as the Pearson product-
moment correlation coefficient (r) and corresponding P values. A
repeated measurements ANOVA was performed on a per-patient basis to
assess for individual differences in the electrophysiologic properties (e.
g. EGM amplitude, duration) in the RV segments. A mixed-effect
repeated measures ANOVA was performed to compare the mean dif-
ferences between bipolar voltage values in ARVC patients as compared
with controls. The Mauchly’s test for sphericity assumption was per-
formed for this comparison. In the control group, normal endocardial
amplitudes were defined as a signal amplitude exceeding by 95% all
electrogram signals for the RV for both bipolar and unipolar measure-
ments. To individuate the cut-off values between healthy and diseased
myocardium, an average of all 5th percentile values per patient was
determined. Receiver-Operating-Characteristic (ROC) curves were
calculated to assess the area under the curve (AUC), sensitivity and
specificity of different LVA cut-off values using Youden’s Index. A p
value <0.05 was considered significant. All statistical analyses were
performed with SPSS software (v25, SPSS Inc., USA).

3. Results
3.1. Study population

Twelve patients with a definite diagnosis of ARVC according to the
2010 Task Force Criteria and 5 gender- and age-matched subjects
without structural heart disease as controls were included. Baseline
characteristics are summarized in Table 1. None of the control subjects
fulfilled any criterion for ARVC diagnosis and did not display any signs
of RV structural and electrical changes.

3.2. Bipolar and unipolar voltage values

A median of 227 (120-364) reference points per patient were
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Table 1
Baseline characteristics.

ARVC Controls P-
N=12 N=5 value
Age (mean +/— SD) 40.7 (13.2) 43.4 14 0.714
Male 9 (75) 3(60) 0.280
LVEF % 51.8(10.4) 56.8 0.328
(5.6)
RV fac % 28.4 (9.1) 40.3 0.042
(9.5)
ARVC 2010 Task force criteria 3(2-3.3) 0 0.002
(major+minor criteria)
Arrhythmic syncope 4(33) 0 0.261
Cardiac arrest 0 0 1
ICD 11 (92) 0 0.001
Betablocker 7 (58) 2 (40) 0.620
Amiodarone 1(8) 0 1
(Likely)pathogenic genetic variants N=5 NA
(42%)
PKP-2 N=2
DSG-2 N=2
DSP N=1
Gene elusive N=7

Abbreviations: ARVC, arrhythmogenic right ventricular cardiomyopathy; ICD,
implantable cardioverter-defibrillator; DSG2, desmoglein 2; DSP, desmoplakin;
LV, left ventricular; LVEF, left ventricular ejection fraction; PKP2, plakophilin-2;
RV fac, right ventricular fractional area change determined by transthoracic
echocardiography.

Values are mean (+ standard deviation), median (interquartile range), or n (%)
as appropriate.

analyzed (Table 2). The median contact force was 10 g (6-17) in the
healthy and 11 g (6-17) in the ARVC population (p = 0.447). The cut-off
values for endocardial bipolar and unipolar voltage for the RV in total
and each of the 5 segments based on our controls are provided in
Table 2. Derived from the controls, our study determined >1.8 mV as the
optimal cut-off for normal endocardial RV bipolar voltages, and > 3.4
mV for normal unipolar voltages. The bipolar cut-off values derived
from healthy controls were similar between the 5 RV segments, whereas
the unipolar cut-off values were higher in the RV septum and RV apex as
compared to the other RV segments, and lowest in the RVOT (Tables 2
and 3).

A comparison between ARVC patients and controls using repeated
measures ANOVA revealed significantly lower mean bipolar endocardial
voltages in patients with ARVC as compared to controls (Table 2;
between-subjects effect: F 7.080, p = 0.018). The Mauchly’s test for
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sphericity assumption revealed no violation (x%(9) = 13.6, p = 0.141).
No significant differences were observed for unipolar voltages.

For bipolar voltages, the lowest values in patients with ARVC were
found in the subtricuspid area followed by the RVOT, the RV apex, RV
free wall and RV septum. For unipolar voltages, the lowest values in
patients with ARVC were also found in the subtricuspid area, followed
by the RVOT, the RV apex, the RV free wall and the RV septum. In the
control population, highest bipolar voltages were found in the apical
area, followed by the septum, the subtricuspid area, the RV free wall and
the RVOT, and highest unipolar voltages were found in the septum
followed by the RV apex, the RVOT, the subtricuspid area and the RV
free wall, respectively (Table 2). ARVC patients presented significantly
lower bipolar voltages in the subtricuspid region (p = 0.037) and in the
RV apex (p = 0.019) as compared to controls (Table 2).

According to ROC curves, endocardial bipolar voltage values in the
RVOT, subtricuspid region, RV free wall, RV septum and RV apex all
yielded a high sensitivity and specificity for diseased myocardium in
patients with ARVC (AUC 0.59 to 0.78, p < 0.05 for all), with the highest
performance for the subtricuspid region (AUC 0.78, 95% CI 0.75-0.81, p
< 0.001). A bipolar voltage value <1.6 mV in the subtricuspid region
yielded a sensitivity of 96% and a specificity of 54% for ARVC diagnosis
(Fig. 1). Similar findings were found for unipolar voltages in the sub-
tricuspid region (AUC 0.83, 95% CI 0.80-0.86, p < 0.001), with a
voltage value <3.2 mV yielding a sensitivity of 95% and a specificity of
48% for ARVC diagnosis (Table 3). The proposed cut-offs for bipolar
voltages yielded a high negative predictive value for all RV regions. The
subtricuspid region presented also with the highest positive predictive
values (Table 3). Voltage amplitudes for all RV regions in all the 12
ARVC patients are presented in supplementary table 1.

3.3. Signal duration, EGM fragmentation and late potentials

All ARVC patients displayed EGM fragmentation and all but one
patient late potentials [18]. Electrogram signal duration was higher in
ARVC patients as compared to controls (mean 22.5 + 0.4 ms vs 5.9 +
0.2 ms, median 16 ms (IQR:10-28) vs. 13 ms (IQR:10-18), p < 0.001).
When analyzed separately for each RV segment, the longest signal
duration was found in the subtricuspid region (see Table 2). The most
frequent location for fragmentation was the subtricuspid area (6% of all
measurements in this segment), followed by the RVOT (5%), RV septum
(3%), and RV apex (1%), whereas no fragmentation was registered in the
RV free wall. The most frequent locations for late potentials were the
subtricuspid area and RV apex (both 26%, respectively), followed by the

Table 2
Comparison between bipolar and unipolar voltage values in ARVC patients and controls.
ARVC Controls
N=12 N=5
Bipolar voltage 5-95% Signal duration Bipolar voltage 5-95% Signal duration p-values for p-values for signal
(mV) (ms) (mV) (ms) voltage duration
RVOT 2.3 (1.3-3.5) 0.24-6.9 15 (9-25) 3.6 (2.7-4.5) 1.9-7.9 13 (10-17) 0.130 0.019
Subtricuspid 1.4 (0.5-3.1) 0.1-6.5 20 (11-36) 3.8 (2.5-5) 1.6-8.8 14 (11-17) 0.037 <0.001
region
RV free wall 3(2-4.3) 1-7 14 (10—22) 3.7 (2.8-5) 1.9-7.5 14 (11-19) 0.574 0.624
RV apex 2.5 (1.5-4) 0.3-7.1 15 (9-27) 4.3 (2.9-6.1) 1.8-8.9 13 (9-17) 0.019 0.001
RV septum 3.8 (2.2-6.3) 0.6-11.7 16 (11-32) 4.6 (3.2-7) 1.7-19.3 11 (9-15) 0.721 <0.001
Total 2.5 (1.2-4.1) 0.2-7.9 16 (10-28) 3.8 (2.7-5.4) 1.8-9 13 (10-18) 0.018 <0.001
Unipolar voltage (mV) 5-95% Unipolar voltage (mV) 5-95% p-values for voltage
RVOT 4.3 (3-6.3) 1.8-9.7 6 (4.6-8.8) 2.7-13.2 0.442
Subtricuspid region 3.4(1.9-5.2) 1.1-9.8 7.1 (5.5-8.7) 3.2-11.8 0.160
RV free wall 5.4 (3.9-8.5) 2.1-13.1 6.6 (5.6-8.7) 3.7-12.4 0.234
RV apex 4.9 (3.2-6.6) 1.6-10.1 7.8 (6-9.8) 4-11.6 0.006
RV septum 9(5.2-11.7) 2.8-15.3 9.7 (7.6-11.4) 5-15.1 0.721
Total 5(3.75-7) 2-89 7 (7-9.4) 3.4-12.4 0.283
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Table 3
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ROC curves, sensitivity/specificity and positive/negative predictive values for cut-off values for bipolar and unipolar voltages based on controls.

RV area Bipolar voltage (mV)

Cut-off AUC (95% CI) Sensitivity Specificity PPV NPV p-value
RVOT 1.9 72% (0.69-0.76) 95% 40% 42% 100% <0.001
Subtricuspid region 1.6 78% (0.75-0.81) 96% 54% 58% 100% <0.001
RV free wall 1.9 62% (0.57-0.67) 96% 20% 17% 100% <0.001
RV apex 1.8 74% (0.69-0.78) 96% 35% 25% 100% <0.001
RV septum 1.7 59% (0.52-0.66) 96% 15% 0 100% 0.015
Total 1.8 70% (0.68-0.73) 95% 35% 28% 100% <0.001
RV area Unipolar voltage (mV)

Cut-off AUC (95% CI) Sensitivity Specificity PPV NPV p-value
RVOT 2.7 69% (0.64-0.73) 70% 19% 17% 100% <0.001
Subtricuspid region 3.2 83% (0.79-0.86) 95% 48% 33% 80% <0.001
RV free wall 37 61% (0.56-0.66) 96% 20% 17% 60% <0.001
RV apex 4 80% (0.76-0.84) 94% 37% 17% 100% <0.001
RV septum 5 56% (0.50-0.63) 95% 20% 25% 100% 0.091
Total 3.4 72% (0.70-0.74) 95% 29% 22% 90% <0.001

Receiving Operator Curves (ROC), sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for bipolar and unipolar values are
presented for each RV region. Abbreviations: AUC, area under the curve; CI, confidence interval; RV, right ventricular; RVOT, right ventricular outflow tract.

2]
0.50 1.50

FTl

Fig. 1. CARTO mapping in RAO (left) and LAO (right). Adequate tissue contact was verified by a contact force >4G during endocardial EAM of the RV, and
confirmed the typical C-type scar in the subtricuspid region (RAO projection, on the left), whereas the RV apex and septum showed normal values in patients with

ARVC and less advanced disease stage (LAO projection, on the right).

RVOT region (19%), the RV free wall and RV septum (both 11%,
respectively). None of the controls displayed EGM fragmentation nor
late potentials.

3.4. Catheter orientation

We noted a positive correlation between bipolar voltage values and a
catheter orientation between 46° and orthogonal 90° (r = 0.106),
whereas no relevant correlation between lower angles of catheter
orientation and bipolar voltage values were observed (0.-30°, r =
—0.067). Between bipolar voltage values and electrogram duration (r =
—0.370, p < 0.001) a negative correlation was found. Similarly, unipolar
voltage values negatively correlated with electrogram duration (r =
—0.55). Unipolar voltage values did not correlate with catheter orien-
tation (r = 0.001).

3.5. Procedural safety

The EAM procedure using the force-sensing catheter was safe. No
periprocedural complication related to endocardial RV voltage mapping
occurred. One patient developed pericardial tamponade that was treated
by successful pericardiocentesis following endomyocardial biopsy from
the RV at the end of the procedure, which was deemed unrelated to the
EAM procedure.

4. Discussion

The diagnosis of ARVC remains challenging. The 2010 revised Task
Force Criteria emphasize that current criteria are “not perfect”, still lead
to underrecognition of the disease and highlight that future improve-
ments in diagnostic tools are urgently needed [3,10]. The 2020 Padua
Criteria have recently been published in order to improve the diagnostic
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process in patients with arrhythmogenic cardiomyopathy, but larger
validation studies are still pending and they also do not include EAM [9].
In this study, we showed that endocardial 3D EAM with CFSC - which is
the current gold standard to ensure adequate tissue contact - represents a
useful method to detect the pathologic substrate of ARVC, and to
differentiate affected myocardial areas from unaffected ones. In our
study we report the following main findings:

1. EAM using CFSC validated previous bipolar cut-off values for normal
endocardial RV voltage amplitudes, which were previously estab-
lished without CFSC.

2. ARVC patients displayed significantly lower mean bipolar endocar-
dial RV voltages as compared to controls.

3. We found that the subtricuspid region is commonly affected in ARVC
and has the best discriminatory power to differentiate between pa-
tients with ARVC and healthy subjects.

4. Bipolar voltage values above our proposed cut-off values have a high
negative predictive value for a diagnosis of ARVC.

4.1. Reference values for endocardial RV voltage mapping

Reference values for endocardial right ventricular EAM as well as
substrate characterization in patients with ARVC using CFSC have not
been systematically investigated, yet. Up to now, reference values for
normal bipolar and unipolar voltages have been derived without CFSC
using older technologies and mostly with a low resolution with <100
points obtained from the RV. Moreover, previous findings have yielded
somewhat differing results for reference values for normal endocardial
bipolar RV voltage (between >1.2 and > 1.5 mV), whereas scars were
arbitrarily defined as LVA <0.5 mV based on a limited sample size of
patients using mapping catheters without CFSC [13]. In one of the first
studies investigating EAM in ARVC patients, Boulos et al. analyzed 90 +
16 endocardial RV points in 5 different RV sites under fluoroscopic
guidance and compared the results of ARVC patients with controls with
RV outflow tract tachycardia and no structural heart disease [6,7].
ARVC patients were characterized by significantly lower unipolar and
bipolar voltage amplitudes in affected areas as compared to the average
voltage values in not affected myocardium of the same patients [6].
Indeed, Boulos and colleagues reported lower mean bipolar and unipolar
endocardial voltages in ARVC patients as compared to controls (2.7 +
2.2vs. 4.9+ 2.5mV,p < 0,001 and 4 + 2.3 vs. 6.9 + 3.6 mV, p < 0.001,
respectively) [6]. Similarly, data from another study comparing ARVC
patients with controls without structural heart disease proposed an
unipolar voltage cut-off value of <5.5 mV in the RV [19]. These findings
support our data, which consistently showed lower endocardial RV
voltages in ARVC as compared to healthy controls both on average and
in the 5 different RV sites analyzed separately. However, these previous
studies were affected by statistical limitations, such as the use of one-
way ANOVA instead of repeated measurements ANOVA, namely com-
parison of the means from all patients instead of comparison of the
means per patient [6,7]. To overcome the above-mentioned statistical
limitations, we performed repeated measurements ANOVA and defined
RV reference values by using a threshold >5th percentile of measure-
ments in controls, thus providing reliable cut-off values

Derived from our controls using CFSC, our study determined >1.8
mV as the optimal cut-off for normal bipolar voltages, and > 3.4 mV for
normal unipolar voltages. The bipolar cut-off values for healthy RV
myocardium were similar between the 5 RV segments, whereas the
unipolar cut-off values were higher in the RV septum and RV apex as
compared to the other RV segments, and lowest in the RVOT (Table 2).
This reflects that the RV septum is the thickest, whereas the RVOT,
particularly towards the free wall, is one of the thinnest RV structures
[20]. Our findings are similar to previous literature derived from studies
not using CFSC, particularly for bipolar voltages (>1.8 mV in our study
vs. >1.5 mV recommended in daily clinical practice) [7,21]. However,

International Journal of Cardiology 392 (2023) 131289

cut-off values for normal unipolar voltages were lower as values recently
suggested without CFSC (>3.4 mV in our study vs. >5.5 mV recom-
mended in daily clinical practice). The reason for this finding remains
not fully clear, but may be related to differences in assuring adequate
tissue contact with CFSC vs. non-CFSCs as well as our defined minimum
contact force of 4G.

In general, ARVC patients presented with lower endocardial RV
voltages as a sign of structural myocardial disease as compared to
healthy controls, particularly in the subtricuspid area and RV apex. The
robustness of cut-off values is critical in clinical practice as it may allow
improved detection of patients who are more likely to be affected by
ARVC and other RV structural diseases. Based on our findings, CFSC can
facilitate the detection of diseased RV regions, particularly in the sub-
tricuspid region for ARVC, and may improve the yield of endomyo-
cardial biopsy as previously shown by our group for cardiac sarcoid and
other groups for ARVC [8,22-24]. We were not able to show signifi-
cantly lower endocardial bipolar voltages in the RVOT, RV free wall and
septum of patients with ARVC vs. healthy controls. Similarly, no sig-
nificant mean differences for unipolar endocardial RV voltages in ARVC
vs. healthy controls were observed. This somewhat differs from previous
literature and may be related to the different statistical (repeated mea-
surements ANOVA) and mapping methods used in our study, as well as a
rather low sample size of patients [6,7]. Of interest, electrogram signal
duration was significantly longer in patients with ARVC as compared to
controls, not only for the total RV, but also most RV segments except the
RV free wall. Therefore, besides voltage amplitudes, signal duration may
be used to diagnose ARVC and other RV cardiopathies in the future.
Since manual measurement of signal duration poses challenges in daily
clinical practice, automated algorithms may facilitate this process [25].
Of note, RV endocardial EAM might be a helpful tool in differentiating
ARVC from the athlete’s heart — a phenocopy, which shares with ARVC
many morphological features, particularly dilatation of the right-sided
heart chambers, but without fibro-fatty infiltration that can be poten-
tially picked up by EAM [26,27].

4.2. ARVC - A subtricuspid disease

The observation that fibro-fatty infiltration often starts in the sub-
tricuspid area, extending to the RVOT and later to the RV apex, but often
sparing the septum, was well reproduced by our study [28]. The finding
of LVA in these RV locations is supported by morphological findings on
endomyocardial biopsy showing significantly reduced myocardial fibers
replaced by fibrous and/or fatty tissue in patients with ARVC [24].
Accordingly, abnormal RV EAMs have been associated to RV wall mo-
tion abnormalities on imaging and to myocyte loss and fibrofatty
replacement in endomyocardial biopsies of ARVC patients [22].

We found that the subtricuspid RV area is commonly affected in
classical ARVC, even at earlier disease stages, which is in line with the
morphologic findings of the early stages of ARVC (RV subtricuspid an-
eurysms) [3]. The subtricuspid area showed the highest AUC for
differentiating ARVC from healthy controls, not only for bipolar volt-
ages, but also unipolar voltages with a high sensitivity. Moreover, the
subtricuspid area was the RV region displaying the longest electrogram
duration, highest percentage of fragmentation and late potentials as
compared to other RV segments in patients with ARVC. As such, we
could confirm - with the use of CFSC - that the typical substrate con-
sisting of fibro-fatty infiltration is predominantly located in a “C-type
scar pattern” involving the peritricuspid area (Figs. 1 and 2), whereas
the RV apex is involved at more advanced disease stages [28,29]. This
finding provides new evidence to the natural course of ARVC. Indeed,
previous studies performing analyses with bipolar endocardial RV
voltage maps without CFSC — which is less sensitive in displaying the
early pathologic process of fibro-fatty infiltration as compared with
epicardial voltage maps — failed to show this typical “C-shape pattern” of
disease involvement in up to 43% of the performed endocardial bipolar
maps [28]. This ARVC-typical distribution of substrate/LVA in the RV
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Fig. 2. Endocardial EAM mapping by using a long sheath and looping the mapping catheter within the RV to perpendicularly reach the peritricuspid region.

can sometimes only be visualized by unipolar endocardial or epicardial
voltage mapping, which better reflects that the disease typically starts in
the subepicardial RV layers.

On the contrary, septal biopsy did not provide any added diagnostic
value in previous studies, thus confirming our findings, which showed
no significant differences in voltages in the septal area in ARVC as
compared to healthy controls [24]. Of interest, the basal septal
involvement is frequently seen in cardiac sarcoidosis, whereas this is a
rare finding in ARVC [30].

In line with more recent findings, showing that the RV apex is not
affected at earlier disease stages, we found a rather low rate of RV apical
involvement in patients with definite ARVC [29]. Therefore, the mea-
surement of RV apical voltage may be useful to differentiate ARVC from
cardiac sarcoidosis, which frequently involves the septum and RV apex
[5,30].

4.3. The impact of catheter angulation on voltage and signal duration

The intracardiac electrogram depends on the myocardial character-
istics (the source of the electrical signal), on the catheter configuration
and orientation. Tissue contact, reflecting the distance of the electrode
to the electric source with the catheter tip was verified in previous
studies using catheters without CFSC by a fluoroscopic stable catheter
position and by eliminating points in which: 1) the values of the local
stability variables were greater than predetermined values (end-dia-
stolic location stability >3 mm and local activation time stability >3
ms); and 2) extreme pressure was applied, as identified by significant ST
segment elevation on the unipolar recording [6,13,21,22,31]. Never-
theless, it is sometimes very difficult to distinguish LVA resulting from
poor tissue contact with true low voltage resulting from fibro-fatty
infiltration with conventional catheters [6,13,21,22,31]. This limita-
tion is addressed by the continuous measurement and visualization of
the resulting contact force using the CFSC. In addition, we showed a
weak, but positive correlation between bipolar voltages and an
orthogonal catheter orientation (between 46° and 90°). Furthermore,

we observed a negative correlation between bipolar voltage values and
electrogram duration.

Since the bipolar voltage electrogram is determined by the temporal
difference of the unipolar electrograms of the electrode pair, the
orientation of these two electrodes with regards to the propagation wave
front is of high importance [32]. As shown in a numerical simulation,
the ring electrode unipolar voltage but not the tip unipolar voltage does
correlate with catheter angulation [33]. This results in an orientation
dependent amplitude characteristics. With a perpendicular catheter
orientation with a symmetric unipolar signal on both electrodes, how-
ever, the dependency on the wave front propagation can be eliminated.
This might explain the observed positive correlation between catheter
orientation and BVA only for large catheter angulations >45°.

Catheter orientation is particularly important when mapping the
perivalvular region of the tricuspid valve, as appropriate catheter con-
tact with the myocardium in this region is difficult. However, optimal
contact forces for ventricular mapping have not been validated, yet. In
our study, we demonstrate the value of orthogonally touching the
endocardial surface during EAM for propagation wavefront- indepen-
dent mapping. This can be achieved e.g. by using a long sheath, and
looping the catheter within the RV to optimally reach the peritricuspid
region (Fig. 2) or the RVOT using the reverse U-curve technique [34].

4.4. Limitations

This was a small single-center study and is limited by the low number
of patients since ARVC is a rare disease and because the force-sensing
ablation catheter is not regularly used to treat patients without struc-
tural heart disease. Moreover, since patients fulfilled a definite diagnosis
of ARVC according to the 2010 TFC, this population does not represent
the very early disease stages or left-dominant forms in which EAM may
be particularly useful to establish a timely diagnosis. Lastly, since pa-
tients were mostly recruited without an indication for VT ablation, we
did not perform epicardial mapping for the purpose of this study.
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5. Conclusions

EAM using CFSC validates previous bipolar cut-off values for normal
endocardial RV voltage amplitudes. RV voltages are generally lower in
ARVC as compared to controls, with the subtricuspid area being
commonly affected and having the highest discriminatory power to
differentiate between ARVC and healthy controls. Therefore, EAM using
CFSC constitutes a promising tool for diagnosis of ARVC.
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