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A B S T R A C T   

Background: PoAF is the most common complication after cardiac surgery and may occur in patients with pre- 
existing arrhythmogenic substrate. Characterization of this substrate could aid in identifying patients at risk 
for PoAF. We therefore compared intra-atrial conduction parameters and electrogram morphology between 
patients without and with early- (≤5 days after surgery) and late- (up to 5 years) postoperative atrial fibrillation 
(PoAF). 
Methods and results: Epicardial mapping of the right and left atrium and Bachmann’s Bundle (BB) was performed 
during sinus rhythm (SR) in 263 patients (207male, 67 ± 11 years). Unipolar potentials were classified as single, 
short or long double and fractionated potentials. Unipolar voltage, fractionation delay (time difference between 
the first and last deflection), conduction velocity (CV) and conduction block (CB) prevalence were measured. 
Comparing patients without (N = 166) and with PoAF (N = 97), PoAF was associated with lower CV and more CB 
at BB. Unipolar voltages were lower and more low-voltage areas were found at the left and right atrium and BB in 
PoAF patients. These differences were more pronounced in patients with late-PoAF (6%), which could even occur 
up to 5 years after surgery. Although several electrophysiological parameters were related to PoAF, age was the 
only independent predictor. 
Conclusions: Patients with de novo PoAF have more extensive arrhythmogenic substrate prior to cardiac surgery 
compared to those who remained in SR, which is even more pronounced in late-PoAF patients. Future studies 
should evaluate whether intra-operative electrophysiological examination enables identification of patients at 
risk for developing PoAF and hence (preventive) therapy.   

1. Introduction 

Postoperative atrial fibrillation (PoAF) is the most common compli-
cation encountered after cardiac surgery, with reported incidences 
ranging from 20 to 80% depending on the type of procedure. [1] PoAF 
especially occurs within the first four days after surgery, and is associ-
ated with an increased risk of mortality and morbidity, longer hospi-
talization and higher costs of postoperative care. [2–4] Although 
generally considered a transient and predominantly mild complication 
for most patients, early-PoAF (E-PoAF) still remains the leading cause of 
prolonged hospitalization and hospital readmission following cardiac 
surgery. [2,4,5] E-PoAF is also predictive of late-PoAF (L-PoAF), which 

in turn is associated with long-term mortality. [6] 
Numerous risk factors predisposing to PoAF have been determined (i. 

e. older age, obesity, valvular and coronary artery disease), yet patho-
physiological mechanisms underlying development of PoAF remain 
partially unclear. [7] It is generally considered that the transition from 
E-PoAF to L-PoAF progresses from a trigger-driven to a more substrate- 
driven disease. [8–10] Hence, L-PoAF is more likely to develop in pa-
tients with a more extensive pre-existing arrhythmogenic substrate, 
compared to patients who will only have E-PoAF. 

Epicardial mapping during cardiac surgery provides a unique 
methodology to examine electrophysiological properties of both atria, 
including Bachmann’s bundle (BB), on a high-resolution scale. A recent 
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mapping study revealed a higher prevalence of longitudinal lines of 
conduction block (CB) in patients developing de novo PoAF. [8] How-
ever, no electrophysiological features other than CB were evaluated and 
the remainder of the atria were not examined. As also patients without 
(long) lines of CB developed PoAF as well, it could be suggested that not 
only areas of CB at BB are involved in development of PoAF. We 
therefore hypothesize that other atrial sites may contain more extensive 
areas of conduction disorders and thus play a role in the pathophysi-
ology of PoAF. The goal of this study was therefore to 1) compare 
quantified features of intra-atrial conduction and electrogram 
morphology between patients without and with de novo PoAF at the 
entire atrial surface, and 2) to establish whether these quantified fea-
tures are associated with development of L-PoAF within five years after 
cardiac surgery. 

2. Methods 

2.1. Study population 

The study population consisted of 354 successive adult patients 
without a history of tachyarrhythmias undergoing elective open heart 
coronary artery bypass grafting (CABG), aortic or mitral valve surgery or 
a combination of valvular surgery and bypass grafting in the Erasmus 
Medical Center Rotterdam between February 2012 and July 2018. This 
study was approved by the institutional medical ethical committee 
(MEC2010–054/MEC2014–393). [11,12] Written informed consent was 
obtained from all patients and patient characteristics (e.g. age, medical 
history and cardiovascular risk factors) were obtained from the patient’s 
medical record. The study population was classified into patients who 
developed de novo PoAF (PoAF group) and patients who remained in 
sinus rhythm (SR group). During a systematic follow-up period of five 
years, patients who developed L-PoAF were also identified. Only pa-
tients with complete five-year follow-up or patients who developed 
persistent AF were included for further analysis. 

2.2. Mapping procedure 

Epicardial high-resolution mapping was performed prior to 
commencement of extra-corporal circulation, as previously described in 
detail. [8,13,14] A temporal bipolar epicardial pacemaker wire attached 
to the RA free wall served as a reference electrode and the indifferent 
electrode consisted of a steel wire fixed to subcutaneous tissue of the 
thoracic cavity. 

Epicardial mapping was performed with a 128-electrode array or 
192-electrode array (electrode diameter respectively 0.65 mm or 0.45 
mm, interelectrode distances 2.0 mm). Mapping was conducted by 
shifting the electrode array along predefined areas of the right atrium 
(RA), BB, pulmonary vein area (PVA) and left atrium (LA) between 
anatomical borders in a systematic order, covering the entire atrial 
epicardial (Supplementary Fig. S1). Omission of areas was avoided at 
the expense of possible small overlap between adjacent mapping sites. 
The RA was mapped from the cavo-tricuspid isthmus, shifting perpen-
dicular to the caval veins towards the RA appendage; the PVA from the 
transverse sinus fold along the borders of the right and left pulmonary 
veins down towards the atrioventricular groove and the left atrioven-
tricular groove from the lower border of the left inferior pulmonary vein 
towards the LA appendage. BB was mapped from the tip of the LA 
appendage across the roof of the LA, behind the aorta towards the su-
perior cavo-atrial junction. 

Five seconds of SR were recorded from every mapping site, including 
a surface ECG lead, a calibration signal of 2 mV and 1000 ms, a bipolar 
reference electrogram (EGM) and all unipolar epicardial EGMs. Data 
was stored on a hard disk after amplification (gain 1000), filtering 
(bandwidth 0.5–400 Hz), sampling (1 kHz) and analogue to digital 
conversion (16 bits). 

2.3. Data analysis 

Unipolar EGMs were semi-automatically analyzed using custom- 
made software, as previously described in detail. [15] EGMs with 
injury potentials, recording sites with ≥25% excluded or missing EGMs 
and atrial extrasystoles were excluded from analysis. 

The steepest negative slope of an atrial potential was marked as the 
local activation time (LAT), provided that the amplitude of this deflec-
tion was at least two times the signal-to-noise ratio of the EGM. All 
annotations were manually checked by two independent investigators. 
As illustrated in Supplementary Fig. S1, potentials were classified as 
single potentials (SP, one deflection), short double potentials (SDP, in-
terval between deflections <15 ms), long double potentials (LDP, 
deflection interval ≥ 15 ms) or fractionated potentials (FP, ≥3 de-
flections). [16] Of each potential type, fractionation delay (defined as 
the time difference between the first and last deflection) was calculated. 
The potential amplitude was defined as the peak-to-peak voltage of the 
steepest deflection, the proportion of potentials with an amplitude 
below 1.0 mV were defined as low-voltage area (LVA). [17] Local 
effective conduction velocity (CV) was computed from LATs using 
discrete velocity vectors as previously described. [18] CB was defined as 
a difference in LAT between 2 adjacent electrodes of ≥12 ms, corre-
sponding to an effective conduction velocity of <18 cm/s. [19,20] 

2.4. Detection of post-operative atrial fibrillation 

Cardiac rhythms of all patients were continuously recorded from the 
moment 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 E-PoAF episodes lasting >30 s. All epi-
sodes detected by the software were cross-checked by two blinded op-
erators in order to eliminate potential false positive registrations 
induced by artefacts. 

After the hospitalization period, patients were periodically seen at 
the outpatient clinic at 3 and 6 months, 1 year and yearly afterwards for 
a period of five years. Presence of L-PoAF was confirmed by a surface 
ECG or Holter. 

2.5. Statistical analysis 

All data were tested for normality. Normally distributed data are 
expressed as mean ± SD and analyzed with a (paired) t-test or one-way 
ANOVA. Skewed data are expressed as median (25th–75th percentile) 
and analyzed with a Kruskal-Wallis test, Mann-Whitney U test or Wil-
coxon signed-rank test. Categorical data are expressed as numbers and 
percentages, and analyzed with a χ2 or Fisher exact test when appro-
priate. Distribution data was analyzed with a two-sample Kolmogorov- 
Smirnov test. As a result of the small group size of patients with PoAF, 
univariate analyses were performed to select the determinant of interest 
for multivariable analysis for the prediction of PoAF. Age, gender, un-
derlying heart disease, BMI and LA dilation were included in the 
multivariable analysis. The association between the various voltage and 
conduction parameters and PoAF was investigated with logistic regres-
sion models. A p-value <0.05 was considered statistically significant. A 
Bonferroni correction was applied for comparison of the four atrial re-
gions. A p-value of <0.0083 (0.05/6) was considered statistically 
significant. 

3. Results 

3.1. Study population 

Of the 354 patients, 263 patients had complete five-year follow-up or 
developed persistent AF and were therefore included for further anal-
ysis. Clinical characteristics of this study population (N = 263, 207 male 
(79%), age 64 ± 11 years) are summarized in Table 1. Patients had 
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either ischemic heart disease (IHD), valvular heart disease (VHD) or a 
combination of ischemic- and valvular heart disease (iVHD). The pop-
ulation of patients with (i)VHD was further categorized by the pre-
dominant valvular lesion and consisted of aortic valve disease or mitral 
valve disease. There were no differences in baseline parameters of E- 
PoAF incidence between the entire population and the selected patients. 

3.2. Development of post-operative atrial fibrillation 

Of the 263 patients, 97 (37%) developed de novo PoAF within the 
first days after surgery and 15 (6%) of them had AF recurrences during 
the follow-up period. All patients who developed L-PoAF had episodes of 
E-PoAF. Therefore, patients with PoAF were further subdivided into an 
E-PoAF group (N = 82) and L-PoAF group (N = 15). As demonstrated in 
Fig. 1, AF occurred in the majority of L-PoAF patients (53%) within the 
first year after surgery. However, even 5 years after surgery, 6 patients 
(40%) were diagnosed with the first AF recurrence since the E-PoAF 
period. 

Compared to the SR group, patients with PoAF were older at time of 
surgery (69 [65–74] years vs. 65 [57–71] years, p < 0.001), although 
there was no difference in age between patients who had L-PoAF and 
those who did not. In addition, more patients with PoAF had iVHD. 
There was no difference in intraoperative P-wave amplitude and dura-
tion between both groups (p = 0.056 and p = 0.255 respectively) and 
there were no differences in surgery-related parameters. 

Comparing the E-PoAF and L-PoAF group, patients with L-PoAF had 
a higher prevalence of 1) mitral valve disease, 2) a dilated LA, and 3) 
they also had a higher BMI. There was no difference in intraoperative P- 
wave amplitude and duration between both groups (p = 0.275 and p =
0.286 respectively). 

3.3. Intra-atrial conduction disorders 

A typical example of an activation map of one patient who remained 
in SR and one patient with both E-PoAF and L-PoAF is illustrated in the 
right panel of Fig. 2. As indicated by the thick black lines, the amount of 
CB is higher in the patient with both E-PoAF and L-PoAF. As summarized 
in Table 2 and illustrated in Fig. 3, patients with PoAF had lower CV 
(89.8 [85.0–94.0] cm/s vs. 90.9 [86.4–95.6] cm/s, p = 0.034) and 

Table 1 
Patient characteristics (N = 263).   

SR PoAF p-value E-PoAF L-PoAF p-value 

Patients 166 (63) 97 (37) – 82 (85) 15 (15) – 
Male 132 (80) 75 (77) 0.755 64 (78) 11 (73) 0.740 
Age (years) 65 [57–71] 69 [65–74] < 0.001 69 [65–73] 72 [62–76] 0.304 
Underlying heart disease   0.040   0.171 

IHD 117 (71) 60 (62) 0.174 53 (65) 7 (47) 0.249 
VHD 32 (19) 16 (16) 0.623 14 (17) 2 (13) 0.720 
iVHD 17 (10) 21 (22) 0.017 15 (18) 6 (40) 0.086 

Valvular heart disease   0.260   0.004 
AVD 35 (71) 22 (59) 0.759 21 (72) 1 (13) 0.178 
MVD 14 (29) 15 (41) 0.102 8 (28) 7 (88) 0.002 

Cardiovascular risk factors 
BMI (kg/m2) 26.8 [25.2–30.2] 26.9 [24.5–30.1] 0.389 26.5 [24.3–29.5] 29.8 [26.6–30.9] 0.019 
Hypertension 100 (60) 55 (57) 0.605 48 (59) 7 (47) 0.411 
Dyslipidemia 70 (42) 32 (33) 0.151 26 (32) 6 (40) 0.559 
Diabetes mellitus 53 (32) 22 (23) 0.121 18 (22) 4 (27) 0.740 

Left atrial dilation (>45 mm) 25 (15) 19 (20) 0.393 12 (15) 7 (47) 0.009 
Left ventricular function 

Normal 134 (81) 72 (74) 0.220 60 (73) 12 (80) 0.753 
Mild dysfunction 27 (16) 19 (20) 0.505 16 (20) 3 (20) 0.965 
Moderate dysfunction 5 (3) 5 (5) 0.506 5 (6) – 0.729 
Severe dysfunction – 1 (1) 0.369 1 (1) – 0.667 

Antiarrhythmic drugs 
Class I – – – – – – 
Class II 111 (67) 72 (74) 0.266 61 (74) 11 (73) 0.931 
Class III – 1 (1) 0.444 1 (1) – 0.444 
Class IV 7 (4) 4 (4) 0.971 4 (5) – 0.867 
Digoxin 1 (1) – 0.444 – – – 

P-wave amplitude 0.10 [0.08–0.12] 0.10 [0.08–0.12] 0.056 0.10 [0.08–0.12] 0.08 [0.07–0.11] 0.275 
P-wave duration 83 [70–93] 82 [70–101] 0.255 82 [70–100] 86 [72–105] 0.286 

Values are presented as N (%), mean ± standard deviation (min–max) or median [interquartile ranges]. The P-values indicate significance between the without AF and 
PAF group. 
AVD = aortic valve disease; BMI = body mass index; E/L-PoAF = early/late post-operative atrial fibrillation; IHD = ischemic heart disease; (i)VHD = (ischemic and) 
valvular heart disease; MVD = mitral valve disease. 

Fig. 1. Incidence of L-PoAF. 
Incidence of diagnosis of AF recurrence during a follow-up period of 5 years 
after cardiac surgery and de novo PoAF. The red line indicates a Kaplan-Meier 
curve and the blue bars indicate the percentage of patients diagnosed with L- 
PoAF (N = 15). 
L-PoAF = late post-operative atrial fibrillation. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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higher prevalence of CB (2.30 [1.66–3.10] % vs. 1.83 [1.29–2.64] %, p 
= 0.004 respectively) compared to those patients who remained in SR. 

As demonstrated in Fig. 4, CV of PoAF patients was particularly 
slower at BB (88.6 [76.2–95.1] cm/s vs. 91.4 [82.5–99.1] cm/s, p =
0.005). In addition, CB was also mainly present at BB (2.90 [1.18–5.58] 
% vs. 1.79 [0.65–4.48] %, p = 0.006, respectively). 

3.4. Unipolar voltage mapping 

Voltage maps corresponding to the activation maps are demon-
strated in the right panel of Fig. 2. LVAs were more extensive in the 
patient with both E-PoAF and L-PoAF (17.6%) compared to the patient 
who remained in SR (7.5%). In the entire study population, unipolar 
voltages were lower in patients with PoAF (4.56 [3.64–5.57] mV vs. 

Fig. 2. Examples of activation and voltage maps. 
Intraoperative surface ECG leads I with examples of corresponding local EGMs (indicated by colors from activation map) of one patient who remained in SR (upper) 
and one patient with both E-PoAF and L-PoAF (lower) recorded at Bachmann’s bundle. Examples of the corresponding activation and voltage maps of these re-
cordings (right panel); conduction block (local difference in activation time ≥ 12 ms) is indicated by the thick black lines, and areas of low-voltage are highlighted by 
white dotted lines. 
EGM = electrogram; ICV = inferior caval vein; L-PoAF = late post-operative atrial fibrillation; 

Table 2 
Intra-atrial conduction disorders and potential morphology.  

Parameters SR (N = 166) PoAF (N = 97) p-value Solely E-PoAF (N = 82) E + L-PoAF (N = 15) p-value 

CV (cm/s) 90.9 [86.4–95.6] 89.8 [85.0–94.0] 0.034 90.2 [85.8–94.4] 88.2 [82.8–91.0] 0.046 
CB (%) 1.83 [1.29–2.64] 2.30 [1.66–3.10] 0.004 2.15 [1.65–2.93] 3.15 [2.24–4.19] 0.017 
Voltage (mV) 5.10 [4.20–6.11] 4.56 [3.64–5.57] <0.001 4.64 [3.82–5.60] 3.54 [2.63–4.50] 0.007 
LVA (%) 5.0 [3.1–8.6] 7.1 [4.6–10.1] <0.001 6.8 [4.2–9.9] 9.2 [6.3–12.8] 0.084 
Singles (%) 83.5 [79.1–87.1] 82.9 [78.8–85.8] 0.312 83.1 [79.5–86.4] 79.3 [76.9–84.2] 0.073 
Short doubles (%) 11.0 [8.5–13.4] 10.5 [8.8–12.4] 0.251 10.6 [8.3–12.4] 10.2 [9.8–13.2] 0.300 
Short double delay (ms) 8 [7–9] 8 [7–9] 0.499 8 [7–9] 8 [6–10] 0.226 
Long doubles (%) 3.7 [2.3–5.9] 4.3 [2.5–6.8] 0.055 4.3 [2.4–6.2] 5.7 [3.9–9.1] 0.033 
Long double delay (ms) 20 [18–22] 20 [18–22] 0.262 20 [18–21] 20 [19–26] 0.176 
Fractionation (%) 1.4 [0.8–2.6] 1.6 [0.8–2.3] 0.422 1.6 [0.7–2.0] 1.7 [0.9–2.5] 0.235 
Fractionation delay (ms) 19 [15–23] 19 [15–23] 0.410 19 [15–24] 19 [17–23] 0.247 

Values are presented as median [interquartile ranges]. 
CB = conduction block; CV = conduction velocity; E/L-PoAF = early/late post-operative atrial fibrillation; LVA = low-voltage area. 
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5.10 [4.20–6.11] mV, p < 0.001) and they also had more LVAs (7.1 
[4.6–10.1] % vs. 5.0 [3.1–8.6] %, p < 0.001), as demonstrated in Table 2 
and Fig. 3. There were no differences between both groups in the 
amount of single, short double, long double or fractionated potentials 
and the corresponding interval durations (all p > 0.05). 

As demonstrated in Fig. 4, compared to the SR group, unipolar 
voltages in patients with E-PoAF and/or L-PoAF were particularly lower 
at RA, BB and LA, and more LVAs were found at these atrial regions as 
well. At all atrial regions, there were no differences between both groups 
in the amount of single, short double, long double and fractionated 
potentials. Fractionation delays of long double potentials at RA were 
longer in PoAF patients compared to the SR group (20 [18–24] ms vs. 22 
[20–24] ms, p = 0.011). 

3.5. Differences between early- and late-PoAF 

Differences in CB and unipolar voltages between the solely E-PoAF 
and L-PoAF groups are illustrated in the red boxes in Fig. 3. Compared to 
the SR group, unipolar voltages were lower in both the E-PoAF (4.64 
[3.82–5.60] mV, p = 0.009) and L-PoAF (3.54 [2.63–4.50] mV, p <
0.001) group. Unipolar voltages in the L-PoAF group were even lower 
compared to the E-PoAF group (p = 0.007). There were more long 
double potentials in the L-PoAF (5.7 [3.9–9.1] %) group compared to the 

SR (p = 0.010) and E-PoAF (4.3 [2.4–6.2] %, p = 0.033) group, while the 
amount of long double potentials was comparable between the E-PoAF 
and SR group. 

Although both PoAF groups had more LVAs compared to the SR 
group, there was no difference in the number of LVAs in the L-PoAF and 
E-PoAF groups (p = 0.084). However, more CB and slower CV were 
found in patients with L-PoAF compared to the E-PoAF group (CB: 3.15 
[2.24–4.19] % vs. 2.15 [1.65–2.93] %, p = 0.017 and CV: 88.2 
[82.8–91.0] cm/s vs. 90.2 [85.8–94.4] cm/s, p = 0.046 respectively). In 
addition, the amount of CB in both PoAF groups was higher compared to 
SR group (E-PoAF: p = 0.025 and L-PoAF: p = 0.003), while CV was only 
lower in patients with L-PoAF compared to SR patients (p = 0.012). 

3.6. Regional differences between early- and late-PoAF 

As demonstrated in Table 3, most differences in electrophysiological 
parameters between the SR, E-PoAF and L-PoAF groups were found at 
BB, followed by the LA and RA; none of the parameters differed between 
the groups at the PVA (p > 0.083). 

At BB, CV was lowest in patients with L-PoAF, followed by E-PoAF 
and SR patients. This was accompanied by a higher amount of CB. In 
addition, the lowest unipolar voltages and highest amount of LVAs were 
also found in patients with L-PoAF, followed by E-PoAF and SR patients. 

Fig. 3. Characteristics of intra-atrial con-
duction and electrogram morphology. 
Boxplots of the conduction block prevalence, 
conduction velocity, voltage and low- 
voltage areas of patients without PoAF 
(blue) and patients with de novo PoAF (red). 
The highlighted red boxplots demonstrate 
the differences between patients with only 
E-PoAF (light) and also L-PoAF (dark). Sta-
tistical significance is indicated by an 
asterisk. 
L-PoAF = late post-operative atrial 
fibrillation.   
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In the L-PoAF group, potentials at BB were more often long double or 
fractionated compared to the SR and E-PoAF groups. 

At the LA, atrial CV was also lower in the L-PoAF group compared to 
the E-PoAF and SR groups, while there were no differences in the 
amount of CB. Lowest unipolar voltages and highest amount of LVAs 
were found in the L-PoAF group, followed by the E-PoAF and SR group. 
There were no differences in the amount of single, short double, long 
double or fractionated potentials and the corresponding delays. 

At the RA, only unipolar voltages in the L-PoAF group were lower 
compared to the E-PoAF and SR groups; other parameters did not differ 
between the various groups. 

3.7. Univariate and multivariable analyses 

As demonstrated in Supplementary Table 1, age, total CB, total 
voltage, total LVAs, CV at BB, CB at BB, voltage at BB, LVAs at BB, 
voltage at LA and LVAs at LA were related to development of PoAF using 
univariate analyses. Using a multivariable analysis, only age remained 
significant (odds ratio 1.05; 95% CI 1.02–1.08; p = 0.001). 

4. Discussion 

This is the first study that demonstrated that development of de novo 
PoAF is associated with pre-existing conduction disorders, consisting of 

areas of conduction slowing, more CB, lower unipolar voltages and more 
LVAs. Although these disorders were particularly located at BB, clear 
differences were also found at the left and right atrium. These differ-
ences were even more dominantly present in patients with L-PoAF who 
also had E-PoAF. The first episode of L-PoAF could even occur 5 years 
after surgery and occurred only in patients who also developed E-PoAF. 

4.1. Development of post-operative atrial fibrillation 

AF is the most common arrhythmia to occur after cardiac surgery, 
occurring more frequently after valvular surgery and especially after 
combined CABG and valvular surgery. [1] PoAF typically occurs on the 
second postoperative day and 70% occurs within the first four post-
operative days. Late-onset PoAF, defined as PoAF occurring >30 days 
after surgery, is underappreciated and has a rate of at least 4%. [21] 

Even today, the exact mechanisms underlying PoAF are still not 
clearly understood. Yet, multiple factors that may contribute are 
frequently subdivided into pre-, intra- and postoperative risk factors, 
including ageing, hyper- /hypotension, ischemia, pain and other factors 
that can modulate the sympathetic nervous system and increase 
adrenergic stimulation. [7,22–25] It is generally accepted that PoAF is 
initiated by an interplay between a trigger and susceptible substrate for 
AF. [9,10] However, it is generally assumed that E-PoAF is mainly a 
trigger driven disease. [8–10] In the vast majority of patients, episodes 

Fig. 4. Regional distribution of intra-atrial 
conduction and electrogram morphology. 
Regional distribution of conduction block 
prevalence, conduction velocity, voltage and 
low-voltage areas of patients without PoAF 
(blue) and patients with de novo PoAF (red). 
Statistical significance is indicated by an 
asterisk. 
BB = Bachmann’s bundle; LA = left atrium; 
PoAF = post-operative atrial fibrillation; PV 
= pulmonary veins; RA = right atrium. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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Table 3 
Intra-regional conduction disorders and potential morphology.  

Parameters SR (N = 166) PoAF (N = 97) p-value Solely E-PoAF (N = 82) E + L-PoAF (N = 15) p-value 

CV (cm/s) 
RA 89.4 [83.3–94.6] 88.9 [83.3–93.1] 0.201 89.1 [84.6–92.9] 88.2 [81.1–93.0] 0.250 
BB 91.4 [82.5–99.1] 88.6 [76.2–95.1] 0.005 90.6 [80.7–95.3] 77.2 [68.8–87.1] 0.006 
PVA 95.1 [84.7–100.6] 96.6 [84.5–100.6] 0.497 95.6 [84.3–100.7] 98.2 [86.7–100.0] 0.333 
LA 91.4 [83.3–98.4] 89.5 [81.2–96.2] 0.121 90.4 [82.6–97.2] 80.8 [72.6–86.7] 0.004  

CB (%) 
RA 2.21 [1.18–3.52] 2.77 [1.40–4.09] 0.085 2.77 [1.40–3.73] 3.67 [1.25–5.09] 0.173 
BB 1.79 [0.65–4.48] 2.90 [1.18–5.58] 0.006 2.59 [1.02–5.23] 4.90 [2.87–7.66] 0.013 
PVA 1.00 [0.29–2.01] 0.96 [0.18–2.62] 0.359 0.92 [0.18–2.59] 1.66 [0.42–5.02] 0.167 
LA 0.73 [0.14–1.63] 1.01 [0.21–2.09] 0.109 0.84 [0.19–1.63] 2.34 [0.86–3.08] 0.056  

Amplitude (mV) 
RA 4.94 [3.80–5.92] 4.47 [3.69–5.60] 0.026 4.50 [3.81–5.64] 3.78 [2.79–5.23] 0.047 
BB 5.70 [3.82–7.80] 4.62 [2.54–7.00] <0.001 5.04 [2.89–7.12] 3.18 [2.20–3.90] 0.010 
PVA 4.55 [2.81–6.64] 3.81 [2.33–5.87] 0.055 3.81 [2.31–5.90] 4.00 [3.42–4.65] 0.418 
LA 5.97 [4.12–7.86] 4.97 [3.23–7.43] 0.004 5.33 [3.32–7.51] 3.35 [2.41–4.90] 0.020  

LVA (%) 
RA 5.0 [2.7–8.6] 6.8 [3.4–11.1] 0.028 6.8 [3.4–10.1] 10.1 [3.7–12.8] 0.229 
BB 1.4 [0.4–4.1] 2.9 [0.9–8.9] <0.001 2.4 [0.7–8.2] 8.3 [4.5–15.2] 0.010 
PVA 3.7 [1.4–12.4] 6.7 [2.1–15.6] 0.065 6.9 [1.8–15.9] 5.1 [2.3–10.7] 0.311 
LA 3.3 [1.0–7.4] 4.7 [1.7–12.2] 0.008 4.5 [1.7–9.5] 14.2 [3.8–17.0] 0.039  

Singles (%) 
RA 84.5 [79.2–89.4] 84.0 [79.0–88.5] 0.344 84.4 [79.3–88.7] 81.8 [78.0–86.7] 0.191 
BB 80.2 [72.0–88.5] 80.6 [70.4–86.6] 0.191 81.4 [72.3–86.8] 64.8 [61.3–81.7] 0.007 
PVA 86.0 [77.5–90.2] 85.1 [74.8–89.9] 0.316 84.3 [74.6–89.9] 88.1 [76.9–88.9] 0.315 
LA 82.4 [75.7–89.9] 85.1 [77.4–88.8] 0.305 86.0 [77.4–89.1] 83.3 [77.4–85.5] 0.207  

Short doubles (%) 
RA 9.5 [6.1–11.8] 9.2 [6.8–11.6] 0.364 9.1 [6.7–11.7] 9.2 [7.7–11.4] 0.423 
BB 12.2 [6.7–17.9] 12.2 [8.2–16.5] 0.248 11.8 [8.4–16.1] 14.9 [6.4–25.1] 0.266 
PVA 10.7 [7.2–16.1] 10.3 [6.0–16.5] 0.349 10.3 [6.1–17.6] 8.7 [6.0–13.8] 0.198 
LA 11.6 [8.0–16.9] 10.7 [8.1–15.6] 0.221 10.7 [8.1–15.6] 13.2 [8.3–15.3] 0.378  

Short double delay (ms) 
RA 7 [6–8] 7 [6–9] 0.184 7 [6–9] 6 [6–8] 0.167 
BB 8 [7–10] 8 [7–10] 0.320 8 [7–10] 10 [8–11] 0.033 
PVA 8 [7–9] 8 [6–9] 0.374 8 [6–9] 8 [7–9] 0.326 
LA 8 [6–9] 8 [7–9] 0.290 8 [6–9] 8 [7–11] 0.047  

Long doubles (%) 
RA 4.1 [1.8–6.9] 4.6 [2.4–7.5] 0.221 4.5 [2.4–7.4] 5.5 [1.3–8.2] 0.470 
BB 3.3 [0.6–8.9] 4.3 [1.5–9.1] 0.080 4.0 [1.2–8.6] 7.0 [3.1–15.9] 0.007 
PVA 1.0 [0.3–4.1] 1.3 [0.2–5.2] 0.351 1.2 [0.2–4.5] 3.8 [0.5–6.9] 0.188 
LA 1.4 [0.2–4.5] 2.2 [0.7–5.0] 0.086 1.8 [0.8–4.5] 4.0 [0.5–8.4] 0.194  

Long double delay (ms) 
RA 20 [18–24] 22 [20–24] 0.011 22 [20–24] 23 [19–28] 0.284 
BB 19 [16–22] 18 [17–21] 0.083 18 [17–21] 19 [18–20] 0.187 
PVA 17 [16–18] 17 [16–20] 0.141 17 [16–20] 18 [16–22] 0.138 
LA 18 [16–22] 17 [16–21] 0.048 17 [16–21] 16 [16–22] 0.436  

Fractionated (%) 
RA 1.3 [0.4–2.9] 1.0 [0.5–2.3] 0.233 1.0 [0.4–2.2] 1.0 [0.9–2.1] 0.302 
BB 1.2 [0.3–3.2] 1.6 [0.6–3.6] 0.129 1.5 [0.4–3.1] 3.6 [1.4–7.4] 0.023 
PVA 0.6 [0.2–1.6] 0.6 [0.2–1.6] 0.434 0.7 [0.1–1.7] 0.4 [0.2–0.8] 0.180 
LA 1.1 [0.4–2.3] 0.8 [0.3–2.3] 0.255 0.9 [0.3–2.4] 0.8 [0.3–1.5] 0.365  

Fractionation delay (ms) 
RA 22 [16–28] 22 [16–28] 0.106 21 [16–28] 24 [16–30] 0.356 
BB 18 [14–25] 18 [14–24] 0.424 17 [14–23] 22 [18–26] 0.039 
PVA 12 [10–17] 14 [10–19] 0.061 14 [10–19] 11 [7–20] 0.083 
LA 15 [12− 20] 14 [12− 21] 0.326 15 [12–21] 13 [12–18] 0.116 

Values are presented as median [interquartile ranges]. 
BB = Bachmann’s bundle; CB = conduction block; CV = conduction velocity; E/L-PoAF = early/late post-operative atrial fibrillation; LA = left atrium; LVA = low- 
voltage area; PVA = pulmonary vein area; RA = right atrium. 
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of E-PoAF are preceded by atrial extrasystoles which are provoked by 
inflammatory responses and increasing sympathetic activity associated 
with cardiopulmonary bypass during surgery. [23,25–27] These atrial 
extrasystoles are associated with enhanced conduction disorders and 
epi-endocardial asynchrony. [28] PoAF then occurs when these tran-
sient, postoperative triggers act on vulnerable, remodeled, atrial tissue. 
[9,10] This substrate can either be produced by surgery-induced or 
postoperative remodeling processes. On the other hand, it has also been 
suggested that PoAF patients have pre-existent structural remodeling, 
including increased interstitial fibrosis, altered cytosolic calcium 
handling and decreased atrial elasticity. [9,10,25,29,30] This may lead 
to a decline in LA reservoir functions, all of which may contribute to 
electrical remodeling and PoAF development. [31,32] 

4.2. Association between conduction disorders and post-operative atrial 
fibrillation 

Atrial remodeling is frequently quantified using electrophysiological 
parameters such as CB, CV, effective refractory period and voltage, and 
can manifest heterogeneously throughout the atria. The prevalence of 
CB at BB in patients developing de novo PoAF was quantified by Teuwen 
et al. [8] They demonstrated that although an equal amount of CB was 
found in patients with PoAF compared with patients without PoAF, 
patients with PoAF had more often long lines of longitudinal CB. We 
found a higher prevalence of CB in patients with PoAF at the total atrial 
surface and at BB specifically. Besides, CV was also lower at the total 
atrial surface and at BB in patients with PoAF. Especially in patients with 
L-PoAF, even more CB at BB and lower CV at BB and LA were found 
compared to patients with only E-PoAF. 

Dispersion of the atrial effective refractory period is also acknowl-
edged as a key player in the pathophysiology of both onset and main-
tenance of AF. In 56 patients undergoing CABG (PoAF, N = 18; no PoAF, 
N = 38), preoperative interregional dispersion of refractoriness was an 
independent predictor of PoAF incidence (odds ratio, 1.29; 95% CI, 
1.12–1.47; P < 0.001). [31] It was suggested that increased preoperative 
atrial effective refractory period dispersion may create nonuniform 
atrial conduction, which may increase vulnerability to PoAF. Apart from 
BB, we did not find any differences in local CV between patients without 
and with PoAF. Furthermore, correct determination of regional effective 
refractory period is time consuming, which cannot always be performed 
during standard cardiac surgery. Secondly, there is much debate on the 
correct methodology to determine the effective refractory period and its 
interpretation. [32] Hence, the added value of the effective refractory 
period can therefore be questioned. 

Recently, Bidar et al. [33] demonstrated that patients with de novo 
PoAF had more complex AF patterns during induced AF at the RA. This 
could indicate that conduction disorders are already present at the RA. 
We, however, did not find a higher amount of CB at the RA, although 
voltages were lower and more LVAs could be found in patients with 
PoAF. The differences in unipolar voltage characteristics may indicate 
an arrhythmogenic substrate at the RA, LA and BB which is, even before 
commencement to cardiopulmonary bypass, already more extensively 
present during SR in patients who develop de novo PoAF. This is in line 
with the study of Teuwen et al., who suggested that, besides BB, other 
regions also play a significant role in development of PoAF. [8] This 
suggests that PoAF most likely occurs when patients reach a ‘patho-
physiological threshold’ of pro-arrhythmic factors due to a combination 
of pre-existing atrial substrate and post-surgical risk factors. It can 
therefore be concluded that at least in some of the patients developing 
PoAF after cardiac surgery, severely altered atrial tissue is already pre-
sent before surgery, making the atria prone to not only E-PoAF but also 
to AF recurrences years after surgery. 

4.3. Relation between early and late post-operative atrial fibrillation 

In current clinical practice, routine surveillance for L-PoAF after 

surgery largely depends on the report of AF symptoms by the patient. 
However, as AF can also be asymptomatic, incidence rates are low when 
patients are not continuous monitored by e.g. an implantable device. 
[34] In addition, there are limited data on the predictive factors and 
pathophysiology of L-PoAF in relation to long-term mortality of patients 
following cardiac surgery. The study of Melduni et al. [6] demonstrated 
that de novo PoAF after cardiac surgery is associated with the occur-
rence of late AF, indicating that “PoAF predicts AF” after cardiac sur-
gery. In this study, the highest rate of AF recurrence after cardiac 
surgery occurred within the first year. At 1-year follow-up, 82.1% of 
patients with PoAF were free from late AF, versus 64.0% at 5-year and 
44.6% at 10-year follow-up. Also, 84% of the patients without E-PoAF 
remained free of AF until 10 years after surgery, although with limited 
screening for AF. 

To overcome underestimation of AF prevalence, implantable devices 
can be used to continuously monitor the patients up to several years 
after surgery. In the study of El-Chami et al. [35], an implantable loop 
recorder was used for detection of L-PoAF. They reported an incidence of 
60.9% and also reported first episodes of L-PoAF beyond 1 year after 
cardiac surgery. This was also demonstrated by Bidar et al. [33], who 
found that 47% of patients without a history of AF developed short- 
lasting episodes of L-PoAF. In our population, comparable to the 
aforementioned studies, most patients with de novo PoAF had L-PoAF 
within the first year after cardiac surgery, although this was a small 
number of the entire population. In our study, patients with L-PoAF had 
already a more extensive arrhythmogenic substrate at time of surgery 
compared to those who only had E-PoAF. In addition, only patients with 
de novo PoAF developed L-PoAF within 5 years of follow-up. Therefore, 
as patients with E-PoAF could have the first episode of L-PoAF even until 
5 years after surgery, periodic rhythm monitoring in these patients 
should be considered. 

4.4. Study limitations 

Episodes of asymptomatic AF during the follow-up period could have 
been missed as patients only have only intermittent contact with their 
cardiologist or general practitioner without continuous rhythm moni-
toring. Therefore, the incidence of L-PoAF could have been under-
estimated. Besides, the small number of (L-PoAF) patients results in 
under powering of the analyses for some parameters and limits accurate 
risk-adjustment regression analyses. 

The recorded potentials might be influenced by the presence of 
epicardial fat as previous studies demonstrated that the presence of thick 
epicardial fat is associated with attenuated bipolar voltage. [36,37] 
Although we did not experience any large effects of visually present 
epicardial fat, we cannot ascertain that the presence of epicardial fat has 
influenced our results. Besides, a recent study has demonstrated a 
limited role of epicardial fat in the development of PoAF. [38] 

At the moment, features of intra-atrial conduction and electrogram 
morphology could not directly be translated in non-invasive parameters 
derived from the surface ECG. However, as this study clearly demon-
strated that there are already substantial signs of a pre-existing substrate 
which could be identifiable by epicardial mapping, future studies should 
evaluate whether these features can also be identified using other less or 
non-invasive methods. 

5. Conclusion 

In the present study, we demonstrated that patients who develop de 
novo PoAF already have substantial signs of pre-existing atrial remod-
eling compared to those who remained in SR. Patients who had E-PoAF 
and L-PoAF even have a more extensive arrhythmogenic substrate, and 
the first episode of L-PoAF can even occur up to 5 years after surgery. 
Future studies should evaluate whether electrophysiological examina-
tion during cardiac surgery enables identification of patients at risk for 
developing PoAF and hence (preventive) therapy. 
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