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ABSTRACT

Background: Advanced nonlinear methods of measur-
ing heart rate variability (HRV) derived from the mathemat-
ics of complex dynamics and fractal geometry have provided
new insights into the abnormalities of heart rate behavior
in various pathologic conditions. These methods have pro-
vided additional prognostic information compared with tra-
ditional HRV measures and clearly have complemented the
conventional linear methods. Knowledge about the behavior
of complex cardiac dynamics indices after different cardiac
procedures is very limited, however. We aimed to clarify how
nonlinear heart rate dynamics are affected by beating-heart
revascularization (off-pump coronary artery bypass graft
[CABG] surgery) within the first week after the procedure.

Methods: Included in the study were 66 patients who
had isolated stable multivessel coronary artery disease and
were in normal sinus rhythm. The patients were on chronic
B-blocker therapy and were scheduled for off-pump CABG.
We performed 15-minute high-resolution electrocardio-
graphic recordings preoperatively and on the third and sev-
enth postoperative days to assess linear and nonlinear heart
rate dynamics. Frequency-domain measurements, detrended
fluctuation analysis (DFA) with short-term (<11 beats, ol)
and long-term (>11 beats, o2) correlation properties of RR-
intervals, and fractal dimension (FD) measurements (aver-
age, high, and low) were made. Arrhythmia was monitored
preoperatively with 24-hour Holter recordings, postopera-
tively by continuous monitoring for the first 4 days after the
procedure, and subsequently by clinical monitoring; 24-hour
Holter recordings were obtained again on the seventh post-
operative day. We used the paired-samples Student ¢ test, the
Mann-Whitney U test, and the Fisher exact test for statistical
analyses. Differences in arrhythmia occurrence before and af-
ter the procedure were tested with the Wilcoxon signed rank
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test and the McNemar test. A P level <.05 was considered
statistically significant.

Results: Values for all frequency-domain parameters de-
creased significantly after off-pump CABG (P < .001). Values
for the ol and high FD parameters decreased significantly
after the procedure (P =.028 and .001, respectively), whereas
0.2 increased significantly (P =.023). DFA ol was significantly
lower in patients with postoperative atrial fibrillation than in
patients remaining in sinus rhythm (mean = SD, 0.79 = 0.32
versus 1.13 = 0.45 [P = .003] on the third postoperative day;
0.89 + 0.31 versus 1.22 = 0.34 [P < .001] on the seventh post-
operative day), whereas low and average FDs were signifi-
cantly higher (1.84 + 0.16 versus 1.68 = 0.19 [P = .003] on the
third postoperative day and 1.77 = 0.18 versus 1.66 = 0.17 [P
=.01] on the seventh postoperative day for the low FD; 1.83
+0.09 versus 1.76 + 0.10 [P = .011] on the third postoperative
day and 1.80 = 0.11 versus 1.73 + 0.10 [P = .014] on the sev-
enth postoperative day for the average FD). The low FD was
significantly higher on the third postoperative day in patients
with postoperative deterioration of ventricular ectopy than in
patients with improved ventricular ectopy (1.74 £ 0.17 versus
1.48 + 0.08, [P = .03]).

Conclusion: The decreases in al, average FD, and high
FD indicate that a profound decay of cardiac complexity and
fractal correlation can be observed after off-pump CABG.
Furthermore, a more extensive impairment of nonlinear indi-
ces was observed in patients who developed postoperative ar-
rhythmias than in those who remained in stable sinus rhythm.
Our findings suggest that the postoperative hyperadrenergic
setting acts as a preliminary condition in which both reduced
and enhanced vagal activity may predispose patients to arrhyth-
mia, indicating that postoperative rhythm disturbances are an
end point associated with divergent autonomic substrates.

INTRODUCTION

Heart rhythms exhibit extraordinary complexity, char-
acterized by self-similar dynamics with correlations over
multiple time scales that defy analysis by conventional math-
ematical and biostatistical methodologies [Saeed 2005]. Con-
sequently, traditional time- and frequency-domain methods
of linear heart rate variability (HRV) analysis that measure



Table 1. Patients’ Clinical Data*

Age, y 63.5+9.8
Men/women, n 43,23
Coronary artery disease, n

2-Vessel 20 (30%)

3-Vessel 46 (70%)
Previous myocardial infarction, n 33 (55%)
Hypertension, n 60 (91%)
Diabetes mellitus, n 19 (29%)
Dyslipidemia, n 66 (100%)
LVEF, % 55.3+9.8
LA, cm 4.0+0.5
EuroSCORE 29+2.6
No. of grafts performed 2.5+0.9

[B-Blocker therapy at admission/discharge, n 66 (100%),/62 (100%)

*Data for numerical variables are reported as the mean + SD. LVEF indi-
cates left ventricular ejection fraction; LA, left atrium diameter.

only the overall magnitude of RR-interval fluctuations around
its mean value lack the ability to detect elusive but impor-
tant changes in HRV [Huikuri 2003; Beckers 2006; Krstacic
2007]. Therefore, nonlinear HRV methods based on fractal
geometry and complex dynamics have lately been used as a
new approach for evaluating subtle fluctuations in heart rate
that are not evident with conventional linear analysis [Signo-
rini 2004; Saeed 2005]. Compared with linear indices, nonlin-
ear parameters have been shown to be superior for predicting
benign and malignant arrhythmias, sudden cardiac death, and
mortality after myocardial infarction [Mikikallio 1997, 2001;
Tapanainen 2002; Jokinen 2003; Shin 2006].

The profile of changes in nonlinear parameters that oc-
cur after different cardiac procedures, such as coronary artery
bypass graft (CABG) surgery, is incomplete [Wu 2005; Bau-
ernschmitt 2007]. In our previous studies with linear HRV
parameters, we were able to show that autonomic regulation
is profoundly deranged after CABG surgery, with or with-
out the use of cardiopulmonary bypass [Kalisnik 2006, 2007].
Our aim in the present study was to clarify the complexity of
RR-interval dynamics after off-pump CABG and to associate
newer nonlinear HRV parameters of cardiac sympathetic and
parasympathetic alteration with clinical outcomes following
the procedure.

MATERIALS AND METHODS

The protocol of the study was approved by the National
Medical Ethics Committee of Slovenia and by the Ethics
Committee of the Medical University of Warsaw, Warsaw,
Poland. Written informed consent was obtained from each
patient prior to measurements.

Patients

The study included 66 consecutive patients (43 men) who
had stable multivessel coronary disease, sinus rhythm prior
to operation, and chronic therapy with B-blockers, and who
underwent off-pump CABG at the Medical Academy in War-
saw, Poland. Exclusion criteria were coexisting valvular dis-
ease, any rhythm other than sinus rhythm (as confirmed by
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24-hour Holter electrocardiographic [ECG] recordings), a
permanent pacemaker, diabetes mellitus with late neurologic
impairment, and a new myocardial infarction within 1 month
before the procedure.

Operation and Postoperative Monitoring

All preoperative medication, including B-blockers, was
routinely omitted on the day of surgery. A standardized an-
esthetic technique with fentanyl, midazolam, propofol, and
pancuronium was used. All patients underwent isolated elec-
tive off-pump CABG in a standardized manner, as described
elsewhere [Kalisnik 2007]. Intraoperative monitoring in-
cluded invasive measurement of radial artery blood pressure
and central venous pressure, continuous ECG leads II and
V., with ST-segment monitoring, pulse oximetry, capnometry,
and urine output. After the surgical procedure, patients were
transferred to the intensive care unit. Preoperative B-blocker
medication was continued postoperatively and was guided by
hemodynamic criteria during the first 3 days.

"To detect any arrhythmia occurrence, we obtained 24-hour
Holter recordings 1 day before surgery. Postoperatively, heart
rate and rhythm were monitored continuously and displayed
on a screen with an automated arrhythmia detector for the
first 4 days after the operation. Subsequently, clinical obser-
vations were performed. In all cases of clinical suspicion of
arrhythmia occurrence, an ECG was recorded, and continu-
ous monitoring was restarted. On the seventh postoperative
day, 24-hour Holter recordings were obtained again. Atrial
fibrillation (AF), atrial flutter, and supraventricular tachycar-
dia (SVT) were considered as arrhythmic events if they lasted
more than 30 seconds. Ventricular-rhythm disturbances were
classified as simple (Lown I-II) or complex (Lown III-V),
as sustained or nonsustained ventricular tachycardia, and as
ventricular fibrillation. Intraoperative and postoperative data,
including complications and adverse events, were recorded.
The clinical diagnostic criteria for perioperative myocardial
infarction were as described previously [Kalisnik 2007].

ECG Recordings

Studies evaluating nonlinear dynamics have mostly been
done with 24-hour ECG (long-term) measurements; how-
ever, recent reports have indicated that results obtained from

Table 2. Preoperative and Postoperative Arrhythmias*

Arrhythmias Preoperatively, n Postoperatively, n P
AF 0 27 <.001
AFL 0 1 <.001
SVT (<305s) 4 4 1.000
SVT (>30's) 0 1 <.001
Lown Il 30 14 0221
Lown Ill-V 36 48

*AF indicates atrial fibrillation; AFL, atrial flutter; SVT (<30 s),
supraventricular tachycardia lasting less than 30 seconds; SVT (>30s), SVT
lasting more than 30 seconds; Lown I-ll, ventricular ectopic activity Lown | and
II; Lown [lI-V, ventricular ectopic activity Lown Ill to V.

tWilcoxon signed rank test for comparison of pre- and postoperative
ventricular ectopy in all patients.
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10- to 15-minute (short-term) recordings reliably and re-
producibly reflect information provided by long-term data
sets in patients with angina pectoris and previous myocardial
infarction [Perkiomiki 2001; Krstacic 2007]. In our study,
nonlinear parameters were evaluated from 15-minute high-
resolution recordings.

Fifteen-minute ECG recordings were obtained from each
patient on the day before the operation and on the third and
seventh postoperative days by means of a DEKG 1-channel
digital recorder (Intekom, Ljubljana, Slovenia) with a sam-
pling frequency of 1000 Hz. All measurements were taken
after the patient had undergone a 10-minute supine equili-
bration period in a quiet room, each time in the afternoon
and at least 2 hours after the last meal. Patients were asked
not to smoke or to drink any caffeinated beverages 24 hours
prior to measurements.

Analysis of HRV

All ECG recordings were scanned with the HolCard 24W
analyzing system (Aspel, Cracow, Poland). The ECG wave
complex was automatically classified and later manually veri-
fied as normal sinus rhythm, atrial or ventricular premature
beats, or artifacts by comparison with adjacent QRS morpho-
logic features. After eliminating all abnormal beats (including
1 beat succeeding a premature beat), we applied a moving-
average window filter to eliminate outliers. After this step,
only recordings with >95% pure sinus beats were included in
the analysis.

Frequency-domain HRV analysis. We used fast Fou-
rier transform analysis to estimate the power spectrum of
HRV from 5-minute stable RR intervals. The sum of spec-
tral components within the frequency range of 0.01 to 0.40
Hz was defined as total power (TP). The areas of spectral
peaks in the subranges of 0.04 to 0.15 Hz were defined as
low-frequency power (LF), indicating modulated sympa-
thetic activity, and areas of spectral peaks in the subranges
of 0.15 to 0.40 Hz were defined as high-frequency power
(HF), indicating vagal modulation. The ratio of LF and HF

(LE/HEF ratio), indicating sympathovagal balance, was calcu-
lated [ESC/NASPE 1996].

Nonlinear HRV analysis. The same preedited RR-interval
time series used for frequency-domain analyses was also used
for detrended fluctuation analysis (DFA) and for calculating
the fractal dimension (FD).

DFA is a modified root-mean-square analysis of a ran-
dom walk used to quantify fractal-like scaling properties of
the RR-interval data. In our study, the short-term (<11 beats)
scaling exponent al and the long-term (>11 beats) scaling
exponent 02 were calculated separately with freely available
software (http://www.physionet.org) [Peng 1995; Goldberger
2000]. Today, ol is considered the most powerful predictor
of life-threatening arrhythmias, mortality after myocardial
infarction, and sudden cardiac death, whereas the specific
physiological process attributable to 0.2 changes remains un-
recognized. Earlier studies determined ol to be clearly relat-
ed to vagal activity, whereas 0.2 is more related to sympathetic
modulation [Beckers 2006].

FD is the exponent of the number of self-similar windows
with a certain magnification into which an RR data set may
be broken and is regarded as an indicator of cardiac system
complexity. Nowadays, many algorithms are available for
determining the FD of a heart rate signal. In the present
work, we implemented an algorithm proposed by Higuchi.
This algorithm is supposedly superior to others, particu-
larly with shorter data sets [Kikuchi 2005]. Analyses were
performed with software developed by Acharya et al [2005].
Besides the average FD for all windows sizes, low FD for
short window sizes (<9 beats) and high FD for long window
sizes (29 beats) were calculated separately from the ECG re-
cordings. Whereas average FD, which is decreased in various
cardiac abnormalities compared with the healthy population,
shows a clear relation to parasympathetic activity, the physi-
ological explanation for the low FD and high FD components
is much less defined [Acharya 2005]. In previous studies, both
were related to the development of the fetal autonomic ner-
vous system during pregnancy [Kikuchi 2005].

Table 3. Linear and Nonlinear Parameters of Heart Rate Variability before and after Off-Pump Coronary Artery Bypass Grafting*

P

Postoperative Day 7
versus Postoperative

Preoperatively Postoperative Day 3  Postoperative Day 7 Time Effect Postoperative Day 3 Day 3
TP 5774 +362.9 263.2 £ 178.3 298.9 + 194.0 <.001 <.001 436
HF 195.2 £ 165.6 69.7 + 65.8 84.5+82.0 <.001 <.001 .520
LF 164.2 £ 103.7 62.0 £ 46.1 724+ 479 <.001 <.001 .306
LF/HF 0.9+£0.3 1.1+0.7 1.2+0.7 .007 .043 31
ol 1.19 £0.22 1.05 £ 0.44 1.16 £ 0.33 .029 .028 .048
o2 0.93 +£0.12 0.98 £0.15 1.00£0.13 .009 .023 414
Low FD 1.71+£0.10 1.72+0.19 1.67 £0.17 .088 NA NA
High FD 1.92 £ 0.06 1.88 £ 0.09 1.87 £0.09 <.001 .001 434
Average FD 1.81 £ 0.06 1.78 £0.10 1.74 £ 0.10 <.001 .066 .023

*Data for numerical variables are reported as the mean + SD. TP indicates total power; HF, high-frequency power; LF, low-frequency power; LF /HF, ratio of LF

to HF; o1, detrended fluctuation analysis (DFA) short-term scaling exponent; 02, DFA long-term scaling exponent; FD, fractal dimension; NA, not applicable.
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LF/HF Ratio Average FD
P=.014 P=.005 P=.01 P=.014

T T T T
Postoperative Day 3 Postoperative Day 7 Postoperative Day 3 Postoperative Day 7

al Low FD
P=.003 P<.001 P=.003 P=.01

T T T T
Postoperative Day 3 Postoperative Day 7 Postoperative Day 3 Postoperative Day 7

@ No AF Postoperatively O AF Postoperatively

Figure 1. Time course of the ratio of low-frequency power to high-
frequency power (LF/HF), detrended fluctuation analysis o1, average
fractal dimension (FD), and low FD parameters in patients with and
without atrial fibrillation (AF) after off-pump coronary artery bypass
graft surgery. Horizontal lines denote the median, boxes denote first
and third quartiles, and T-bars denote first and ninth deciles.

Statistical Analysis

The paired-samples Student 7 test or the Mann-Whitney
U test was used for statistical analyses of numerical variables,
and the Fisher exact test was used for categorical variables.
Differences in arrhythmia occurrence before and after the
procedure were tested with the Wilcoxon signed rank test for
ordinal values (Lown class), and the McNemar test was used
for dichotomous variables. Analyses were performed with the
SPSS for Windows 14.0.2 software package (SPSS, Chicago,
IL, USA). Statistical significance was set at a P level of <.05.

RESULTS

Of the 66 patients included in the study, 54 patients fulfilled
the clinical and technical criteria for subsequent analyses.

Clinical Course

Table 1 summarizes the clinical characteristics of the pa-
tients. Early postoperative mortality was 4.4%. One patient
died from a massive perioperative myocardial infarction, and
2 patients died for noncardiac reasons. Early postoperative
morbidity without any late consequences (including transi-
tory ischemic attack, postoperative bleeding, or early hemo-
dynamic instability) was 9%. Conversion from off-pump to
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on-pump surgery was unavoidable in 1 patient because of
hemodynamic instability. We excluded the recordings of 12
patients from final analyses: the patients who died, the patient
who underwent conversion to an on-pump procedure, and 8
patients whose preoperative or postoperative recordings con-
tained >5% ectopic beats and measurement artifacts.

Arrhythmias

All patients presented with stable sinus rhythm preopera-
tively (Table 1). Pre- and postoperatively, 4 patients had par-
oxysms of SVT shorter than 30 seconds that were not includ-
ed in the arrhythmia analysis. Within the first week after their
procedures, 27 patients developed at least one episode of AF, 1
patient developed an episode of atrial flutter, and 1 patient had
an episode of SVT; all of the episodes lasted longer than 30
seconds. Patients with postoperative AF were older (P <.001),
had a higher operative risk according to EuroSCORE assess-
ment (P < .001), and a higher incidence of 2-vessel disease (P
=.014). No other clinical parameters correlated significantly
with the occurrence of postoperative AF. Ventricular arrhyth-
mias, as represented by a score based on the Lown classifica-
tion, were more complex and occurred significantly more fre-
quently after the procedure (P = .022, Wilcoxon signed rank
test; Table 2). No significant differences in clinical variables

Low FD

P=.031

2.0+

1.9+

Postoperative Day 3

Improved
[ ventricular ectopy
postoperatively

Impaired
[ ventricular ectopy
postoperatively

Figure 2. Values for the low fractal dimension (FD) parameter on the
third postoperative day in patients with impaired and improved ventric-
ular ectopy after off-pump coronary artery bypass graft surgery. Hori-
zontal lines denote the median, boxes denote first and third quartiles,
and T-bars denote first and ninth deciles.
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Table 4. Postoperative Values for Linear and Nonlinear Heart Rate Variability Parameters in Patients with Postoperative Atrial

Fibrillation (AF)*

Postoperative Day 3

Postoperative Day 7

AF No AF AF No AF
TP 289.6 +240.1 249.7 + 138.6 301.1 £ 211.4 297.5 +185.9
HF 85.0 + 81.9 61.8 £ 55.5 93.5+81.5 79.1+£83.1
LF 61.6 + 60.3 62.2 £377 62.4 + 475 78.3+478
LF/HF 0.8+0.5 1.3 +£0.7¢ 0.9+0.6 1.4+£0.7¢
ol 0.79 £0.32 1.13 £ 0.45¢ 0.89 £0.33 1.22 £0.34¢%
o2 1.01+0.1 0.98 £0.17 0.99 £0.16 1.00+£0.13
Low FD 1.84+0.16 1.68 + 0.19t 1.77 £0.18 1.66 £ 0.171
High FD 1.88 £0.10 1.87 £0.09 1.88 £0.08 1.86 +0.09
Average FD 1.83 = 0.09 1.76 £ 0.101 1.80 £ 0.1 1.73 £ 0.10t

*Data for numerical variables are reported as the mean + SD. AF indicates group of patients with postoperative atrial fibrillation; No AF, group of patients
with postoperative stable sinus rhythm. Other abbreviations are expanded in the footnote to Table 3.

1P < .05 for comparison between groups.

were observed between the groups of patients with postop-
erative improvement (from Lown III-V to Lown I-II) and
those with impairment of ventricular ectopy (from Lown I-IT
to Lown III-V). Only the incidence of postoperative AF and
deterioration from simple to complex ventricular-rhythm dis-
turbances was high enough to enable a valid calculation.

Time Course of HRV after Off-Pump CABG

The linear HRV parameters TP, HF, and LF significantly
declined on the third day after the procedure (P < .001) and
remained unchanged until the seventh postoperative day (P =
.306-.520), whereas the LF/HF ratio increased significantly
on the third postoperative day (P = .043) and remained un-
changed until the seventh day (P = .311; "Table 3).

DFA a1l declined significantly on the third postoperative
day (P = .028) and then showed a marginally significant in-
crease toward preoperative values on the seventh postopera-
tive day (P = .048; Table 3). DFA o2 increased significantly
on the third postoperative day (P = .023) and remained el-
evated through the seventh postoperative day (P = .414). FD
analysis showed a significant decline in the high FD on the
third postoperative day (P = .001), and the high FD remained
impaired in the first postoperative week (P = .434; Table 3).
The average FD showed an insignificant decrease on the
third postoperative day (P = .066) but later decreased sig-
nificantly on the seventh postoperative day (P = .023). The
low FD index showed an insignificant increase early after the
operation and a decrease on the seventh postoperative day (P
for time effect = .088).

Correlation between Linear and Nonlinear HRV
Parameters and Postoperative Arrbythmias

"The group of patients with postoperative AF had significant-
ly lower LE/HF ratios on the third and seventh postoperative
days (P = .014 and .005, respectively), significantly lower ol
values (P =.003, and P < .001), and significantly higher values
of the low FD (P = 0.003 and 0.010) and the average FD (P =

El14

0.011 and 0.014), compared with the group of patients who
remained in stable sinus rhythm (Table 4, Figure 1).

Patients who deteriorated from simple (Lown I-II) to com-
plex (Lown III-V) ventricular arrhythmias had significantly
higher values for the low FD on the third postoperative day
(P =.031) than patients who showed an improvement in their
ventricular arrhythmia (from Lown III-V to Lown I-I; Table
5, Figure 2). No significant intergroup differences were ob-
served for linear and DFA indices (P = .113-.951).

DISCUSSION

The analysis of HRV provides valuable information about
the functional state of the autonomic system in various car-
diac patients, including individuals after beating-heart revas-
cularization. Several authors have observed intensely altered
values in conventional linear parameters after on- and off-
pump CABG [Wu 2005; Bauernschmitt 2007; Kalisnik 2007],
but no study has yet described nonlinear cardiac dynamics
following beating-heart surgery.

We used a linear analysis of HRV indices to compare our
findings with previous studies that reported on HRV changes
following off-pump CABG and to assure the comparability of
our study population to groups of patients from earlier stud-
ies. Since the absolute values of HF and LF proved more ac-
curate for describing sympathovagal activity than normalized
powers in the setting of excessive adrenergic tone, absolute
measures of TP, LE, HF, and the LF/HF ratio were useful
for depicting changes in autonomic modulation following
operation. In the current trial, the frequency-domain analy-
sis showed a significant postoperative decline in the values of
linear parameters in all selected frequency bands, as well as a
reduction in the LF/HF ratio, indicating a strong tendency
toward less variability and a predominance of sympathetic
regulation after off-pump CABG. This finding is in agree-
ment with the findings of our previous study, which revealed
profound autonomic derangement with increased sympathet-
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Table 5. Postoperative Values of Linear and Nonlinear HRV Parameters in Patients with Postoperative Ventricular Ectopy*

Postoperative Day 3

Postoperative Day 7

Improved Ventricular

Impaired Ventricular Ectopy Improved Ventricular Ectopy Impaired Ventricular Ectopy Ectopy
TP 235.4 £ 154.8 2043 £ 6.4 230.2 + 96.9 312.0 £ 2111
HF 65.2 + 66.3 39.7+3.5 57.6 +46.5 973 +60.7
LF 51.1+£35.5 64.7 £20.5 59.5+21.5 77.5 % 63.4
LF/HF 1.0+£0.6 1.7+0.6 1.3+£0.8 0.83 £0.45
ol 1.03 £ 0.40 1.50 £0.10 1.23£0.31 1.05 £ 0.38
o2 1.01 £0.17 1.04+0.20 1.01 £0.12 0.97 £0.13
Low FD 1.74 £0.17 1.48 £ 0.081 1.63 £0.17 177 £0.17
High FD 1.86 £ 0.09 1.84+0.14 1.87 £ 0.09 1.87 £0.07
Average FD 1.78 £0.1 1.65 £ 0.07 1.72 £0.10 1.79 £0.12

*Data for numerical variables are reported as the mean SD. Impaired ventricular ectopy indicates the group of patients deteriorating from simple (Lown
I-1) to complex (Lown IlI-V) ventricular arrhythmias; improved ventricular ectopy, patients improving from complex (Lown IlI-V) to simple (Lown I-Il) ventricular

arrhythmias. Other abbreviations are expanded in the footnote to Table 3.
1P < .05 for comparison between groups.

ic modulation and reduced vagal modulation, even 4 weeks
after the off-pump procedure [Kalisnik 2006, 2007].

Heart rhythm is generated by a complex self-regulating
system and has a fractal organization characterized by frac-
tal dynamics. A breakdown of cardiac fractal geometry into
excessive order or uncorrelated randomness leads to a less
adaptable system that is characteristic of aging and differ-
ent disease states [Saeed 2005]. The postoperative derange-
ment of nonlinear indices shows distinctly that a profound
breakdown of cardiac fractal organization with no or partial
restoration during the first week occurs after beating-heart
revascularization. Because vagal pathways play a dominant
role in the generation of complex cardiac dynamics, the ma-
jority of nonlinear indices, such as ol and the average FD,
are predominantly under the influence of vagal activity [Beck-
ers 2006]. The postoperative decline in the a1, high FD, and
average FD parameters clearly indicates that reduced car-
diac complexity accompanies a decrease in vagal tone after
off-pump CABG. Furthermore, a significant postoperative
increase in 02, a marker of sympathetic modulation, clearly
shows that a substantial increase in sympathetic modulation
can be observed after off-pump CABG.

The pathogenesis of postoperative arrhythmias is multifac-
torial and is far from being fully elucidated [Echahidi 2008].
Several causative mechanisms have been proposed, however,
including the inflammatory response, excessive production of
catecholamines, and a profoundly deranged autonomic sys-
tem after the procedure, with this last mechanism being one
of the most important factors [Hogue 1998; Echahidi 2008].
The usually applied time- and frequency-domain HRV
methods describe only strong periodic phenomena of the RR
data sets and have limited ability to distinguish between pa-
tients who develop postoperative arrhythmias and those who
remain in sinus rhythm [Hogue 1998; Amar 2003]. In this
aspect, our observations are consistent with previous reports;
that is, none of the conventional frequency-domain param-
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eters in our study, except the LF/HF ratio, was significantly
changed in patients who had postoperative AF or deteriora-
tion of ventricular ectopic activity, clearly demonstrating that
conventional HRV analysis lacks the ability to elucidate the
state of the cardiac autonomic system in arrhythmic patients
after their procedures.

Hogue et al [1998] suggested that 2 different autonomic
patterns might underlie AF after CABG, one of heightened
vagal tone and one of adrenergic predominance. A lower LF/
HEF ratio in patients with postoperative AF is consistent with
vagal resurgence, indicating that some of the AF episodes in
our patients might be the consequence of concomitant sym-
pathetic and vagal augmentation; however, a more accurate
insight into the autonomic status of arrhythmic patients is not
possible with the use of linear parameters.

Patients who developed postoperative AF had consistently
lower values for the ol parameter after their procedures than
those who remained in stable sinus rhythm, indicating that
the former individuals had lower vagal activity in the early
postoperative period. This resultis in accord with the findings
of Dimmer et al and Hogue et al, who showed that vagal with-
drawal and increase in sympathetic tone might be the primary
triggers of postoperative AF [Dimmer 1998; Hogue 1998].

More controversial is the interpretation of the average
FD and low FD parameters. The LF and low FD parameters
show similar changes during fetal development of the auto-
nomic nervous system during the first and second trimesters
[Kikuchi 2005; David 2006], suggesting that the low FD mir-
rors the sympathetic activity or that it better describes sympa-
thetic modulation in hyperadrenergic settings. Consistently
higher postoperative values of the low FD in patients with
postoperative AF might therefore indicate that significantly
higher sympathetic modulation exists in the majority of AF pa-
tients, a conclusion that clearly enhances our assumption that
increased sympathetic activity and reduced parasympathetic
activity constitute the most important underlying mecha-
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nism of postoperative AF in our group. Higher postoperative
values of the average FD, a marker of vagal activity, comple-
ment the conventional linear methods in identifying individu-
als with concurrent activation of both autonomic limbs.

Less remarkable differences in the postoperative status of
autonomic regulation were observed in patients who dete-
riorated from simple (Lown I-II) to complex (Lown III-V)
ventricular arrhythmias; however, the higher values for the
low FD suggest that patients with higher sympathetic activity
following their procedures are prone to ventricular ectopy,
which is in agreement with previous studies showing that
ventricular arrhythmias are more dependent on sympathetic
modulation [Hogue 1998].

One of the limitations of the present study is that it ap-
plies only to patients with isolated coronary artery disease,
normal left ventricular function, a mean age of approximately
60 years, and isolated off-pump CABG surgery. In addition,
our sample group was relatively small. Future studies with
larger patient populations that include older individuals with
poor left ventricular function, who are at the highest risk for
postoperative arrhythmia, will have to evaluate the value of
nonlinear HRV parameters.
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