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Background: Changes in cardiac autonomic regulation and P-wave characteristics are associated with the occur-
rence of atrial fibrillation. The purpose of this study was to evaluate whether combined preoperative non-
invasive determination of cardiac autonomic regulation and PR interval allows for the identification of patients
at risk of new-onset atrial fibrillation after cardiac surgery.
Methods: RR, PR and QT intervals, and linear and non-linear heart rate variability parameters from 20 min high-
resolution electrocardiographic recordings were determined one day before surgery in 150 patients on chronic
beta blockers undergoing elective coronary artery bypass grafting, aortic valve replacement, or both, electively.
Results: Thirty-one patients (21%) developed postoperative atrial fibrillation. In the atrial fibrillation group, more
arterial hypertension, a greater age, a higher EuroSCORE II, a higher heart rate variability index (pNN50: 9 ± 20
vs. 4± 10, p=0.050), a short PR interval (156±23 vs. 173±31ms; p=0.011), and a reduced short-term scal-
ing exponent of the detrendedfluctuation analysis (DFA1, 0.96±0.36 vs. 1.11±0.30ms; p=0.032)were found
compared to the sinus rhythm group. Logistic regression modeling confirmed PR interval, DFA1 and age as the
strongest preoperative predictors of postoperative atrialfibrillation (area under the receiver operating character-
istic curve = 0.804).
Conclusions: Patients developing atrial fibrillation after cardiac surgery presented with severe cardiac autonomic
derangement and a short PR interval preoperatively. The observed state characterizes both altered heart rate reg-
ulation and arrhythmic substrate and is strongly related to an increased risk of postoperative atrial fibrillation.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The first attempts to predict atrial fibrillation after cardiac surgery
based on clinical characteristics date back almost 30 years [1]. Notwith-
standing this, available prediction models still lack an appreciation of
the underlying cause-related electrophysiological variables [2,3]. Sev-
eral studies have contributed to the understanding of its multifactorial
complex nature, paving the way to current preventive and therapeutic
strategies [4–7]. Nevertheless, postoperative atrial fibrillation (POAF)
not only represents the most frequent complication worsening
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outcomes in 10–65% of patients after cardiac surgery, but also signifi-
cantly impacts on their long-term prognosis andmortality [5–8]. Recent
studies utilizing parameters derived from non-invasive electrocardiog-
raphy (ECG) revealed the association of P-wave characteristics during
sinus rhythm (SR) with either paroxysmal atrial fibrillation or POAF
[9,10]. The newest evidence emphasizes the dominant role of disturbed
cardiac autonomic regulation (CAR) in the genesis, maintenance and
suppression of atrial arrhythmias in different subgroups of patients, in-
cluding POAF [11–15]. Similar to the autonomic perturbations detected
at the initiation and termination of paroxysmal atrial fibrillation, the
levels of intrinsic cardiac nerve activity also differ in SR vs. POAF patients
after heart surgery [12,15]. Several patterns of CAR have been postu-
lated as possible POAF triggers by assessing heart rate variability
(HRV) [16–18], whereby a landmark study associated POAF with con-
comitant parasympathetic nervous system (PNS) withdrawal and sym-
pathetic nervous system (SNS) activation [16]. Thus, the aim of the
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Table 1
Clinical characteristics of the study patients.

POAF group (n =
31)

SR group (n = 119) p-Value

Demographic characteristics
Age (years) 74.3 ± 7.4 67.1 ± 11.7 ≤0.001
Male sex 16 (53%) 80 (67%) 0.107
BMI (kg/m2) 27.6 ± 5.2 28.5 ± 4.1 0.323
EuroSCORE IIa 2.2 ± 1.4 1.6 ± 1.1 0.034

Preoperative characteristics
Diabetes mellitus type 2
(no/oral/insulin)

23 (74%)/7
(23%)/1 (3%)

86 (72%)/23
(19%)/10 (8%)

0.594

Arterial hypertension 29 (94%) 93 (78%) 0.050
Hypercholesterolemia 11 (35%) 32 (27%) 0.346
History of AMI 5 (16%) 18 (15%) 0.890
Left ventricular ejection
fraction ≤55%

7 (23%) 15 (13%) 0.229

NYHA class (0/I/II/III/IV) 0/3/20/8/0 2/15/63/36/3 0.820
Preoperative creatinine
(μmol/l)a

80 ± 23 82 ± 22 0.385

Chronic obstructive
pulmonary disease

4 (13%) 6 (5%) 0.248

Beta blockers 31 (100%) 119 (100%) –
Angiotensin-converting
enzyme inhibitors

24 (78%) 95 (80%) 0.768

Statins 18 (58%) 64 (54%) 0.670

Perioperative characteristics
Surgery type

AVR/CABG/AVR + CABG 13 (42%)/8
(26%)/10 (32%)

55 (46%)/37
(31%)/27 (23%)

0.538

CABG (off pump/on pump) 4 (50%)/4 (50%) 23 (62%)/14 (38%) 0.862
Cardiopulmonary bypass
time (min)

102 ± 36 92 ± 35 0.174

Cross-clamp time (min) 78 ± 31 70 ± 30 0.146
RBC transfusion (packs)a 1.9 ± 2.6 1.0 ± 1.6 0.039
Respiratory support (h)a 7.5 ± 9.4 5.9 ± 7.5 0.385
Fresh frozen plasma (packs)a 2.6 ± 2.5 1.6 ± 1.9 0.051
Inotropes (h)a 16.2 ± 27.3 14.6 ± 20.1 0.721
ICU stay (h)a 111.3 ± 123.9 51.7 ± 57.1 0.004
Hospital stay (days)a 9.9 ± 10.2 6.2 ± 3.8 0.001

Postoperative medication
Beta blockers 24 (78%) 98 (83%) 0.530
Angiotensin-converting
enzyme inhibitors

22 (72%) 83 (70%) 0.895

Statins 15 (48%) 59 (50%) 0.906

Values are expressed asmean± standard deviation, or frequency (%). AMI= acutemyocar-
dial infarction; AVR= aortic valve replacement; BMI= bodymass index; CABG= coronary
artery bypass grafting; ICU = intensive care unit; NYHA = New York Heart Association;
POAF = postoperative atrial fibrillation; RBC= red blood cell; SR = sinus rhythm.
Bold values indicates significance at P-value ≤ 0.05.

a Non-normally distributed data.
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present studywas to explore the patterns of CAR in patients developing
POAF, and to assess the value of combined PR interval determination
and HRV parameters in predicting the risk of POAF.

2. Methods

The present investigationwas designed as a prospective observational study, compar-
ing linear and non-linearHRVparameters and ECG intervals of the cardiac cycle in patients
developing POAF or remaining in SR after cardiac surgery. The study complied with the
Declaration of Helsinki, Finland, and the Oviedo Convention, Asturia, Spain. The State
Ethics Committee of the Republic of Slovenia approved the study protocol (58/03/15),
and informedconsentwas obtained fromall the studyparticipants prior tomeasurements.

2.1. Study population

FromApril 2015 toOctober 2016, a total of 178 consecutive patientswere enrolled. El-
igibility criteria included aortic valve stenosis and/or regurgitation and/or ischemic heart
disease scheduled for elective first cardiac surgery, with SR documented preoperatively
from 20 min high-resolution ECG recordings, chronic beta-blocker medication with met-
oprolol or bisoprolol, left ventricular ejection fraction (LVEF) ˃40% with no heart failure
medication. Patients underwent myocardial revascularization (coronary artery bypass
grafting, CABG), aortic valve replacement (AVR), or both, electively. The exclusion criteria
were a history or the presence of any atrial arrhythmia or atrioventricular conduction dis-
order, a permanent pacemaker, a contraindication to beta blockers or an incomplete beta
blockade, defined as a preoperative resting heart rate out of the 60–80 bpm range, antiar-
rhythmicmedication other than beta blockers, a history of previous cardiac operation, the
need for a second run of cardiopulmonary bypass, and type 2 diabetes mellitus with late
neurological complications.

2.2. Postoperative care and postoperative atrial fibrillation monitoring

The anesthetic technique and surgical strategies were standardized as previously de-
scribed [18]. Postoperatively, heart rate and rhythmwere projected onto a heart monitor
with automatic arrhythmia detection (HP 1205A, Hewlett-Packard, Andover, MA, USA)
until the fifth postoperative day. A standard 12-lead ECG was recorded daily thereafter,
until the day of discharge and at any time in the case of a clinical suspicion of POAF. Beta
blockade with target heart rates of 60–80 bpmwas one of the prophylactic POAF strategy
goals. Further measures included potassium substitution to maintain levels N4.5 mmol/L,
magnesium supplementation, careful administration of diuretics to prevent excessive
fluid shifts, keeping hemoglobin levels N8 mg/dL in asymptomatic patients and
N10 mg/dL in symptomatic, multimorbid, or older patients (≥75 years).

If POAF occurred, electrolyte correction and fluid restitution were performed as ap-
propriate, followed by additional beta blockers and finally amiodarone to allow for medi-
cal conversion. Patients with POAF persisting for N12 h and/or with hemodynamic
instability received cardioversion.

In order to portray the physiologic mechanisms in the background but retaining clin-
ical applicability, we described POAF by combining electrophysiologic and clinical criteria
[5]. POAFwas defined as any apparent self-sustaining irregular arrhythmia requiringmed-
ical intervention in the form of rhythm control agents and/or anticoagulation and/or car-
dioversion; sustained or repetitive enough to be detected by continuous monitoring or
any clinically/electrocardiographically confirmed arrhythmia thereafter that was docu-
mented on the patient's chart by a member of the health-care team. Continuousmonitor-
ing/telemetry was used in 100% of the patients during the first 5 postoperative days.

2.3. Electrocardiography

ECG recordings were obtained on the day before surgery. Measurements were con-
ducted in the afternoon to avoid the effects of circadian autonomic tone variations, 2 h
after the last meal to avoid postprandial effects on the autonomic tone. Patients were in
the supine position 15 min prior to recordings in a quiet, warm room, and were asked to
relax, breathe normally, refrain frommoving and talking, but to keep awake during the ac-
quisition of the 20 min, high-resolution 12-channel ECG recording with a Cardiax device.
The lengths of the PR, QRS and QT intervals were determined using Cardiax version 3.50
software (MesaMedizintechnik GmbH, Benediktbeuern, Germany). RR intervalswere de-
termined using NevroEKG software (Jožef Stefan Institute, Ljubljana, Slovenia). The NN in-
tervals (RR intervals with adjacent R-waves preceded by P-waves) were used in the
spectral analysis. The RR intervals of the isolated premature beats were replaced by aver-
ages of the surrounding intervals, and recordings containing ectopy or edited segments
exceeding ˃5% of the total recorded timewere discarded. Time- and frequency-domain lin-
ear and non-linear HRV parameters were determined using PhysioToolkit software
(PhysioNet http://www.physionet.org). Corrected QT intervals (QTc) were calculated
using the Fridericia's and Hodges's correction formulas [19].

We calculated the AVNN (averageNN interval), SDNN (SD of all NN intervals), RMSSD
(root mean square of successive differences) and pNN50 (percentage of pairs of adjacent
NN intervals differing by N50ms) in the time domain. Spectral powerwas analysedwith a
discrete Fourier transform on linearly detrended segments comprising 1200 data points.
The frequency-domain measures included total power (0.01–0.40 Hz), very-low fre-
quency power (0.01–0.04 Hz), low-frequency (LF) power (0.04–0.15 Hz) indicating mod-
ulated SNS activity, and high-frequency (HF) power (0.15–0.40 Hz) indicating PNS
modulation [20] and LF/HF ratio. In the non-linear HRV domain, a detrended fluctuation
analysis (DFA) was applied to explore the fractal-like properties of the heart rhythm.
DFA is a modified root-mean-square analysis of a random walk used to quantify the
fractal-like correlation properties of RR intervals. The correlation properties were deter-
mined for both short-term (≤11 beats, DFA1) and long-term (N11 beats, DFA2) fluctua-
tions of RR intervals. The DFA1 scaling exponent is N1 when the cardiac sympatho-
parasympathetic autonomic interplay is altered in a reciprocal fashion and b1 during the
concomitant activation of both PNS and SNS [20–22].

2.4. Statistical analysis

The demographic, perioperative (Table 1) and ECG-derived data of the two study
groups (Tables 2 and 3) were comparedwith the independent samples t-test for normally
distributed variables, the Mann-Whitney U test for non-normally distributed variables,
and the χ2 test for categorical variables, whereby the Kolmogorov-Smirnov test served
as a normality check. The ECG variables that significantly differed with respect to POAF,
were further fed into univariate and multivariate versions of logistic regression. The mul-
tivariate logistic regression model was built using the forward likelihood ratio approach.
Evaluation of regressionmodels was performed by computing the area under the receiver
operating characteristic curve (AUC) in a leave-one-out cross validation. In this way, POAF
prediction for each particular patient was derived from the logistic regressionmodel, hav-
ing been estimated from the rest of the patients tomake certain that the logistic regression
models were trained on one data set and validated on another. In addition, a nomogramof

http://www.physionet.org


Table 2
Comparison of preoperative ECG intervals, linear and non-linear heart rate variability pa-
rameters between patients who developed postoperative atrial fibrillation and patients
who remained in sinus rhythm.

POAF group (n =
31)

SR group (n =
119)

p-Value

ECG intervals
RR interval (ms) 875 ± 72 905 ± 138 0.432
PR interval (ms)a 156 ± 23 173 ± 31 0.011
QRS complex (ms)a 102 ± 20 102 ± 17 0.998
QT interval (ms) 418 ± 32 417 ± 32 0.895
QTc interval – Fridericia (ms) 434 ± 24 429 ± 25 0.303
QTc interval – Hodge (ms) 433 ± 23 428 ± 25 0.253

Linear HRV parameters
AVNN (ms) 906 ± 151 925 ± 131 0.489
SDNN (ms)a 36 ± 21 33 ± 16 0.218
RMSSD (ms)a 29 ± 37 21 ± 16 0.302
pNN50 (%)a 9 ± 20 4 ± 10 0.050
TP (ms2)a 1275 ± 1197 1389 ± 1547 0.998
VLF (ms2)a 507 ± 590 580 ± 689 0.389
LF (ms2)a 199 ± 328 248 ± 386 0.210
HF (ms2)a 190 ± 309 209 ± 389 0.833
LF/HFa 1.83 ± 1.44 2.22 ± 1.73 0.265

Non-linear HRV parameters
DFA1 0.95 ± 0.36 1.11 ± 0.30 0.032
DFA2a 0.92 ± 0.22 0.96 ± 0.14 0.624

Values are expressed as mean ± standard deviation. AVNN= average NN interval; DFA1
and DFA2= detrended fluctuation analysis short- and long-term scaling exponent; HF=
high frequency power; HRV= heart rate variability; LF= low frequency power; LF/HF=
ratio of low to high frequency power; pNN50= percentage of pairs of adjacent NN inter-
vals differing N50 ms; POAF= postoperative atrial fibrillation; QTc = corrected QT inter-
val; RMSSD= root mean square of successive differences; SDNN= standard deviation of
all NN intervals; SR = sinus rhythm; TP = total power; VLF = very-low frequency.
Bold values indicates significance at P-value ≤ 0.05.

a Non-normally distributed data.
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thefinalmultivariate logistic regressionmodelwas produced to associate risk factorswith
the development of POAF. All statistical analyses were performed using the SPSS software
package (IBM SPSS Statistics, version 20); the logistic regression modeling and evaluation
were donewith the KNIME Analytic Platform (KNIMEGmbH, Konstanz, Germany, version
3.3.1), whereby a p-value b0.05 was considered as being statistically significant.

3. Results

3.1. Patient characteristics

Of the 178 patients that were initially enrolled, 8 patients were ex-
cluded because of non-compliance with the aforementioned criteria, 3
died in the early postoperative course (frompneumonia-associated sep-
sis, cerebrovascular infarction, and mesenteric ischemia), and 17 had
ectopic activity that was not amenable to advanced ECG analyses. In
the final sample of 150 patients, 31 patients (21%) developed POAF
(POAF group) and 119 did not (SR group). Patients experienced epi-
sodes of POAF after a median of 2 days (range 1–6 days) after surgery.

All patients were receiving the beta blockermetoprolol or bisoprolol
preoperatively and as soon as possible after surgery, provided they
were free of inotropic agents and were hemodynamically stable. Of
Table 3
Significant clinical and heart rate variability parameters for the prediction of postoperative atr

Variable Univariate

OR 95% CI p-Value AUC (

Agea 1.098 1.042–1.158 b0.001 71.3
PR interval 0.976 0.958–0.995 0.011 61.5
DFA1 0.099 0.024–0.414 0.001 64.4

AUC = area under the receiver operating characteristic (ROC) curve; CI = confidence interval;
a Age is modeled as per year older.
b AUCs were computed from the ROC analyses following leave-one-out cross-validation prin
the 31 patients with POAF, 27 were treated with beta blockers with
the addition of amiodarone in 18. Four patients that did not convert to
SR medically underwent cardioversion, whereby two unsuccessfully
cardioverted patients were discharged on anticoagulation. Finally, one
patient received a permanent pacemaker due to prolonged bradycardia.
The pre- and perioperative characteristics of the study patients are
reported in Table 1.

3.2. ECG intervals and RR interval dynamics

As shown in Table 2, the POAF group presented with significantly
shorter PR intervals compared to the SR group. Among HRV parameters,
the time-domain parameter pNN50 was significantly higher in the POAF
group. The non-linearHRVparameter DFA1was lower in the POAF group.

3.3. Type of operation with respect to the underlying structural heart
disease

No differences were observed in ECG intervals, and linear and non-
linear HRV parameters among the three different types of operation
(Supplemental Table). Patients undergoing AVR and CABG had signifi-
cantly lower LVEF and longer cardiopulmonary bypass times.

3.4. Atrial fibrillation prediction modeling

Logistic regression modeling was performed to ascertain the effects
of the significant variables (i.e. age, arterial hypertension, EuroSCORE
II, PR interval, pNN50, and DFA1) on the likelihood of POAF occurrence.
The forward-stepwise logistic regression revealed an advanced age, a
shorter PR interval and a lower DFA1 to be associated with an increased
risk of developing POAF (Table 3). The logistic regression model with
age alone predicted POAF with an AUC of 71.3%, the model with added
PR interval increased the AUC to 78.8%, and the final model with all
three variables (age, PR interval and DFA1) yielded a final AUC of 80.4%.

Furthermore, a nomogram of the final logistic regression model was
generated to show how the parameters age, PR interval and DFA1 pre-
dict POAF (Fig. 1) and can be interpreted in the following way. If an
83-year-old patient (blue spot in the Age scale) has a PR interval of
140 ms (blue spot in the PR interval scale) and has an estimated DFA1
of 0.7 (blue spot in the DFA alpha1 scale), then there is a 70% chance
that he/she will develop POAF. Also, note that the most important pre-
dictor according to the nomogram is PR interval, which has 100 points,
while Age has a maximum of 85.3 points, and DFA1 has 30.6 points in
the nomogram scale.

4. Discussion

Contrary to traditional time- and frequency-domain linear HRV
analyses, non-linear DFA-derived HRV parameters could discriminate
POAF from normal SR also preoperatively. The novel finding of this
study is that both a preoperative reduction of DFA1 and a short PR inter-
val are associated with an increased risk of POAF. The latter was accom-
panied by a doubled HRV time-domain parameter pNN50, suggesting
concurrently increased PNS activity. Of note, DFA1 and PR interval
ial fibrillation by applying univariate and multivariate logistic regression modeling.

Multivariate

%)b OR 95% CI p-Value AUC (%)b

1.113 1.048–1.181 b0.001
80.40.973 0.953–0.993 b0.001

0.163 0.032–0.838 0.030

DFA1= short-term scaling exponent of detrended fluctuation analysis; OR= odds ratio.

ciple.



Fig. 1. Nomogram of the final logistic regression model for prediction of postoperative atrial fibrillation with age, PR interval and short-term scaling exponent of detrended fluctuation
analysis (DFA alpha1).
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remained independent predictors of POAF even after adjusting for age,
demonstrating that a disturbed CAR and altered P-wave characteristics
play a prominent role in the degeneration of SR to POAF after cardiac
surgery. In agreement with previous data, advanced age, arterial hyper-
tension and increased transfusion rates potentiate the likelihood of
POAF also in our study. The observed peak POAF incidences on the sec-
ond postoperative day again correlate closely with data from similar
studies [3,5,6].

4.1. PR interval and postoperative atrial fibrillation

Several studies have shown that prolonged, but also short PR inter-
vals carry an increased risk of spontaneous atrial fibrillation in the gen-
eral population [23–25]. In our study, patients developing POAF
presented with short PR intervals preoperatively. This is a new finding,
suggesting that similarly to the general population prolonged, but also
shortened PR intervals might carry an increased risk of POAF after car-
diac surgery. A short PR interval has been described in the presence of
concomitant SNS activation due to faster atrial and atrioventricular
nodal conduction, as well as an accelerated atrial firing rate [26]. Unlike
suspected degenerative alterations of themyocardium and the conduc-
tion system causing prolongation of PR interval [23,24], the association
of a short PR intervalwith atrialfibrillationmight be attributed to genet-
ics, as both the genetic loci responsible for either shortening or
prolonging the PR interval were associated with an increased risk of
atrial fibrillation [27,28]. Nevertheless, the observed combination of a
shortened PR interval and an altered CAR in our POAF group, most likely
mirroring the concurrent activation of both PNS and SNS, is consistent
with the suggested concept of competing sympathetic and parasympa-
thetic coactivation preceding the onset of POAF [17]. Interestingly, this
observation is consistent with the very recent evidence of increased in-
trinsic cardiac neural activity in patients developing POAF [12,15],
supporting our finding that competing sympathetic and parasympa-
thetic coactivation enhances the likelihood of POAF occurrence after
cardiac surgery even under expected antiarrhythmic effects of chronic
beta blocker therapy.

4.2. Linear heart rate variability and postoperative atrial fibrillation

Several studies have documented reduced linear HRV in the time
and frequency domains with further depression of HRV and an abrupt
rise in heart rate, corresponding to excessive adrenergic activation
after surgery [29,30]. Enigmatically, studies on postoperative HRV
showed an increase in time- and frequency-domain HRV parameters
prior to the onset of POAF, consistent not only with expressed adrener-
gic modulation but also showing pronounced PNS activation [17].
Nevertheless, Hogue et al. suggested that two different patterns of
CAR might underlie POAF after CABG, i.e. PNS activation and SNS
predominance [16]. Kinoshita et al. further showed that reduced preop-
erative HRV parameters after isolated CABG, mirroring lesser PNS acti-
vation, resulted in a lower incidence of POAF [31]. Although several
aspects remain to be clearly elucidated, the present study importantly
supports the association between POAF, increased preoperative PNS
modulation superimposed on pronounced, excessive SNS and humoral
adrenergic modulation [17,30]. As such, it describes another predispos-
ing condition to POAF, including not only reciprocal sympathetic activa-
tion and parasympathetic withdrawal as reported in earlier studies but
also the competing coactivation of sympathetic and parasympathetic
systems, albeit under the expected beneficial effects of long-term beta
blockade. Similarly to Bari et al. [14], parameters from the linear HRV
domain proved useless for atrial fibrillation risk prediction as opposed
to parameters from the non-linear HRV domain. As in the Bari's study
[14], the reason may lie in the fact that the comparable observed
means of highly dispersed parameters result in weak statistical power,
pointing to excessively high inter-subject variability.

4.3. Non-linear heart rate variability and postoperative atrial fibrillation

Recently, two studies provided evidence of an association between
non-linear HRV and the occurrence of POAF, showing profound DFA1 re-
ductions before on- or off-pump CABG [32,33]. Similarly to Tarkiainen
et al. [32] and Ksela et al. [33], in a previous study from our group, we
found reduced fractal correlation properties of the RR interval dynamics
[18], though we failed to show significant differences in DFA1 that
remained in the normal range in both POAF and SR patients, likely due
to the smaller sample size. However, we demonstrated that reduced
DFA2 highly correlated with DFA1 [18]. The present study, utilizing data
from a two-fold larger cohort, shows more consistently reduced DFA1
in the POAF group, while SR patients retained levels comparable to the
normal population. Remarkably, our DFA1 values in the POAF vs. SR
group are in linewith the reported DFA1 relationships in atrial fibrillation
vs. non-atrial fibrillation group in a very recent study associating long-
term risk of atrial fibrillation with CAR in coronary artery disease [11].

4.4. Prediction of postoperative atrial fibrillation

Recent studies demonstrated a significant improvement of POAF
prediction by adding the ECG andHRV variables to age, race, arterial hy-
pertension, LVEF, and history of previous atrial fibrillation [10,31,32].
Adding the PR interval and the occurrence of atrial premature contrac-
tions increased the AUC of the predictive model from 0.71 to 0.78 [10].
Kinoshita et al. showed that POAF risk diminishes with descending
levels of preoperative PNS modulation [31]. Tarkiainen et al. demon-
strated that a higher DFA1 reduced the risk of POAF independently of
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age and other clinical risk factors, with the AUC of the predictive model
being 0.70 [32]. Reassuringly, in the present study, predictive models
are highly consistent with the aforementioned ones [10,31,32] with im-
proved AUC of our model reaching 0.804.

4.5. Study limitations

Several limitations should be acknowledged. First, the observed inci-
dence of POAF could indicate that our patients presented with less ex-
tensive structural heart disease and fewer comorbidities, representing
patients at low risk of POAF. With regard to beta blockade, we deliber-
ately enrolled patients that were predominantly prescribed metoprolol
and bisoprolol to minimize the potential bias deriving from the antiar-
rhythmic effects of different beta blocking agents [34]. In contrast to
Tarkiainen et al. [32], we excluded only diabetic patients with late neu-
rological complicationswith arguably differential CAR [20], and patients
with less severe forms of diabetes mellitus were equally distributed in
the POAF and SR groupswithout affecting the results of our study signif-
icantly. Second, advanced ECG analyses could not yield meaningful re-
sults in patients with short paroxysms of POAF or (supra)ventricular
ectopy exceeding 5% of the recordings. The reported low POAF inci-
dences could potentially reflect a minor portion of patients missed
fromarrhythmia surveillance after thefifth postoperative day. Nonethe-
less, we intend to overcome the aforementioned shortcomings by intro-
ducing a novel wireless ECG sensor capable of 7-day continuous ECG
monitoring, automated POAF detection and advanced HRV analyses,
into routine POAF surveillance in our departments [35] (Supplemental
Figure).

5. Conclusion

Increased pNN50, reduced DFA1 and shortened PR interval mirror a
breakdown in fractal RR interval dynamics, an altered arrhythmic sub-
strate and a CAR suggestive of PNS coactivation rather thanwithdrawal.
The parameters age, DFA1 and PR interval are associated with an in-
creased risk of POAF, with the AUC of the model in the good-to-
excellent range. The combination of high-resolution ECG-based RR in-
terval dynamics and P-wave analysis might offer valuable additional in-
formation for enhanced risk stratification of POAF, paving amore robust
way to targeted prophylactic therapies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2019.04.070.

Conflict of interest

The authors report no conflicts of interest.

Funding

This work was supported by the Ministry of Education, Science and
Technology of the Republic of Slovenia (Grant No. J3-3072 and P0-
503-0106).

References

[1] D.A. Rubin, K.E. Nieminski, G.E. Reed,M.V. Herman, Predictors, prevention, and long-
term prognosis of atrial fibrillation after coronary artery bypass graft operations, J.
Thorac. Cardiovasc. Surg. 94 (1987) 331–335.

[2] M.F. El-Chami, P.D. Kilgo, K.M. Elfstrom, M. Halkos, V. Thourani, O.M. Lattouf, D.B.
Delurgio, R.A. Guyton, R.A. Leon, J. Puskas, Prediction of new onset atrial fibrillation
after cardiac revascularization, Am. J. Cardiol. 110 (2012) 649–654.

[3] G. Mariscalco, F. Biancari, M. Zanobini, M. Cottini, G. Piffaretti, M. Saccocci, M.
Banach, C. Beghi, G.D. Angelini, Bedside tool for predicting the risk of postoperative
atrial fibrillation after cardiac surgery: the POAF score, J. Am. Heart Assoc. 3 (2014),
e000752.

[4] R.B. Schuessler, Y. Ishii, Y. Khagi, K. Diabagate, Boineau JP, Damiano RJ Jr. The effects
of inflammation on heart rate and rhythm in a canine model of cardiac surgery,
Heart Rhythm 9 (2012) 432–439.
[5] G. Frendl, A.C. Sodickson, M.K. Chung, A.L. Waldo, B.J. Gersh, J.E. Tisdale, H. Calkins, S.
Aranki, T. Kaneko, S. Cassivi, S.C. Smith Jr., D. Darbar, et al., American Association of
Thoracic Surgery: 2014 AATS guidelines for the prevention and management of
perioperative atrial fibrillation and flutter for thoracic surgical procedures, J. Thorac.
Cardiovasc. Surg. 148 (2014) 153–193.

[6] A.M. Gillinov, E. Bagiella, A.J. Moskowitz, J.M. Raiten, M.A. Groh, M.E. Bowdish, G.
Ailawadi, K.A. Kirkwood, L.P. Perrault, M.K. Parides, R.L. Smith 2nd, J.A. Kern, et al.,
Rate control versus rhythm control for atrial fibrillation after cardiac surgery, N.
Engl. J. Med. 374 (2016) 1911–1921.

[7] L.B. Mitchell, D.V. Exner, D.G. Wyse, C.J. Connolly, G.D. Prystai, A.J. Bayes, W.T. Kidd,
T. Kieser, J.J. Burgess, A. Ferland, C.L. MacAdams, A. Maitland, Prophylactic oral ami-
odarone for the prevention of arrhythmias that begin early after revascularization,
valve replacement, or repair: PAPABEAR: a randomized controlled trial, JAMA 294
(2005) 3093–3100.

[8] R.M. Melduni, H.V. Schaff, K.R. Bailey, S.S. Cha, N.M. Ammash, J.B. Seward, B.J. Gersh,
Implications of new-onset atrial fibrillation after cardiac surgery on long-term prog-
nosis: a community-based study, Am. Heart J. 170 (2015) 659–668.

[9] G. Conte, A. Luca, S. Yazdani, M.L. Caputo, F. Regoli, T. Moccetti, L. Kappenberger, J.M.
Vesin, A. Auricchio, Usefulness of P-wave duration andmorphologic variability to iden-
tify patients prone to paroxysmal atrial fibrillation, Am. J. Cardiol. 119 (2017) 275–279.

[10] J.K. Wong, R.L. Lobato, A. Pinesett, B.G. Maxwell, C.T. Mora-Mangano, M.V. Perez, P-
wave characteristics on routine preoperative electrocardiogram improve prediction
of new-onset postoperative atrial fibrillation in cardiac surgery, J. Cardiothorac.
Vasc. Anesth. 28 (2014) 1497–1504.

[11] S. Nortamo, O. Ukkola, A. Kiviniemi, M. Tulppo, H. Huikuri, J.S. Perkiömäki, Impaired
cardiac autonomic regulation and long-term risk of atrial fibrillation in patients with
coronary artery disease, Heart Rhythm. 15 (2018) 334–340.

[12] A. Uradu, J. Wan, A. Doytchinova, K.C. Wright, A.Y. Lin, L.S. Chen, C. Shen, S.F. Lin, P.S.
Chen, Skin sympathetic nerve activity precedes the onset and termination of parox-
ysmal atrial tachycardia and fibrillation, Heart Rhythm. 14 (2017) 964–971.

[13] J.A. Zaman, L. Harling, H. Ashrafian, A. Darzi, N. Gooderham, T. Athanasiou, N.S.
Peters, Post-operative atrial fibrillation is associated with a pre-existing structural
and electrical substrate in human right atrial myocardium, Int. J. Cardiol. 220
(2016) 580–588.

[14] V. Bari, M. Ranucci, B. De Maria, B. Cairo, V. Pistuddi, A. Porta, Model-based direc-
tional analysis of cardiovascular variability identifies patients developing atrial fi-
brillation after coronary artery bypass grafting, Int. J. Cardiol. 258 (2018) 97–102.

[15] M.J. Shen, A.C. Coffey, S. Straka, D.E. Adams, D.B. Wagner, R.J. Kovacs, M. Clark, C.
Shen, L.S. Chen, T.H. Everett 4th, S.F. Lin, P.S. Chen, Simultaneous recordings of in-
trinsic cardiac nerve activity and skin sympathetic nerve activity from human pa-
tients during the postoperative period, Heart Rhythm. 14 (2017) 1587–1593.

[16] C.W. Jr. Hogue, P.P. Domitrovich, P.K. Stein, G.D. Despotis, L. Re, R.B. Schuessler, R.E.
Kleiger, J.N. Rottman, RR interval dynamics before atrial fibrillation in patients after
coronary artery bypass graft surgery, Circulation 98 (1998) 429–434.

[17] D. Amar, H. Zhang, S. Miodownik, Competing autonomic mechanisms precede the
onset of postoperative atrial fibrillation, J. Am. Coll. Cardiol. (7) (2003) 1262–1268.

[18] J.M. Kališnik, E. Hrovat, A. Hrastovec, V. Avbelj, J. Žibert, B. Geršak, Severe cardiac au-
tonomic derangement and altered ventricular repolarization pave the way to post-
operative atrial fibrillation, Innovations 10 (2015) 398–405.

[19] S. Luo, K. Michler, P. Johnston, P.W. Macfarlane, A comparison of commonly used QT
correction formulae: the effect of heart rate on the QTc of normal ECGs, J.
Electrocardiol. 37 (2004) 81–90.

[20] Task Force of the European Society of Cardiology the North American Society of Pac-
ing Electrophysiology, Heart rate variability: standards of measurement, physiolog-
ical interpretation and clinical use, Circulation 93 (1996) 1043–1065.

[21] T.H. Mäkikallio, H.V. Huikuri, A. Mäkikallio, L.B. Sourander, R.D. Mitrani, A.
Castellanos, R.J. Myerburg, Prediction of sudden cardiac death by fractal analysis of
heart rate variability in elderly subjects, J. Am. Coll. Cardiol. 37 (2001) 1395–1402.

[22] R. Sassi, S. Cerutti, F. Lombardi, M. Malik, H.V. Huikuri, C.K. Peng, G. Schmidt, Y. Yama-
moto, Advances in heart rate variability signal analysis: joint position statement by
the e-Cardiology ESC Working Group and the European Heart Rhythm Association
co-endorsed by the Asia Pacific Heart Rhythm Society, Europace 17 (2015) 1341–1353.

[23] S. Cheng, M.J. Keyes, M.G. Larson, E.L. McCabe, C. Newton-Cheh, D. Levy, E.J.
Benjamin, R.S. Vasan, T.J. Wang, Long-term outcomes in individuals with prolonged
PR interval or first-degree atrioventricular block, JAMA 301 (2009) 2571–2577.

[24] J.B. Nielsen, A. Pietersen, C. Graff, B. Lind, J.J. Struijk, M.S. Olesen, S. Haunso, T.A.
Gerds, P.T. Ellinor, L. Koober, J.H. Svendsen, A.G. Holst, Risk of atrial fibrillation as
a function of the electrocardiographic PR interval: results from the Copenhagen
ECG Study, Heart Rhythm. 10 (2013) 1249–1256.

[25] A. Alonso, B.P. Krijthe, T. Aspelund, K.A. Stepas, M.J. Pencina, C.B. Moser, M.F. Sinner, N.
Sotoodehnia, J.D. Fontes, A.C. Janssens, R.A. Kronmal, J.W. Magnani, et al., Simple risk
model predicts incidence of atrial fibrillation in a racially and geographically diverse
population: the CHARGE-AF consortium, J. Am. Heart Assoc. 2 (2013), e000102.

[26] F. Xiong, Y. Yin, B. Dube, P. Page, A. Vinet, Electrophysiological changes preceding
the onset of atrial fibrillation after coronary bypass grafting surgery, PLoS One 9
(2014), e107919.

[27] H. Holm, D.F. Gudbjartsson, D.O. Arnar, G. Thorleifsson, G. Thorgeirsson, H.
Stefansdottir, S.A. Gudjonsson, A. Jonasdottir, E.B. Mathiesen, I. Njoolstad, A.
Nyrnes, T. Wilsgaard, et al., Several common variants modulate heart rate, PR inter-
val and QRS duration, Nat. Genet. 42 (2010) 117–122.

[28] A. Pfeufer, C. van Noord, K.D. Marciante, D.E. Arking, M.G. Larson, A.V. Smith, K.V.
Tarasov, M. Müller, N. Sotoodehnia, M.F. Sinner, G.C. Verwoert, M. Li, et al.,
Genome-wide association study of PR interval, Nat. Genet. 42 (2010) 153–159.

[29] J.M. Kalisnik, V. Avbelj, R. Trobec, D. Ivaskovic, G. Vidmar, G. Troise, B. Gersak, Effects
of beating- versus arrested-heart revascularization on cardiac autonomic regulation
and arrhythmias, Heart Surg. Forum 10 (2007) E279–E287.

https://doi.org/10.1016/j.ijcard.2019.04.070
https://doi.org/10.1016/j.ijcard.2019.04.070
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0005
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0005
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0005
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0010
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0010
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0010
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0015
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0015
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0015
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0015
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0170
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0170
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0170
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0020
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0020
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0020
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0020
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0020
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0025
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0025
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0025
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0025
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0030
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0030
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0030
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0030
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0030
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0035
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0035
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0035
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0040
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0040
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0040
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0045
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0045
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0045
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0045
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0050
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0050
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0050
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0055
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0055
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0055
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0060
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0060
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0060
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0060
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0065
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0065
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0065
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0070
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0070
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0070
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0070
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0175
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0175
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0175
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0075
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0075
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0080
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0080
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0080
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0085
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0085
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0085
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0090
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0090
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0090
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0095
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0095
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0095
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0100
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0100
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0100
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0100
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0105
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0105
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0105
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0110
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0110
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0110
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0110
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0115
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0115
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0115
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0115
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0120
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0120
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0120
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0125
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0125
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0125
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0125
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0130
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0130
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0130
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0135
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0135
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0135


29J.M. Kališnik et al. / International Journal of Cardiology 289 (2019) 24–29
[30] J.M. Kalman, M. Munawar, L.G. Howes, W.J. Louis, B.F. Buxton, G. Gutteridge, A.M.
Tonkin, Atrial fibrillation after coronary artery bypass grafting is associated with
sympathetic activation, Ann. Thorac. Surg. 60 (1995) 1709–1715.

[31] T. Kinoshita, T. Asai, T. Ishigaki, T. Suzuki, A. Kambara, K. Matsubayashi, Preoperative
heart rate variability predicts atrial fibrillation after coronary bypass grafting, Ann.
Thorac. Surg. 91 (2011) 1176–1181.

[32] T.H. Tarkiainen, T. Hakala, A. Hedman, E. Vanninen, Preoperative alterations in cor-
relation properties and complexity of R-R interval dynamics predict the risk of atrial
fibrillation after coronary artery bypass grafting in patients with preserved left ven-
tricular function, J. Cardiovasc. Electrophysiol. 19 (2008) 907–912.
[33] J. Ksela, P. Suwalski, J.M. Kalisnik, V. Avbelj, G. Suwalski, B. Gersak, Assessment of
nonlinear heart rate dynamics after beating-heart revascularization, Heart Surg.
Forum 12 (2009) E10–E16.

[34] J.J. DiNicolantonio, C.J. Beavers, A.R. Menezes, C.J. Lavie, J.H. O'Keefe, P. Meier, A.
Vorobcsuk, D. Aradi, A. Komócsi, S. Chatterjee, F. D'Ascenzo, M. Gasparini, et al.,
Meta-analysis comparing carvedilol versusmetoprolol for the prevention of postop-
erative atrial fibrillation following coronary artery bypass grafting, Am. J. Cardiol.
113 (2014) 565–569.

[35] M. Depolli, J.M. Kalisnik, T. Korosec, A. Poplas-Susic, U. Staniè, A. Semeja, PCARD
platform for mHealth monitoring, Informatica 40 (2016) 117–123.

http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0140
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0140
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0140
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0145
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0145
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0145
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0150
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0150
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0150
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0150
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0155
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0155
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0155
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0160
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0160
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0160
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0160
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0160
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0165
http://refhub.elsevier.com/S0167-5273(18)36941-9/rf0165

	Cardiac autonomic regulation and PR interval determination for enhanced atrial fibrillation risk prediction after cardiac s...
	1. Introduction
	2. Methods
	2.1. Study population
	2.2. Postoperative care and postoperative atrial fibrillation monitoring
	2.3. Electrocardiography
	2.4. Statistical analysis

	3. Results
	3.1. Patient characteristics
	3.2. ECG intervals and RR interval dynamics
	3.3. Type of operation with respect to the underlying structural heart disease
	3.4. Atrial fibrillation prediction modeling

	4. Discussion
	4.1. PR interval and postoperative atrial fibrillation
	4.2. Linear heart rate variability and postoperative atrial fibrillation
	4.3. Non-linear heart rate variability and postoperative atrial fibrillation
	4.4. Prediction of postoperative atrial fibrillation
	4.5. Study limitations

	5. Conclusion
	Conflict of interest
	Funding
	References


