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ORIGINAL ARTICLE
A novel diagnostic tool to identify atrial
endo-epicardial asynchrony using signal
fingerprinting

Lu Zhang,1 Mathijs S. van Schie,1 Paul Knops,1 Yannick J.H.J. Taverne,2 Natasja M.S. de Groot1,3
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OBJECTIVE Patients with persistent atrial fibrillation (AF) have more electrical endo-epicardial asynchrony (EEA)

during sinus rhythm (SR) than patients without AF. Prior mapping studies indicated that particularly unipolar, endo-

and/or epicardial electrogram (EGM) morphology may be indicators of EEA. This study aim to develop a novel method for

estimating the degree of EEA by using unipolar EGM characteristics recorded from either the endo- and/or epicardium.

METHODS Simultaneous endo-epicardial mapping during sinus rhythm was performed in 86 patients. EGM character-

istics, including unipolar voltages, low-voltage areas (LVAs), potential types (single, short/long double and fractionated

potentials: SP, SDP, LDP and FP) and fractionation duration (FD) of double potentials (DP) and FP were compared be-

tween EEA and non-EEA areas. Asynchrony Fingerprinting Scores (AFS) containing quantified EGM characteristics were

constructed to estimate the degree of EEA.

RESULTS Endo- and epicardial sites of EEA areas are characterized by lower unipolar voltages, a higher number of LDPs

and FPs and longer DP and FP durations. Patients with AF have lower potential voltages in EEA areas, along with al-

terations in the potential types. The EE-AFS, containing the proportion of endocardial LVAs and FD of epicardial DPs, had

the highest predictive value for determining the degree of EEA (AUC: 0.913). Endo- and epi-AFS separately also showed

good predictive values (AUC: 0.901 and 0.830 respectively).

CONCLUSIONS EGM characteristics can be used to identify EEA areas. AFS can be utilized as a novel diagnostic tool for

accurately estimating the degree of EEA. These characteristics potentially indicate AF related arrhythmogenic sub-

strates. (Hellenic Journal of Cardiology 2024;75:9–20) © 2023 Hellenic Society of Cardiology. Publishing services by

Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
1. INTRODUCTION

Electrical asynchrony between the endo- and epicar-
dium contributes to the perpetuation of atrial fibril-
lation (AF).1,2 Several mapping studies have
N 1109-9666

epartment of Cardiology, Erasmus Medical Center, Rotterdam, the Nether

ranslational Cardiothoracic Surgery Research Lab, Department of Cardioth

e Netherlands

epartment of Microelectronics, Signal Processing Systems, Faculty of Electr

chnology, Delft, the Netherlands

er review under responsibility of Hellenic Society of Cardiology.

nuscript received April 11, 2023; revised manuscript received June 4, 2023,
demonstrated that endo-epicardial asynchrony
(EEA) occurs during AF and is associated with AF
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AB BR E V I A T I O N S

EED = endo-epicardial

dissociation

EEA = endo-epicardial

asynchrony

LVAs = low-voltage areas

SP = single potentials

SDP = short double potentials

LDP = long double potentials

FP = fractionated potentials

DP = double potentials

AFS = Asynchrony

Fingerprinting Scores
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AF.8 Recently, van der Does et al.9 found
that, although local endo-epicardial discrep-
ancies in electrogram (EGM) fractionation
occurred infrequently, fractionated EGMs
could originate from areas of EEA. It was also
shown that unipolar EGMs are more suitable
for identifying EEA than bipolar EGMs.10

These observations indicate that unipolar,
endo- and/or epicardial EGM characteristics
during SR may contain information on the
presence of EEA. However, the EGM chara-
cteristics that can be used to accurately
identify EEA remain unknown.

In this study, the hypothesis that specific

atrial unipolar epi- and/or endocardial EGM charac-
teristics reflect areas of EEA and estimate the degree
of EEA was tested. For this purpose, simultaneous
endo-epicardial mapping was conducted and EGM
characteristics between EEA and non-EEA areas were
compared. In addition, a novel diagnostic tool, the
Asynchrony Fingerprinting Score (AFS), using quan-
tified EGM characteristics for estimation of the degree
of EEA was introduced.

2. METHODS

2.1. STUDY POPULATION. The study population
consisted of 86 patients undergoing elective open-
heart surgery (coronary artery bypass surgery,
valvular heart surgery or a combination of both) in
the Erasmus Medical Center Rotterdam. Patient
characteristics (e.g. age, medical history, cardiovas-
cular risk factors) were obtained from the patient’s
medical record. This study was approved by the
institutional medical ethical committee (MEC2015-
373), and written informed consent was obtained
from all patients.

2.2. SIMULTANEOUS ENDO-EPICARDIAL MAPPING

OF THE RIGHT ATRIUM. Simultaneous endo-
epicardial high-resolution mapping was performed
prior to extra-corporal circulation. A summary of the
methodology is provided in supplemental Figure 1A
and described in detail previously.8 Two electrode
arrays were used for simultaneous mapping of the
epicardium and endocardium, each containing 128
(8 � 16) unipolar electrodes with a diameter of
0.45 mm and 2 mm interelectrode distance (IED).
They were fixed on 2 bendable spatulas and were
located on the exact opposite position of right atrial
(RA) wall. After heparinization and arterial cannula-
tion, the endocardial electrode array of spatula was
introduced into the right atriotomy in which the
venous canula will be inserted. The last row of elec-
trodes of the endocardial spatula was introduced at
least 1.5 cm into the RA to avoid overlap of the map-
ping area near the incision. To allow hemostatic
measurements, the pursestring suture was secured. A
temporal bipolar epicardial pacemaker wire was
attached to the free wall as a reference electrode. An
indifferent electrode was fixed to the subcutaneous
tissue of the thoracic cavity. Simultaneous endo-
epicardial mapping was performed at 3 different lo-
cations on the RA superior, mid and inferior free wall,
as depicted in supplemental Figure 1A. EGMs were
recorded for 5 seconds during stable sinus rhythm,
including a surface electrocardiogram (ECG) lead, a
calibration signal of 2 mV and 1000 ms and a bipolar
reference EGM. Data were stored on a hard disk after
sampling (1 kHz), amplification (gain 1000), filtering
(bandwidth 0.5–400 Hz) and then analog to digital
conversion (16 bits).

2.3. MAPPING DATA ANALYSIS. Mapping data were
semi-automatically analyzed using custom-made Py-
thon 3.8 software. Premature and aberrant beats were
excluded. Areas of simultaneous activation were also
excluded from analysis in order to avoid the inclusion
of far-field potentials. All annotations were manually
checked with a consensus of two investigators.

The steepest negative slope of a unipolar potential
was annotated as local activation time (LAT) and used
to compose color-coded activation maps.11 As shown
in the lower right panel of supplemental Figure 1,
potentials were classified into 4 types according to
their morphology: 1. single potentials (SP), consisting
of one single negative deflection; 2. double potentials
(DP): a. short double potentials (SDP) containing two
deflections separated by <15 ms; b. long double po-
tentials (LDP), containing two deflections separated
by $15 ms and 3. fractionated potentials (FP)
composed of more than three deflections. Fraction-
ation duration (FD) was defined as the time difference
(ms) between the first and last deflection of double
potentials (DP: SDPþLDP) and FP. Potential voltage
was defined as the peak-to-peak amplitude of the
steepest deflection and low-voltage areas (LVAs) as
recording sites from which potentials with
voltages <1.0 mV were recorded.12

As shown in the upper right panel of supplemental
Figure 1, endo-epicardial dissociation (EED) was
determined by selecting the median of the LAT dif-
ferences within the endo- and epicardial electrodes
and its 8 surrounding electrodes from the opposite
side.8 When the EED exceeded 15 ms between every
endo-epicardial electrode pair, as previously
described, it was defined as endo-epicardial asyn-
chrony (EEA).8 The total amount of EEA for each pa-
tient was calculated as the proportion (EEA%) of the



TABLE 1 Baseline characteristics Values are presented as N (%)

or median [interquartile ranges].

Patients 86

Male 68 (79.1%)

Age (years) 67 [61 – 72]

BMI (kg/m2) 27.9 [24.8 – 31.0]

Underlying heart disease

iHD 43 (50.0%)

vHD 22 (25.6%)

cHD 20 (23.2%)

arrhythmia 1 (1.2%)

History of AF 37 (43.0%)

Paroxysmal 31 (36.0%)

Persistent 4 (4.7%)

Longstanding persistent 2 (2.3%)

Cardiovascular risk factors

Hypertension 54 (62.8%)

Hypercholesterolemia 46 (53.5%)

Diabetes mellitus 28 (32.6%)

Left ventricular function

Mild impairment (>50% LVEF $40%) 12 (14.0%)

Moderate impairment (LVEF 30-39%) 10 (11.6%)

Severe impairment (LVEF <30%) 1 (1.2%)

Antiarrhythmic drugs

Class I 1 (1.2%)

Class II 59 (68.6%)

Class III 6 (7.0%)

Class IV 6 (7.0%)

BMI ¼ body mass index; iHD ¼ ischemic heart disease; vHD ¼ valvular heart
disease; cHD ¼ combined heart disease; AF ¼ atrial fibrillation; LVEF ¼ left ven-
tricular ejection fraction.

TABLE 2 EGM characteristics and endo-epicardial difference

EGM features

Endocardium Epicardium

P-valueMedian [IQR] Median [IQR]

Median voltage (mV) 4.65 [3.15, 6.52] 7.01 [5.34, 8.35] <0.001

LVA (%) 4.22 [1.71, 8.10] 2.86 [1.15, 5.93] 0.024

SP (%) 81.62 [73.14, 88.74] 83.31 [76.5, 88.73] 0.295

SDP (%) 8.87 [6.67, 12.42] 9.47 [6.96, 13.09] 0.523

LDP (%) 5.12 [3.15, 10.96] 3.98 [1.68, 7.53] 0.019

FP (%) 1.66 [0.63, 3.28] 1.33 [0.54, 2.98] 0.351

FD (ms)

FD-SDP 9 [8, 10] 8 [6, 9] <0.001

FD-LDP 20 [18, 24] 20 [18, 25] 0.808

FD-DP 12 [10, 16] 10 [7, 12] <0.001

FD-FP 22 [16, 26] 20 [16, 27] 0.968

EGM ¼ electrogram; LVA ¼ low-voltage area; SP ¼ single potentials; SDP ¼ short double po-
tentials; LDP ¼ long double potentials; FP ¼ fractionated potentials; DP ¼ double potentials;
FD ¼ fractionation duration.
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total mapping area during the entire recording
period. Patients who have more than the 50th

percentile of EEA% measured in the entire study
population were defined as having a high-degree of
EEA.

2.4. STATISTICAL ANALYSIS. Normally distributed
continuous variables were presented as mean �
standard deviation (SD) and skewed data were pre-
sented as median [25th, 75th percentile]. The Mann–
Whitney U test or Kruskal-Wallis test was used to
compare differences between groups of non-normally
distributed data. Categorical data were presented as
numbers and percentages and compared with the chi-
squared test. Spearman correlations were performed
to determine correlations between endo- and epicar-
dial EGM characteristics. Spearman’s correlation co-
efficients were categorized as weak (<0.4), moderate
(0.4-0.6) or strong (>0.6). A p-value of <0.05 was
considered statistically significant. Statistically sig-
nificant variables were included in the multivariate
logistic regression analysis for predicting a high
amount of EEA. Statistical analyses were performed
using Python (SciPy) and IBM SPSS Statistics version
26 (IBM Corp, Armonk, NY). R (4.2.1) software (rms,
pROC and nomogram Formula package) was used to
construct and visualize a nomogram as a tool for an
Asynchrony Fingerprinting Score (AFS) and the
receiver operator characteristic curve (ROC).

3. RESULTS

3.1. STUDY POPULATION. Clinical characteristics of
the study population (N ¼ 86, age 67 [61–72] years, 68
male (79.1%)) are summarized in Table 1. Thirty-seven
(43.0%) patients had a history of AF. Ischemic heart
disease, valvular heart disease or combined ischemic
and valvular heart disease were present in 43 (50.0%),
22 (25.6%), and 20 (23.3%) patients, respectively.
Most patients used class II antiarrhythmic drugs
(N ¼ 59, 68.6%).

3.2. MAPPING DATA. In the entire study population,
a total of 1,641 (19 � 7.5 per patient) heart beats were
recorded during sinus rhythm (876 � 190 ms). The
resulting mapping locations consisted of 162,443
endocardial and 162,443 epicardial potentials.

As listed in Table 2, in every patient, endocardial
voltages were lower than epicardial voltages (4.65
[3.15, 6.52] mV vs 7.01 [5.34, 8.35] mV, P < 0.001).
Correspondingly, the amount of LVAs was more
frequently found at the endocardium (2.86 [1.15, 5.93]
mV vs 4.22 [1.71, 8.10] mV, P ¼ 0.024). The pro-
portions of SP, SDP, and FP at the endocardium and
epicardium also did not differ; only LDP were more
often recorded at the endocardium (5.1 [3.2, 11.0] % vs
4.0 [1.7, 7.5] %, P ¼ 0.019). The FD of SDP was longer
at the endocardium (9 [8, 10] ms vs 8 [6, 9] ms,
P < 0.001), whereas the FD of LDP and FP was com-
parable between both layers (LDP: 20 [18, 24] ms vs



FIGURE 1 The amount of EEA is demonstrated for each individual patient; patients are

ranked according to the increasing EEA (%). The median value of EEA (%) is marked

using the median dot (3%)

EEA ¼ endo-epicardial asynchrony.

Zhang et al H E L L E N I C J O U R N A L O F C A R D I O L O G Y V O L . 7 5 , 2 0 2 4 : 9 – 2 012
20 [18, 25] ms, P ¼ 0.808; FP: 22 [16, 26] ms vs 20 [16,
27] ms, P ¼ 0.968).

In total, 9,474 (5.8%) areas of EEA were found in 83
(96.5%) patients. Fig. 1 illustrates the amount of EEA
for each individual patient, which ranged from 0 to
25.8% (median: 3.0%).

3.3. POTENTIAL FRACTIONATION IN RELATION TO

EEA. The upper panel of Fig. 2 shows typical exam-
ples of non-EEA and EEA areas; potentials recorded
from various electrodes scattered across the mapping
array are depicted outside the activation maps. In
non-EEA areas, mainly SP were found in contrast to
EEA areas from which mainly non-SP were recorded.

The lower panel of Fig. 2 illustrates the proportion
of various types of potentials in all mapping areas
with and without EEA at both the endo- and epicar-
dium. At areas of EEA, particularly the proportions of
LDP (endocardium: 5.5% vs 35.3%, epicardium: 3.5%
vs 27.3%) and FP (endocardium: 1.9% vs 14.4%,
epicardium: 1.6% vs 9.7%) increased, at the expense
of the proportion of SP (endocardium: 82.9% vs
38.9%, epicardium: 84.3% vs 51.6%). Hence, the
composition of all potential types in EEA and non-
EEA regions differed significantly (P < 0.001).

3.4. UNIPOLAR VOLTAGES IN RELATION TO EEA.

Unipolar voltage distribution histograms in both non-
EEA and EEA areas at the endocardium and epicar-
dium are depicted in the upper panel of Fig. 3. At both
layers, potential voltages in EEA areas were lower
than in non-EEA areas (endocardium: 5.20 [2.81, 9.22]
mV vs 1.56 [0.89, 2.7] mV, P < 0.001; epicardium:
7.38 [4.36, 10.61] mV vs 2.53 [1.15, 4.74] mV,
P < 0.001), while the proportion of LVAs was higher in
EEA areas (endocardium: 3.9% vs 29.8%, P < 0.001;
epicardium: 2.8% vs 21.0%, P < 0.001).

3.5. FRACTIONATION DURATION (FD) IN RELATION

TO EEA. The middle and lower panel of Fig. 3 shows
the relative frequency distribution histograms of the
FD of DP and FP measured in EEA and non-EEA areas
at the endocardium and epicardium separately. At
both layers, the FD of DP and FP in EEA areas were
increased compared to those in non-EEA areas (FD-
DP: endocardium: 11 [7, 18] vs 20 [15, 28] ms,
P < 0.001; epicardium: 9 [6, 14] vs 20 [13, 30] ms, FD-
FP: endocardium: 20 [14, 27] vs 28 [21, 36] ms,
P < 0.001; epicardium: 20 [15, 27] vs 26 [19, 39] ms).

3.6. CORRELATION BETWEEN ENDO-EPICARDIAL

UNIPOLAR POTENTIAL CHARACTERISTICS. The re-
lationships between endo- and epicardial potential
characteristics are listed in Table 3. There was a
strong correlation between the endo-epicardial pro-
portion of LVAs (r ¼ 0.753, P < 0.001), whereas there
was a moderate correlation between endo-epicardial
potential voltages (r ¼ 0.681, P < 0.001). With
respect to the different potential types, only the
amount of SP and LDP was strongly correlated
(r ¼ 0.749, r ¼ 0.702, respectively, P < 0.001) between
both layers. There were moderate correlations be-
tween endo-epicardial SDP and FP (r ¼ 0.589,
r ¼ 0.603, respectively, P < 0.001). In addition, the FD
of LDP was moderately correlated (r ¼ 0.444,
P < 0.001), whereas the FDs of SDP and FP were
weakly correlated (r ¼ 0.289, P ¼ 0.007; r ¼ 0.245,
P ¼ 0.023, respectively).

3.7. INFLUENCE OF AF EPISODES ON UNIPOLAR

POTENTIAL CHARACTERISTICS IN EEA AREAS. Of
the 9,474 EEA areas, 4,373 (11.4%) were found in pa-
tients with history of AF, while 5,101 (8.9%) sites were
found in patients without AF (P < 0.001). As illus-
trated in Table 4, patients with AF had lower potential
voltages in EEA areas at both the endocardium and
epicardium (endocardium: 1.66 [0.89, 2.94] vs 1.48
[0.88, 2.45], P < 0.001; epicardium: 3.01 [1.34, 5.5] vs
2.15 [1.03, 3.82], P < 0.001) than patients without AF,
whereas the proportion of LVAs in AF patients was
higher at the epicardium only (no AF: 18.4% vs AF:
24.0%, P < 0.001). In addition, long FDs were found in
patients with AF, with an exception of the FD of
endocardial FP (28.0 [21.0, 37.0] vs 28.0 [21.0, 37.0],
P ¼ 0.972). A larger proportion of LDP was present at
both layers in patients with AF (endocardium: 32.8%
vs 39.5%; epicardium: 27.3 vs 29.6%), while these
patients had a lower proportion of FP at the endo-
cardium and a higher proportion at the epicardium.



FIGURE 2 Representative examples of potential types and their proportion in the non-EEA areas and EEA areas. Upper panel: Two

examples of activation maps depict non-EEA and EEA areas. EEA areas are marked with a scarlet red frame. Lower panel: The

composition of potential types in non-EEA and EEA areas at the endocardium (red pies) and epicardium (blue pies)

SP ¼ single potential, SDP ¼ short double potential, LDP ¼ long double potential, FP ¼ fractionated potential, EEA ¼ endo-epicardial

asynchrony.

H E L L E N I C J O U R N A L O F C A R D I O L O G Y V O L . 7 5 , 2 0 2 4 : 9 – 2 0 Zhang et al 13
(endocardium: 16.4% vs 13.3%; epicardium: 7.7%
vs 13.4%).

3.8. IDENTIFICATION OF POTENTIAL CHARACTER-

ISTICS PREDICTIVE FOR EEA. The outcomes of uni-
variable and multivariable logistic regression
analyses to determine appropriate EGM characteris-
tics for predicting the degree of EEA are depicted in
Table 5. Univariable logistic analysis was performed
between the degree of EEA and all endocardial and
epicardial potential characteristics. For both layers,
all characteristics – except the proportion of SDP –

were significantly associated with a higher degree
of EEA.

Potential characteristics that were significantly
related to EEA in univariable logistic regression were
incorporated into multivariable regression models to
establish the AFS. This resulted in an endocardial AFS
(endo-AFS) containing the proportion of LVAs
(OR: 1.644, 95% CI: 1.307-2.068, P <0.001) and SPs
(OR: 0.916, 95% CI: 0.861-0.975, P ¼ 0.006) and an
epicardial AFS (epi-AFS) containing median voltages
(OR: 0.647, 95% CI: 0.489-0.856, P ¼ 0.002) and the
proportion of LDP (OR: 1.185, 95% CI: 1.037-1.354,
P ¼ 0.012). For the AFS containing both endocardial
and epicardial EGM characteristics (EE-AFS), the
proportion of endocardial LVAs (OR: 1.728, 95% CI:
1.334-2.238, P < 0.001) and the FD of epicardial DP
(OR: 1.305, 95% CI: 1.108-1.538, P ¼ 0.001) were
included. The endo-/epi-AFS and EE-AFS are illus-
trated in Fig. 4.

3.9. ASSESSMENT OF THE ASYNCHRONY FINGER-

PRINT SCORE (AFS). Fig. 5 demonstrates ROC curves
of the accuracy of the endo-/epi-AFS and EE-AFS in
estimating the degree of EEA. Although the EE-AFS
showed the best predictive value (AUC: 0.913,
95% CI: 0.860-0.967), both the endo-AFS and epi-AFS



FIGURE 3 Histograms of the relative frequency distribution of voltages and FD in the non-EEA and EEA areas at the endocardium and epicardium. Red and blue

colors represent endocardial and epicardial mapping data, respectively. In the upper panel, LVAs are highlighted by darker colors. Dashed lines indicate

median values

FD ¼ fractionation duration, DP ¼ double potential, FP ¼ fractionated potential, EEA ¼ endo-epicardial asynchrony, LVAs ¼ low-voltage areas.
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also showed good discrimination with AUCs of 0.901
(95% CI: 0.840-0.962) and 0.830 (95% CI: 0.740-
0.920), respectively.

Subsequently, the endo-AFS, epi-AFS, and EE-AFS
were computed for each individual patient and
TABLE 3 The correlation of EGM characteristics between the endocar

Median voltage LVA SP SDP L

(mV) (%) (%) (%) (

Rho 0.681 0.753 0.749 0.589 0

P <0.001 <0.001 <0.001 <0.001 <0

EGM ¼ electrogram; LVA ¼ low-voltage area; SP ¼ single potentials; SDP ¼ short double
potentials; FD ¼ fractionation duration.
illustrated in Fig. 6. EE-AFS has the best correlation
with the amount of EEA per patient (r ¼ 0.813,
P < 0.001), although the endo-AFS and epi-AFS also
have a good correlation (r ¼ 0.789 and r ¼ 0.684,
respectively, P < 0.001 for both).
dium and epicardium

DP FP FD-SDP FD-LDP FD-DP FD-FP

%) (%) (ms) (ms) (ms) (ms)

.702 0.603 0.245 0.444 0.475 0.289

.001 <0.001 0.023 <0.001 <0.001 0.007

potentials; LDP ¼ long double potentials; FP ¼ fractionated potentials; DP ¼ double



TABLE 4 Subgroup analysis of EGM characteristics in EEA areas

Endocardium Epicardium

Median [IQR] Median [IQR]

non-AF AF P-value non-AF AF P-value

Voltage (mV) 1.66 [0.89, 2.94] 1.48 [0.88, 2.45] <0.001 3.01 [1.34, 5.5] 2.15 [1.03, 3.82] <0.001

LVA (%) 29.2 30.6 0.289 18.4 24 <0.001

FD (ms)

FD-DP 20.0 [14.0, 26.0] 20.0 [15.0, 31.0] <0.001 18.0 [13.0, 26.0] 21.0 [15.0, 33.0] <0.001

FD-FP 28.0 [21.0, 37.0] 28.0 [21.0, 37.0] 0.972 21.0 [15.0, 28.0] 30.5 [22.0, 42.0] <0.001

Potential type (%) <0.001 <0.001

SP 39.4 35.5 51.1 47.7

SDP 11.5 11.8 13.8 9.2

LDP 32.8 39.5 27.3 29.6

FP 16.4 13.3 7.7 13.4

EGM ¼ electrogram; EEA ¼ endo-epicardial asynchrony; AF ¼ atrial fibrillation; LVA ¼ low-voltage area; SP ¼ single potentials; SDP ¼ short double potentials; LDP ¼ long
double potentials; FP ¼ fractionated potentials; DP ¼ double potentials; FD ¼ fractionation duration.

H E L L E N I C J O U R N A L O F C A R D I O L O G Y V O L . 7 5 , 2 0 2 4 : 9 – 2 0 Zhang et al 15
4. DISCUSSION

4.1. KEY FINDINGS. Simultaneous endo-epicardial
SR mapping of the human RA demonstrated that
both endocardial and epicardial areas of EEA are
characterized by decreased potential voltages, an in-
crease in the number of LDP and FP and prolongation
of DP and FP durations. EE-AFS has the highest pre-
dictive value for identification of EEA and deter-
mining the amount of EEA. In addition, the AFS
derived from solely the endo- or epicardium also has
a good predictive value.

4.2. ENDO-EPICARDIAL ASYNCHRONY. Discordant
activation between the endocardium and epicardium
was initially described in isolated canine atria by
Schuessler et al.3 in 1993 by performing simultaneous
endo-epicardial mapping. They observed that EEA
increased during atrial tachyarrhythmias compared to
SR and also demonstrated that EEA was correlated
with heterogeneity of the anatomical architecture of
the RA, especially regions composed of pectinate
muscles and cardiac fibers with different alignments.
Several studies revealed that the severity of EEA is
associated with AF progression in animal models.4-6

Our research group performed simultaneous high-
resolution endo-epicardial in-vivo mapping and pro-
vided evidence of EEA occurring during AF in human
LA and RA.7,13 A recent endo-epicardial mapping
study in the RA showed that during SR, EEA was more
frequently present in patients with persistent AF than
in patients without AF.8 These observations indicate
that the presence of EEA may be determined not only
by the underlying anatomy but also by pathological
alterations of the tissue structure. This hypothesis is
further supported by the results of the present study
demonstrating clear differences in EGM characteris-
tics derived from non- EEA and EEA areas. By
comparing the EGM characteristics of EEA areas in
patients with and without AF, we found that EEA
areas in patients with AF were characterized by lower
potential voltages, longer FD-DP, and a higher pro-
portion of LDPs at both the endo- and epicardium.
However, the proportion of low-voltage potentials
and FD-FP in the endocardial EEA areas of patients
with AF was similar to that in patients without AF.
This may be because, in the remodeled atrial areas,
the loss of endo-epicardial coupling caused by struc-
tural remodeling, particularly at the epicardium, may
facilitate the development of an arrhythmogenic
substrate, which resulted in EEA.14 In addition, a
growing amount of evidence indicates that inflam-
mation plays a role in promoting both structural and
electrical remodeling of the atria. These remodeling
processes involve atrial fibrosis, the modulation of
gap junctions, and abnormalities in intracellular cal-
cium handling.15-18 Ryu et al.19 demonstrated a
transmural gradient in Cx40 and Cx43 expression and
a loss of epicardial myocytes in response to epicardial
inflammation may provide the substrate for the
abnormal atrial conduction including EEA. Further
studies are needed to reveal the direct effect of
inflammation on EEA.

4.3. EEA AND UNIPOLAR VOLTAGES. In this study,
endocardial unipolar potential voltages were consid-
erably lower than epicardial potential voltages and
therefore, consequently, also a higher amount of
LVAs was found at the endocardium. This finding is in
line with previous mapping studies performed in
atria.9,10,15 This may be attributed to the complex
atrial structure which, particularly at the



TABLE 5 Univariate and multivariate logistic regression analyses of EGM characteristics

Univariate logistic regression

Endocardium

P OR 95% CI

Median voltage <0.001 0.673 0.542 0.836

LVA <0.001 1.623 1.314 2.004

SP% 0.001 0.927 0.885 0.971

SDP% 0.81 1.01 0.928 1.1

LDP% <0.001 1.196 1.083 1.322

FP% 0.007 1.348 1.086 1.674

FD

FD-SDP 0.01 1.351 1.073 1.701

FD-LDP 0.016 1.115 1.021 1.217

FD-DP <0.001 1.314 1.151 1.501

FD-FP 0.011 1.071 1.015 1.129

Epicardium

P OR 95% CI

Median voltage <0.001 0.597 0.457 0.78

LVA <0.001 1.497 1.213 1.847

SP% 0.001 0.916 0.868 0.966

SDP% 0.249 1.047 0.968 1.133

LDP% 0.001 1.28 1.113 1.472

FP% 0.004 1.458 1.127 1.887

FD

FD-SDP 0.013 1.38 1.071 1.78

FD-LDP 0.005 1.121 1.036 1.214

FD-DP <0.001 1.251 1.095 1.429

FD-FP 0.036 1.049 1.003 1.097

Multivariate logistic regression

Endocardium

P OR 95% CI

LVA <.001 1.644 1.307 2.068

SP% 0.006 0.916 0.861 0.975

Epicardium

P OR 95% CI

Median voltage 0.002 0.647 0.489 0.856

LDP% 0.012 1.185 1.037 1.354

EE

P OR 95% CI

endo LVA <.001 1.728 1.334 2.238

epi FD-DP 0.001 1.305 1.108 1.538

EGM ¼ electrogram; LVA ¼ low-voltage area; SP ¼ single potentials; SDP ¼ short double potentials; LDP ¼ long
double potentials; FP ¼ fractionated potentials; DP ¼ double potentials; FD ¼ fractionation duration;
endo ¼ endocardial; epi ¼ epicardial; EE ¼ endo- and epicardium.
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endocardium, contains a complex network of
myocardial fibers. Irregular endocardial surfaces due
to varying diameters of pectinate muscles, the pres-
ence of a thick and anisotropic terminal crest and
branching of myocardial fibers may cause source-sink
mismatches. Hence, conduction disorders and low
voltage, fractionated potentials develop. In addition,
lack of good contact between the electrodes and atrial
tissue, which occurs mainly at the endocardium,
could potentially explain the observed endo-
epicardial potential voltage differences. In addition,
lower unipolar potential voltages were found in EEA
areas at both the endo- and epicardium. LVAs were
also more pronounced in EEA areas; even up to 29.8%
at the endocardium. As potential voltage depends on
e.g. catheter design, myocardial fiber orientation and
cycle length, any chosen LVA-threshold remains
questionable. In the literature, different cut-off
values have been used, depending on e.g. the map-
ping system and patient features.11 However, as endo-
and epicardial potential voltages and the amount of
LVAs were included in the endo-/epi- and EE-AFS;
potential voltage characteristics from both layers are
good indicators of the presence of areas of EEA. A
previous high-resolution epicardial mapping study
performed in a cohort of 67 patients showed that
during SR, patients with a history of AF are charac-
terized by lower potential voltages compared to pa-
tients without AF.12 Recently, Van Schie et al.20

studied the relationship between endo-epicardial
voltages and their predictive potential for LVAs.
They showed that unipolar and omnipolar LVAs are
frequently located exclusively at either the endo- or
epicardium. Therefore, a combined endo-epicardial
mapping approach was proposed to accurately iden-
tify dual-layer LVAs. Numerous other studies sug-
gested that LVAs, whether unipolar or bipolar, are
considered surrogate markers for the presence of
local fibrotic tissue.21,22 In addition, the existence and
extensiveness of LVAs have been shown to be a
powerful predictor of arrhythmia recurrence.23,24 We
now demonstrated that decreased unipolar potential
voltages are indicative of EEA areas and could also be
used to estimate the amount of EEA during SR.

4.4. EEA AND FRACTIONATED EGMs. Fractionated
EGMs are mainly regarded as a combination of mul-
tiple electrical signals caused by the asynchronous
activation of adjacent cardiomyocytes.25 Several
studies have shown that the clinical beneficial effect
of ablation targeting complex fractionated atrial
electrograms (CFAEs) is still controversial as CFAEs
may have multiple causes of both pathologic and non-
pathologic origin.26-28 Fractionation of EGMs can
be either physiological or pathological in nature
caused by structural or cellular barriers. Pathological
factors include e.g. collagen deposition, which sepa-
rates adjacent myocardial cells giving rise to intra-
atrial inhomogeneous conduction, including con-
duction block and/or EEA.29-32 The resulting asyn-
chronous activation of atrial tissue causes the
fractionation of potentials. Previous simultaneous
endo-epicardial mapping studies demonstrated that



FIGURE 4 Three types of AFS for quantifying the severity of EEA in the RA obtained from the endocardium and/or epicardium. A.

endo-AFS. A nomogram was established using the endocardial amount of LVAs and SPs. B. epi-AFS. A nomogram was established

using unipolar potential voltages and amount of LDPs. C. EE-AFS. A nomogram was established using epicardial FD-DP and

endocardial amount of LVAs. The first row (‘scores’) is used as a scale to calculate the corresponding scores for each variable,

resulting in total scores for each patient, which can be used to determine the predicted risk based on the row of the total scores.

AFS ¼ Asynchrony Fingerprinting Score, EEA ¼ endo-epicardial asynchrony, LDP ¼ long double potential, SP ¼ single potential,

FD ¼ fractionation duration, LVAs ¼ low-voltage areas.
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FIGURE 5 ROC of the three types of AFS. The red, yellow and blue lines represent EE-

AFS, endo-AFS and epi-AFS, respectively. AUCs are depicted in the lower right box.

AFS ¼ Asynchrony Fingerprinting Score, endo-AFS ¼ endocardial Asynchrony Finger-

printing Score, epi-AFS ¼ epicardial Asynchrony Fingerprinting Score, EE-AFS ¼ endo-

and epicardial Asynchrony Fingerprinting Score.

FIGURE 6 Correlat

AFS ¼ Asynchrony Fi

Fingerprinting Score,
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the fractionation of unipolar EGMs during SR can be
attributed to asynchronous activation of the endo-
and epicardial wall9, whereas bipolar EGMs demon-
strated to be less ideal for the detection of EEA.10 By
ion plot of the total scores calculated by the three different types of AFS

ngerprinting Score, EEA ¼ endo-epicardial asynchrony, endo-AFS ¼ endocardi

EE-AFS ¼ endo- and epicardial Asynchrony Fingerprinting Score.
further investigating the relationship between frac-
tionated EGMs and EEA using unipolar EGMs, we
demonstrated for the first time that LDPs are most
often linked to EEA in comparison to SDP and FP. In
addition, particularly fractionated EGMs with lower
potential voltages and prolonged FD are recorded
from EEA areas. Our results showed that the LDP and
FD of DP were the most sensitive potential charac-
teristics to detect EEA within the atrial wall during
SR, indicating the presence of extensive intramural
conduction block resulting in EEA.

4.5. CLINICAL IMPLICATIONS. In previous experi-
mental and clinical mapping studies, it has been
demonstrated that EEA may contribute to the
perpetuation of AF. In the current study, we per-
formed simultaneous endo-epicardial high-resolution
mapping of the human right atrium and demon-
strated that EEA areas are characterized by lower
potential voltages and a higher number of fraction-
ated potentials. These features may aid in identifying
EEA areas that may be potential targets for AF ther-
apy. Moreover, three different types of AFS were
created (endo-/epi-AFS and EE-AFS) for identifying
and determining the degree of EEA. Not surprisingly,
EE-AFS has the most accurate predictive value
compared to the single-layer AFS as it contains more
information from both atrial layers. Nevertheless, the
three different AFS showed good performance for
predicting EEA. This indicates that AFS might be a
potential diagnostic tool to classify patients according
(EE-, endo- and epi-AFS) and the amount of EEA (%).

al Asynchrony Fingerprinting Score, epi-AFS ¼ epicardial Asynchrony
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to the severity of EEA and enables a more personal-
ized AF ablation strategy. As both single-layer AFS
could also be used, the degree of EEA can be esti-
mated by performing either endo- or epicardial
mapping alone.

4.6. LIMITATIONS. Only limited areas of the RA free
wall and the left atrium was not studied due to the
risk of air embolisms. Given the association between
EEA and AF, future studies should validate the pro-
posed AFS in the left atrium.

5. CONCLUSIONS

In human RA, areas of EEA are mainly characterized
by decreased potential voltages, an increase in the
number of LDP and FP and the prolongation of DP and
FP durations. The amount of EEA areas can be most
accurately determined by the EE-AFS, incorporating
epicardial FD-DP and the amount of endocardial LVAs
or the AFS derived solely from the endo- or epicar-
dium. Therefore, AFS, as a novel approach using in-
tegrated data from the endo- and/or epicardium, may
enable the precise determination of the amount of
EEA, including potential AF-related arrhythmogenic
substrates.
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