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Aims Areas of conduction inhomogeneity (CI) during sinus rhythm may facilitate the initiation and perpetuation of atrial fibrillation 
(AF). Currently, no tool is available to quantify the severity of CI. Our aim is to develop and validate a novel tool using uni-
polar electrograms (EGMs) only to quantify the severity of CI in the atria.

Methods 
and results

Epicardial mapping of the right atrium (RA) and left atrium, including Bachmann’s bundle, was performed in 235 patients 
undergoing coronary artery bypass grafting surgery. Conduction inhomogeneity was defined as the amount of conduction 
block. Electrograms were classified as single, short, long double (LDP), and fractionated potentials (FPs), and the fraction-
ation duration of non-single potentials was measured. The proportion of low-voltage areas (LVAs, <1 mV) was calculated. 
Increased CI was associated with decreased potential voltages and increased LVAs, LDPs, and FPs. The Electrical Fingerprint 
Score consisting of RA EGM features, including LVAs and LDPs, was most accurate in predicting CI severity. The RA 
Electrical Fingerprint Score demonstrated the highest correlation with the amount of CI in both atria (r = 0.70, P < 0.001).

Conclusion The Electrical Fingerprint Score is a novel tool to quantify the severity of CI using only unipolar EGM characteristics re-
corded. This tool can be used to stage the degree of conduction abnormalities without constructing spatial activation pat-
terns, potentially enabling early identification of patients at high risk of post-operative AF or selection of the appropriate 
ablation approach in addition to pulmonary vein isolation at the electrophysiology laboratory.
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What’s new?

• An increase in conduction inhomogeneity (CI) is associated with a 
decrease in potential voltages and increase in low-voltage areas 
(LVAs), long double potentials (LDPs), and fractionated potentials.

• The Electrical Fingerprint Score consisting of right atrium electrogram 
(EGM) features, including the amount of LVAs and LDPs, was most ac-
curate in predicting CI severity compared with other atrial regions.

• The individualized Electrical Signal Fingerprint Score as proposed in 
this study can be used as a novel tool for determining the severity of 
CI during sinus rhythm using EGMs only, without constructing the 
spatial patterns of activation.

• Future less- or even non-invasive Electrical Signal Fingerprint Scores 
may help in early identification of patients at risk of post-operative at-
rial fibrillation or may aid in the selection of the appropriate ablation 
approach in addition to pulmonary vein isolation at the electrophysi-
ology laboratory.

Introduction
Conduction disorders, such as slowing of conduction and conduction 
block (CB), play a role in both the initiation and perpetuation of cardiac 
arrhythmias.1 Conduction inhomogeneity (CI) during sinus rhythm (SR) 
is more pronounced in patients with atrial fibrillation (AF) episodes 
compared with patients without atrial tachyarrhythmias.2,3 Prior experi-
mental and clinical studies demonstrated that CI affects electrogram 

(EGM) morphology and causes low-amplitude, fractionated potentials 
(FPs).4–7 Recently, it has been suggested that the so-called Electrical 
Signal Fingerprint may serve as a potential diagnostic tool to determine 
the severity and extensiveness of CI.8 This signal fingerprint contains a 
large number of quantified unipolar EGM features recorded during 
SR, such as peak-to-peak amplitudes, fractionation, and EGM duration. 
However, it is still unknown which EGM features are predictive of CI 
or whether the EGM features of one atrial region are predictive of other 
atrial regions. Therefore, the purpose of this study was to further de-
velop the Electrical Signal Fingerprint as a novel, patient-tailored tool 
to quantify the severity of CI without constructing the spatial patterns 
of activation, involving various unipolar EGM characteristics.

Methods
Study population
The study population included 235 consecutive adult patients who under-
went elective coronary artery bypass grafting (CABG) at the Erasmus 
Medical Center in Rotterdam, The Netherlands. This study was approved 
by the Institutional Medical Ethics Committee (MEC2010-054/ 
MEC2014-393).9,10 Written informed consent was obtained from all pa-
tients before enrolment, and patient characteristics (such as age, gender, 
body mass index, echocardiogram features, medical histories, and co-
morbidities) were extracted from the patients’ medical record system.

Mapping procedure
As previously described, epicardial high-resolution mapping was conducted 
before the start of extracorporeal circulation.9,10 A temporal bipolar 
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epicardial pacemaker wire connected to the right atrial (RA) free wall was 
used as a reference electrode, and the indifferent electrode made of a steel 
wire was fixated to the subcutaneous tissue of the thorax.

Epicardial mapping was performed using a 128- or 192-electrode array 
(electrode diameter 0.65 or 0.45 mm, respectively; and inter-electrode dis-
tances 2 mm). During the mapping procedure, the electrode array was 
shifted across predefined areas at the RA, Bachmann’s bundle (BB), and pos-
terior wall of the left atrium (LA) between the pulmonary veins area (PVA) 
and the LA appendage, as shown in the middle panel of Figure 1. The RA was 
mapped from the cavo-tricuspid isthmus, shifting perpendicular to the caval 
veins towards the RA appendage. The PVA was mapped from the trans-
verse sinus fold along the margins of the left and right pulmonary veins to-
wards the atrioventricular groove, and the left atrioventricular groove 
region from the lower margin of the left inferior pulmonary vein towards 
the LA appendage. Bachmann’s bundle was mapped from the roof of the 
LA appendage across the roof of the LA, behind the aorta towards the su-
perior cavo-atrial junction.

If AF was present at the start of the mapping procedure, electrical cardi-
oversion was conducted to restore SR. A 5 s SR episode was recorded from 
each mapping site, including a surface electrocardiogram lead, bipolar refer-
ence EGM, and all unipolar epicardial EGMs. Recordings were amplified 
(gain 1000), filtered (bandwidth 0.5–400 Hz), sampled (1 kHz), and 
analogue-to-digital-converted (16 bits) and then stored on a hard disk.

Data analysis
Customized software was used for performing a semi-automatic analysis of 
unipolar EGMs. The steepest part of a negative deflection was automatically 
annotated to construct colour-coded local activation time maps.11

Recordings were excluded when <30% of the mapping area was annotated. 

All annotations were manually verified by two investigators. Potential volt-
age was measured as the peak-to-peak amplitude of the steepest negative 
deflection. Low-voltage potentials were defined as potentials with an amp-
litude <1.0 mV.12 Conduction block was defined as a difference in local ac-
tivation time between two adjacent electrodes ≥12 ms.1 The total 
proportion of CB measured from the entire atrium was used as an indica-
tion for the degree of CI.

Consistent with prior mapping studies,8 EGMs were categorized into sin-
gle potential (SP), short double potential (SDP), long double potential 
(LDP), and FP. Fractionation duration (FD) was defined as the time differ-
ence between the first and the last deflection of non-SP. As described pre-
viously,13 for SPs, the ratio between the R- and the S-wave amplitude (R/S 
ratio) was calculated, with a scale ranging from −1 (R-wave) to 1 (S-wave), 
estimated by the following formula:

R/S ratio =
1 − R/S for R/S ≤ 1
1

R/S
− 1 for R/S > 1

⎧
⎨

⎩

Detection of post-operative atrial fibrillation
Cardiac rhythms of all patients were continuously recorded from the mo-
ment of arrival on the surgical ward to the end of the fifth post-operative 
day using bedside monitors (Draeger Infinity™). Automatic algorithms 
were used to detect early post-operative AF (E-PoAF) episodes lasting 
>30 s. All episodes detected by the software were cross-checked by two 
blinded operators in order to eliminate potential false-positive registrations 
induced by artefacts.
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Figure 1 Left upper panel: a 192-unipolar electrode array (left panel) is used for atrial mapping; middle top panel: projection of the electrode array on 
a schematic posterior view of the entire atria; right panel: a colour-coded activation time map demonstrating both areas of uniform fast conduction and 
CB. From both areas, unipolar potentials are shown outside the activation time map. Left bottom panel: examples of different potentials. Middle bottom 
panel: example of a line of CB. Differences in local activation time between two adjacent electrodes ≥12 ms were defined as CB. Isochronal lines (thin 
black lines) are drawn at 10 ms intervals, and the black arrow indicates the direction of wavefront propagation. BB, Bachmann’s bundle; FP, fractionated 
potential; ICV, inferior caval vein; LA, left atrium; LAT, local activation time; LDP, long double potential; PV, pulmonary vein; PVL, pulmonary vein left; 
PVR, pulmonary vein right; RA, right atrium; SDP, short double potential; SP, single potential; SCV, superior caval vein.
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After the hospitalization period, patients were periodically seen at the 
outpatient clinic at 3 and 6 months, 1 year, and yearly afterwards for a per-
iod of 5 years. The presence of late post-operative AF (L-PoAF) was con-
firmed by using a surface electrocardiogram or Holter.

Statistical analysis
A Shapiro–Wilk test was used to verify the normal distribution of continu-
ous variables. Continuous variables that were normally distributed are ex-
pressed as mean ± standard deviation (SD), while non-normal distributed 
continuous variables are expressed as median and interquartile range 
(IQR). Continuous variables among groups were compared using either 
an independent sample t-test or a one-way analysis of variance in case of 
normal distributed variables and the Mann–Whitney U test or Kruskal– 
Wallis test in the case of non-normally distributed variables.

Categorical variables were described as number and percentage, and a χ2 

test was used for comparison. Pearson or Spearman correlation analysis 
was used to explore the correlation between variables where appropriate. 
In addition, univariable and multivariable logistic regression analyses were 
performed to investigate the variables associated with a higher degree of 
CI, and the results were presented as odds ratio (OR) with 95% confidence 
interval. Least absolute shrinkage and selection operator (LASSO) regres-
sion analysis was also conducted to further select EGM features associated 
with a higher degree of CI. Receiver operating characteristic (ROC) curves 
were constructed to investigate the diagnostic value of EGM features with a 
high degree of CI. The Electrical Fingerprint Score was constructed using a 
nomogram approach, using the ‘rms’ and ‘nomogramFormula’ packages in R 
software. This score was calculated based on variables identified as signifi-
cant in a multivariable logistic regression analysis. A concordance index 
(C-index) was calculated to examine the predictive value of the Electrical 
Fingerprint Score.

All statistical analyses were completed using IBM SPSS Statistics 28, 
RStudio (version 4.2.1) and Python (version 3.7). A two-sided P-value 
was considered statistically significant if its value was <0.05.

Results
Study population
As demonstrated in Figure 2, the proportion of CB in the entire study 
population ranged from 0.11 to 7.41% (median: 2.00%). The largest 
proportion of CB was found at the RA [2.38 (1.18–3.86) %], followed 
by BB [2.28 (0.86–4.76) %], PVA [1.12 (0.31–2.41) %], and LA [0.76 
(0.13–4.76) %]. Based on the 33rd and 66th percentiles of the total pro-
portion of CB, the study population was categorized into three differ-
ent groups with a low (CB: <1.6%), intermediate (CB: 1.6–2.5%), and 
high degree of CI (CB: ≥2.5%). The baseline characteristics of the three 
different patient groups are displayed in Table 1. There were no signifi-
cant differences in baseline characteristics among the three groups, ex-
cept for age (P = 0.002) and diabetes mellitus (P = 0.011).

Mapping database
A total of 17 189 heartbeats were recorded, including 2 188 835 poten-
tials (9314 ± 2893 per patient). The average SR cycle length was 885 ±  
166 ms. The total number of potentials in the low, intermediate, and 
high CI groups was, respectively, 696 351, 759 570, and 732 914. 
Average cycle length did not differ among the three groups (Table 1, 
P = 0.122).
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Conduction inhomogeneity and median 
potential voltages
Figure 3 illustrates representative examples of unipolar potential voltage 
maps obtained from two patients from each of the three groups. These 
voltage maps show lower unipolar potential voltages and more low- 
voltage areas (LVAs) in patients with a higher degree of CI, although 
there was no predilection site for LVAs to occur.

The left panel of Figure 4 shows differences in median potential vol-
tages among the three groups for the entire atria and each atrial region 
separately. For the entire atria, median potential voltages were lower in 
the high CI group [low: 5.73 (5.05–6.87) mV; intermediate: 4.70 (3.98– 
5.69) mV; high: 4.03 (3.49–4.96) mV; P < 0.05 for each comparison], 
while the amount of LVAs was highest in the high CI group [high: 
9.49 (6.12–12.99) %, intermediate: 5.67 (3.76–9.32) %, and low: 3.21 
(1.81–5.64), P < 0.05 for each comparison, right panel of Figure 4].

Supplementary material online, Table S1 summarizes the magnitudes 
of median potential voltages and proportions of LVAs for each region 
separately, demonstrating that the highest median potential voltages 
were observed in the patients of the low CI group and the largest 

proportion of LVAs in the high CI group; this trend was, however, 
not found at the LA.

Conduction inhomogeneity and potential 
morphology
For the entire atria, patients with a high degree CI had the lowest pro-
portion of SPs [high: 78.88 (74.11, 82.57) %; low: 85.77 (81.98, 89.84) %; 
P < 0.001]. A higher degree CI was also associated with a significant in-
crease in the proportion of LDPs [high: 6.24 (4.59, 8.07) %; low: 1.82 
(1.13, 3.20) %; P < 0.001] and FPs [high: 2.47 (1.47, 3.92) %; low: 1.25 
(0.59, 2.02) %; P < 0.001]. However, there was no relationship between 
the degree of CI and the proportion of SDPs (P > 0.05).

Figure 5 illustrates the proportion of the different types of potentials 
in the three groups for each atrial region separately. As expected, the 
lowest proportions of SPs were found in the high CI group, although 
there was no difference in the proportion of SPs recorded from the 
PVA among the three groups (see Supplementary material online, 
Table S2). A high proportion of LDPs in each region was related to a 
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Table 1 Baseline characteristics

Variables Overall Low CI group Intermediate CI group High CI group P-value

n 235 78 77 80

Range of CB, % CB < 1.6 1.6 ≤ CB < 2.5 CB ≥ 2.5

Age (median and IQR, years) 67 (60, 73) 64 (57, 69) 69 (64, 75) 68 (60, 74) 0.002

Male, n (%) 198 (84.3) 70 (89.7) 65 (84.4) 63 (78.8) 0.165

BMI (median and IQR, kg/m2) 27.6 (25.5, 31.1) 27.4 (25.1, 31.2) 27.7 (25.7, 30.8) 27.9 (25.8, 31.3) 0.719

Type of AF, n (%) 0.396

No AF 213 (90.6) 71 (91.0) 72 (93.5) 70 (87.5)

Paroxysmal AF 17 (7.2) 5 (6.4) 3 (3.9) 9 (11.2)

Persistent AF 3 (1.3) 1 (1.3) 2 (2.6) 0 (0.0)

Longstanding persistent AF 2 (0.9) 1 (1.3) 0 (0.0) 1 (1.2)

Hypertension, n (%) 148 (63.0) 43 (55.1) 54 (70.1) 51 (63.7) 0.152

Dyslipidaemia, n (%) 103 (43.8) 28 (35.9) 32 (41.6) 43 (53.8) 0.069

Diabetes mellitus, n (%) 81 (34.5) 17 (21.8) 29 (37.7) 35 (43.8) 0.011

Myocardial infarction, n (%) 116 (49.4) 44 (56.4) 38 (49.4) 34 (42.5) 0.217

Left ventricular function, n (%) 0.739

Normal (EF >55%) 174 (74.0) 56 (71.8) 59 (76.6) 59 (73.8)

Mild impairment (EF 46–55%) 50 (21.3) 18 (23.1) 13 (16.9) 19 (23.8)

Moderate impairment (EF 36–45%) 8 (3.4) 3 (3.8) 3 (3.9) 2 (2.5)

Severe impairment (EF <35%) 3 (1.3) 1 (1.3) 2 (2.6) 0 (0.0)

Left atrial dilatation > 45 mm, n (%) 32 (13.6) 8 (10.3) 8 (10.4) 16 (20.0) 0.304

ACEI/ARB/AT2 antagonist, n (%) 159 (67.9) 61 (78.2) 47 (61.8) 51 (63.7) 0.057

Statin, n (%) 207 (88.1) 69 (88.5) 69 (89.6) 69 (86.2) 0.803

Digoxin, n (%) 3 (1.3) 0 (0.0) 1 (1.3) 2 (2.5) 0.376

Class I, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) NA

Class II, n (%) 183 (77.9) 60 (76.9) 60 (77.9) 63 (78.8) 0.962

Class III, n (%) 9 (3.8) 4 (5.1) 2 (2.6) 3 (3.8) 0.713

Class IV, n (%) 11 (4.7) 3 (3.8) 4 (5.2) 4 (5.0) 0.911

Cycle length (mean ± SD, ms) 885 ± 166 870 ± 165 864 ± 161 918 ± 166 0.122

ACEI, angiotensin-converting enzyme inhibitors; AF, atrial fibrillation; ARB, angiotensin receptor blockers; AT2, angiotensin Type 2 receptor; BMI, body mass index; CB, conduction block; 
CI, conduction inhomogeneity; EF, ejection fraction; IQR, interquartile range; NA, not available; SD, standard deviation.
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high degree of CI. An increase in CI was associated with a higher pro-
portion of FPs at the RA, BB, and LA. However, there was no relation-
ship between the degree of CI and the proportion of FPs at the PVA 
(P = 0.887). The amount of SDPs did not differ in any region among 
the three groups (P > 0.05 for each comparison).

Conduction inhomogeneity and R/S ratio
Comparisons of R/S ratios among the three groups for the entire atria 
and each region separately are summarized in Supplementary material 
online, Table S3. The R/S ratio differed among the three groups only in 
the RA region (P = 0.017).

Conduction inhomogeneity and 
fractionation duration
Fractionation duration was longer in the high CI group than in the low 
CI group. This was observed for the entire atria (P < 0.001) and also for 
each region separately (RA: P < 0.001; BB: P < 0.001; PVA: P = 0.004; 
and LA: P = 0.004), as summarized in Supplementary material online, 
Table S3.

Regional interdependency of electrogram 
features
Table 2 demonstrates the correlations of all EGM features among the 
various atrial regions; all correlation coefficients are either too weak 
and/or not significant, indicating that, unfortunately, EGM features 

assessed in one specific region are not predictive for the features of 
EGMs recorded in other regions.

Selection of electrogram features for 
electrical signal fingerprint
In order to construct an Electrical Signal Fingerprint Score for predict-
ing the degree of CI in each individual patient, patients in the low and 
intermediate CI groups were combined and compared with those in 
the high CI group. The results of the univariable logistic regression 
for the potential determinants of a high degree of CI are displayed in 
Supplementary material online, Table S4. To identify the parameters re-
lated to a high degree of CI, EGM features associated with a high degree 
of CI in univariable regression were further included in a LASSO regres-
sion analysis. Based on the LASSO analysis, the following EGM features 
were identified LVA, SP, LDP, and FD (entire atria, Supplementary 
material online, Figure S1), LVA and LDP (RA, Supplementary 
material online, Figure S2), median potential voltage, LDP, and FP (BB, 
Supplementary material online, Figure S3); median potential voltage 
and LDP (PVA, Supplementary material online, Figure S4); LDP and 
FP (LA, Supplementary material online, Figure S5). These EGM features 
were entered into multivariable regression models, and their results are 
listed in Table 3. For the entire atria, the amount of LVAs (OR = 1.26, 
P < 0.001), the proportion of LDPs (OR = 1.79, P = 0.003), and FD 
(OR = 1.45, P = 0.017) were associated with a higher degree of CI. For 
RA EGM features, the amount of LVAs (OR = 1.13, P < 0.001) and the 
proportion of LDPs (OR = 1.32, P < 0.001) were associated with a high-
er degree of CI. For BB, PVA, and LA, an increased proportion of LDPs 
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Figure 3 Graph illustrating representative examples of unipolar voltage maps obtained from two patients from each of the three groups. Left panel: 
maps obtained from two patients of the low CI group, and the total amount of CB was 0.79 and 0.73%, respectively. Middle panel: maps obtained from 
two patients of the intermediate CI group (the amount of CB was 2.35 and 2.29%, respectively); right panel: maps obtained from two patients of the 
high CI group (CB was 3.44 and 4.39%, respectively). In general, unipolar voltages decrease when CB increases. CB, conduction block; CI, conduction 
inhomogeneity; LVA, low-voltage area; m-mV, median unipolar potential voltage.
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(BB: OR = 1.09; PVA: OR = 1.07; LA: OR = 1.10) was associated with a 
higher degree of CI. In addition, median potential voltage (OR = 0.89, 
P = 0.041) at the PVA and the proportion of FPs (OR = 1.18, P =  
0.025) at the LA were associated with a higher degree of CI.

As demonstrated by the ROC curves for the entire atria in Figure 6, 
the combination of LDP, FD, and LVA has an excellent predictive value 
for a high degree of CI [area under the curve (AUC) = 0.92]. In addition, 
EGM features recorded at the RA have a high predictive value for a high 
degree of CI (AUC = 0.83), while EGM features recorded in the other 
regions do not have adequate predictive values.

The electrical signal fingerprint score
Figure 7 demonstrates the Global Electrical Signal Fingerprint Score 
based on the EGM features obtained from the entire atria [C-index: 
0.92 (0.89, 0.95)]. The Regional Electrical Signal Fingerprint Scores for 
the prediction of the total degree of CI in the entire atria are shown 
in Supplementary material online, Figure S6. As demonstrated in this fig-
ure, EGM features obtained from the RA had the highest predictive va-
lue for the total amount of CI [C-index: 0.83 (0.78, 0.89)], followed by 
BB [C-index: 0.69 (0.61, 0.76)], PVA [C-index: 0.68 (0.60, 0.75)], and LA 
[C-index: 0.68 (0.60, 0.76)].

Individual signal electrical fingerprint score
The next step was to validate the Electrical Signal Fingerprint Scores by 
calculating the scores for each patient individually. As illustrated in 
Figure 8, the Global Electrical Signal Fingerprint Score was strongly re-
lated to the total degree of CI (r = 0.82, P < 0.001). Using the Regional 
Electrical Signal Fingerprint Scores, only EGM features recorded at the 
RA were strongly related to the total degree of CI (r = 0.70, P < 0.001). 
Moderate or weak correlations were found between the total degree 
of CI and Electrical Signal Fingerprint Scores computed from BB, 
PVA, and LA (r = 0.42, r = 0.30, and r = 0.31, respectively; P < 0.001 
for each).

Relationship with post-operative atrial 
fibrillation
Data on post-operative AF (PoAF) were available in 203 patients of 
whom 89 developed E-PoAF (43.8%) and 10 L-PoAF (4.9%). The 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Regional interdependency of electrogram features

RA BB PVA LA

Median potential voltage

RA 1 0.344a 0.194a 0.251a

BB 0.344a 1 0.121 0.137

PV 0.194a 0.121 1 0.235a

LA 0.251a 0.137 0.235a 1

Low-voltage area

RA 1 0.327a 0.216a 0.209a

BB 0.327a 1 0.01 0.156b

PV 0.216a 0.01 1 0.145b

LA 0.209a 0.156b 0.145b 1

RS ratio

RA 1 0.058 −0.088 −0.143b

BB 0.058 1 −0.128 −0.041

PV −0.088 −0.128 1 0.112

LA −0.143b −0.041 0.112 1

SP

RA 1 0.208a 0.081 0.172b

BB 0.208a 1 0.02 0.114

PV 0.081 0.02 1 0.192a

LA 0.172b 0.114 0.192a 1

SDP

RA 1 0.180b 0.102 0.228a

BB 0.180b 1 0.116 0.038

PV 0.102 0.116 1 0.218a

LA 0.228a 0.038 0.218a 1

LDP

RA 1 0.177b 0.016 −0.034

BB 0.177b 1 −0.008 0.153b

PV 0.016 −0.008 1 0.059

LA −0.034 0.153b 0.059 1

FP

RA 1 0.234a 0.131 0.179b

BB 0.234a 1 0.118 0.177b

PV 0.131 0.118 1 0.261a

LA 0.179b 0.177b 0.261a 1

FD

RA 1 0.068 0.088 −0.095

BB 0.068 1 0.01 0.169b

PV 0.088 0.01 1 0.079

LA −0.095 0.169b 0.079 1

BB, Bachmann’s bundle; FD, fractionation duration; FP, fractionated potential; LA, left 
atrium; LDP, long double potential; PVA, pulmonary vein area; RA, right atrium; SDP, 
short double potential; SP, single potential. 
aCorrelation is significant at the 0.01 level (two-tailed). 
bCorrelation is significant at the 0.05 level (two-tailed).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Electrogram features independently associated with a 
high degree of conduction inhomogeneity

Variables OR 95% CI P-value

Entire atrium

LVA 1.26 1.13–1.41 <0.001

LDP 1.79 1.23–2.66 0.003

FD 1.45 1.08–2.00 0.017

RA

LVA 1.13 1.07–1.20 <0.001

LDP 1.32 1.20–1.48 <0.001

BB

LDP 1.09 1.03–1.16 0.005

PVA

Median potential voltage 0.89 0.79–0.99 0.041

LDP 1.07 1.01–1.15 0.023

LA

LDP 1.10 1.03–1.20 0.012

FP 1.18 1.02–1.37 0.025

BB, Bachmann’s bundle; CI, confidence interval; FD, fractionation duration; FP, 
fractionated potential; LA, left atrium; LDP, long double potential; LVA, low-voltage 
area; OR, odds ratio; PVA, pulmonary vein area; RA, right atrium.
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Global Electrical Signal Fingerprint Score was increased in patients who 
developed E-PoAF [without PoAF: 42.9 (27.7–64.6) vs. E-PoAF: 50.3 
(31.0–63.7), P < 0.001] and even more in patients who developed 
L-PoAF [63.1 (39.3–70.3), P < 0.001]. The Regional Electrical Signal 
Fingerprint Score of the RA was increased only in patients who devel-
oped L-PoAF [without PoAF: 22.8 (12.5–43.5) vs. E-PoAF: 25.1 (14.0– 
43.1), P = 0.500 and L-PoAF: 39.8 (23.1–43.3), P < 0.001].

Discussion
Key findings
The severity of CI can be accurately predicted by using a Global 
Electrical Fingerprint Score, containing quantified features of EGM 
morphology obtained from the entire atria, including the amount of 
LVA, LDP, and FD. Conduction inhomogeneity in the entire atria can 
also be predicted with the Regional Electrical Signal Fingerprint Score 
of the RA, containing the amount of LVAs and LDPs.

Conduction inhomogeneity and potential 
voltages
Although unipolar potential voltages are affected by numerous factors, 
Spach et al.7 demonstrated in a dog model that fast conduction is char-
acterized by high-voltage biphasic deflections, while low-voltage, tripha-
sic deflections were recorded during slow conduction.14,15 In patients 
with mitral valve disease, it was demonstrated that smaller voltages 
were indeed recorded in areas of conduction slowing but also around 
the lines of CB.12,13 In our previous study, we demonstrated that the 
presence of LVAs was strongly related to the occurrence of CB at 
the RA and BB.8 The presence of extensive areas of CB could therefore 
result in a decrease in median unipolar potential voltage and increase in 
LVAs. We now demonstrated that a higher total degree of CI was 

indeed related to lower unipolar potential voltages and a larger amount 
of LVAs and was an important parameter integrated in the Electrical 
Signal Fingerprint Scores.

Conduction inhomogeneity and potential 
morphology
As described by Konings et al.,16 unipolar potentials are classically cate-
gorized into SPs, SDPs, LDPs, and FPs. The morphology of SPs can be 
further described by the ratio between a positive R-wave and a negative 
S-wave, respectively, preceding and following the negative deflection 
(R/S ratio).13 We did not find a correlation between the R/S ratio and 
CI. Prior mapping studies demonstrated that during SR, the R/S ratios 
of unipolar SPs were considerably variable and that high-voltage SPs 
were mainly recorded during fast, uniform wavefront propagation.13,16

In patients with AF, there was a loss of S-wave amplitude resulting in SPs 
with lower amplitudes and shifted R/S ratios, which was also associated 
with reduced conduction velocity. In case of extensive CI, more LDPs 
instead of SPs are recorded. The R/S ratios of the remaining SPs could 
therefore be changed only minimally, as they are recorded further away 
from the lines of CB. Indeed, the amount of LDPs was predictive for the 
total degree of CI.

Although a substantial proportion of SDPs and even LDPs reflect the 
physiological heterogeneity of atrial tissue, LDPs and particularly FPs 
have been associated with CI. During AF at the RA, Konings et al.16 de-
monstrated that LDPs and FPs were predominantly found near areas of 
CB. It is therefore not surprising that the proportions of LDPs and FPs 
were correlated to CI. The duration of FPs was also associated with CI. 
As demonstrated by previous studies, potentials with a prolonged FD 
are associated with local areas of impaired conduction.17,18 A pro-
longed FD also indicates that a wavefront takes longer to propagate 
around a line of CB and activate the other side. With more and longer 
lines of CB, the delay of the wavefront is also more likely to increase. 
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Our results indeed showed that prolongation of FPs was related to a 
higher degree of CI.

The role of the right atrium in signal 
fingerprinting
Remarkably, our study demonstrated that the severity and extensive-
ness of CI in the entire atria can be estimated using EGM features re-
corded only from the RA. In a previous mapping study of Lanters 
et al.,19 the superior inter-caval region was found to be a predilection 
site for CB in patients with coronary artery disease without AF. 
Heida et al.20 showed that patients with a history of AF have more se-
vere conduction disorders at the RA and BB. In the current study, a cer-
tain degree of CB at the RA was present in each patient. When 
structural remodelling occurs in the (right) atria, the degree of CI in-
creases, thereby increasing the amount of LDPs and FPs and decreasing 
unipolar potential voltages. It is believed that atrial structural remodel-
ling plays an important role in the initiation and perpetuation of AF, al-
though most studies mainly focus on the LA. In patients undergoing 
ablation therapy for persistent AF, Prabhu et al.21 demonstrated that 
AF is associated with remodelling processes affecting both atria and 
that electrical and structural remodelling within the RA correlated 
with the LA. Recently, Heida et al.22 were the first to investigate con-
duction disorders caused by AF-related electrical remodelling immedi-
ately after electrical cardioversion and demonstrated that there was no 
significant impairment in intra-atrial conduction when compared with 

conduction patterns observed during long periods of SR. Also, Takagi 
et al.23 recently demonstrated that only structural remodelling in the 
RA was a useful predictor of clinical outcome after pulmonary vein iso-
lation. It could be that structural remodelling in the RA more easily re-
sults in changes in EGM morphology, as the RA is not uniform in 
thickness due to the trabeculated wall. This might explain why the 
RA is a good predictor for the general degree of CI across both atria 
using unipolar EGM morphology characteristics.

Future clinical implications
Areas of CI identified during SR may play a pivotal role in the initiation 
and maintenance of atrial tachyarrhythmias such as AF.24,25 Heida 
et al.20 indeed showed that patients with AF have more severe CI 
than patients without prior AF episodes. The individualized Electrical 
Signal Fingerprint Score as proposed in this study can be used as a novel 
tool for determining the severity of CI during SR using only EGMs, with-
out constructing the spatial patterns of activation. We also demon-
strated that an increased Electrical Signal Fingerprint Score is related 
to the development of PoAF. The next step will be to test whether 
this SR Electrical Signal Fingerprint Score can actually predict AF devel-
opment during short- and long-term follow-up or whether it can pre-
dict AF recurrences of arrhythmia surgery outcome.

The high-resolution, invasive gold standard Electrical Signal 
Fingerprint Score is also the foundation for the development of less- 
or even non-invasive fingerprints. In patients undergoing cardiac 

Global nomogram: C index: 0.92 (0.89–0.95)
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surgery, the application of this tool may help to early identify patients 
at high risk of PoAF. For instance, if the Electrical Signal Fingerprint 
Score indicates high CI in SR patients, patients should be long-term- 
monitored during the post-operative period. Also, preventive 
strategies may be taken to prevent the development of PoAF. With 
the ongoing development of high-density electrode arrays for endovas-
cular mapping, less-invasive fingerprints could be constructed in the 
near future at the electrophysiology laboratory. They can aid in select-
ing the appropriate ablation approach. For example, when the finger-
print score is too high, the degree of CI is severe and pulmonary vein 
isolation alone may not be successful in eliminating AF.

Study limitations
Whether Electrical Signal Fingerprint Scores are truly indicative of the 
AF-related substrate needs to be further investigated. Follow-up of 
many patients is still ongoing, and therefore, the number of patients 
is limited for the prediction of especially L-PoAF. However, the prelim-
inary results on PoAF prediction presented in this study show a poten-
tial clinical application of the Electrical Signal Fingerprint Score. The 
number of patients with AF in our study population was too small to 
compare Electrical Signal Fingerprint Scores among different subtypes 
of AF. Also, although the study population is not a reflection of the gen-
eral AF population, 27–33% of the patients who undergo CABG ex-
perience AF, indicating that the participants of this study at least 

represent a group in which AF occurs frequently.26,27 In addition, this 
is a single-centre study, and further validation is still needed through 
subsequent multi-centre studies.

Conclusions
The severity of CI can be accurately quantified by using the Electrical 
Signal Fingerprint Score, solely employing the electrophysiological char-
acteristics of unipolar EGMs. Electrogram characteristics recorded 
from the easily accessible RA alone have the best predictive value for 
the severity of CI of both atria including BB. The next step in developing 
the Electrical Signal Fingerprint Score as a novel tool is to determine 
whether this score can be used to identify patients at high risk of onset 
and/or progression of AF.

Supplementary material
Supplementary material is available at Europace online.
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