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Background: Nonsurgical patients with sinus node dysfunc-
tion are at high risk for atrial tachyarrhythmias, but whether a
similar relation exists for atrial fibrillation after coronary ar-
tery bypass graft surgery is not clear. The purpose of this study
was to evaluate sinus nodal function before and after coronary
artery bypass graft surgery and to evaluate its relation with the
risk for postoperative atrial arrhythmias.

Methods: Sixty patients without complications having elec-
tive coronary artery bypass graft surgery underwent sinus
nodal function testing by measurement of sinoatrial conduction
time (SACT) and corrected sinus nodal recovery time (CSNRT).
Patients were categorized based on whether postoperative atrial
fibrillation developed.

Results: Twenty patients developed atrial fibrillation between
postoperative days 1 through 3. For patients remaining in sinus
rhythm (n 5 40), sinoatrial conduction times were no different
and corrected sinus nodal recovery times were shorter after
surgery when compared with measurements obtained after an-
esthesia induction. Sinus node function test results before sur-
gery were similar between the sinus rhythm and the atrial
fibrillation groups. After surgery, patients who later developed
atrial fibrillation had longer sinoatrial conduction times com-
pared with the sinus rhythm group (P 5 0.006), but corrected
sinus nodal recover time was not different between these
groups. A sinoatrial conduction time > 96 ms measured at this
time point was associated with a 7.3-fold increased risk of
postoperative atrial fibrillation (sensitivity, 62%; specificity,

81%; positive and negative predictive values, 56% and 85%,
respectively; area under the receiver operator characteristic
curve, 0.72).

Conclusions: These data show that sinus nodal function is not
adversely affected by uncomplicated coronary artery bypass
surgery. Patients who later developed atrial fibrillation, how-
ever, had prolonged sinoatrial conduction immediately after
surgery compared with patients remaining in sinus rhythm.
These results suggest that injury to atrial conduction tissue at
the time of surgery predisposes to postoperative atrial fibrilla-
tion and that assessment of sinoatrial conduction times could
provide a means of identifying patients at high risk for postop-
erative atrial fibrillation. (Key words: Arrhythmias cardiac; sur-
gery.)

DISORDERS of cardiac rate and rhythm are common
after coronary artery bypass graft (CABG) surgery rang-
ing in severity from transient abnormalities (e.g., sinus
bradycardia requiring temporary cardiac pacing) to more
serious tachyarrhythmias that may lead to adverse pa-
tient outcomes. Atrial fibrillation, atrial flutter, or both
are especially frequent complications that occur in as
many as 40% of CABG surgical patients.1–5 Although of
little consequence in some patients, this arrhythmia may
lead to hemodynamic compromise in others, and it is
associated with longer hospitalization, threefold higher
risk of cerebral thromboembolic complications, devel-
opment of serious ventricular arrhythmias, need for per-
manent cardiac pacemaker insertion, and higher hospital
costs.1–3 Despite these important implications, the
pathophysiologic mechanisms of postoperative atrial fi-
brillation are incompletely understood. In particular, it is
unclear why patients undergoing similar surgical pertur-
bations have varying susceptibility to the arrhythmia.

Autonomic nervous system imbalance is widely be-
lieved to contribute to the initiation and maintenance of
postoperative atrial fibrillation.4,5 We and others have
evaluated autonomic responses to CABG surgery using
analysis of heart rate variability which provides a method
for evaluating sympathetic and vagal modulations of
heart rate.6–10 These data have shown that measures of
heart rate variability are reduced nearly 50% after uncom-
plicated CABG surgery compared with patients having
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vascular surgery, and these reductions persist for at least
2 months postoperatively.6–8 We have also shown in this
same population of patients that atrial fibrillation is pre-
ceded by alterations in heart rate dynamics, and these
changes identify patients susceptible to the arrhyth-
mia.11 The mechanisms for these findings are unknown,
but they could be a manifestation of the autonomic
conditions suggested to predispose to atrial fibrillation.
Another explanation might be that sinus nodal function
is impaired after CABG surgery, and this dysfunction
leads to altered neuroregulation of heart rate and predis-
position to atrial fibrillation. This hypothesis takes into
account the pivotal role of the sinus node in determining
atrial rate response to autonomic nervous system stimu-
lation as well as the well-appreciated relation between
sinus nodal dysfunction and risk for atrial fibrillation in
nonsurgical patients.12–16

The effects of CABG surgery on the sinus node and
whether there is a relation between sinus nodal dysfunc-
tion and postoperative atrial fibrillation have not been
clearly established.16 Accordingly, the purpose of this
study was to determine the effects of CABG surgery on
sinus nodal function and to evaluate whether preexisting
or developing sinus nodal dysfunction is related to the
risk for postoperative atrial arrhythmias.

Materials and Methods

All procedures employed in this study were approved
by the Washington University School of Medicine Hu-
man Studies Committee and individual informed consent
was obtained from all participants. Sixty patients sched-
uled to undergo elective, primary CABG surgery at Bar-
nes-Jewish Hospital (St. Louis, MO) were enrolled. Pa-
tients were excluded for digoxin use, preoperative use
of antiarrhythmic therapy (e.g., amiodarone), congestive
heart failure, diabetes mellitus, renal failure requiring
hemodialysis, preoperative atrial fibrillation, presence of
a permanent cardiac pacemaker, or left ventricular ejec-
tion fraction , 45% determined at the time of cardiac
catheterization.

Perioperative Care
All preoperative medications were continued until the

time of surgery, including nitroglycerin, b-adrenergic
receptors, and calcium channel-blocking drugs. Patients
were premedicated with morphine 0.08–0.1 mg/kg in-
tramuscularly and lorazepam 1 to 2 mg orally. Patient
monitoring included a pulmonary artery catheter, direct

radial artery blood pressure measurement, electrocardio-
graphic leads II and V5 with ST segment monitoring, and
transesophageal echocardiography (TEE). Anesthesia
was induced with midazolam 0.1 mg/kg and fentanyl
15–20 mg/kg intravenously, and vecuronium was given
for skeletal muscle relaxation. Continuous intravenous
infusions of fentanyl 0.1–0.5 mg z kg21 z min21, midazo-
lam 0.25–0.5 mg z kg21 z min21 and vecuronium were
given for anesthesia maintenance. Volatile anesthetics
were not administered at any time during surgery to
avoid the potential confounding influences of these
drugs on sinus nodal function test.17 Centrifugal pumps
(Biomedicus, Minneapolis, MN) and membrane oxygen-
ators (Cobe, Denver, CO) were used for cardiopulmo-
nary bypass. High potassium, intermittent, cold blood
cardioplegia was administered after aortic cross-clamp-
ing under mild systemic hypothermia (venous tempera-
ture, 32°C). Perioperatively, potassium and magnesium
were given intravenously to maintain normal serum con-
centrations. Patients were continuously monitored after
surgery until the time of hospital discharge with telem-
etry ECG monitoring. The diagnosis of atrial fibrillation
was based on clinical detection from the ECG telemetry
monitors confirmed with 12-lead ECG. Atrial fibrillation
was defined as a persistent arrhythmia with irregular
fluctuating baseline without well-defined P-waves and
irregular RR intervals that required medical intervention.

Sinus Nodal Function Testing
Following tracheal intubation, a transesophageal atrial

pacing–monitoring electrode (TAPCATH, Arzco Medical
Systems, Tampa, FL) was inserted to 50 cm from the
infraalveolar ridge and connected to the operating room
ECG monitor via an esophageal pacing system (Model 7a
pulse generator, Arzco Medical System). After placement
of a TEE probe, the pacing electrode was withdrawn to
a position that provided the largest atrial depolarization.
The esophageal electrode was used only for monitoring
the ECG to provide precise identification of the P-wave.
After pericardiotomy, temporary atrial pacing leads were
placed on the high right atrium by the surgeon. These
pacing electrodes were used for overdrive atrial pacing
when performing sinus nodal function testing before
and after surgery (discussed below). Care was taken to
place the electrodes in a position that would be used
after surgery. During testing, the ECG was recorded on a
strip recorder interfaced with the operating room mon-
itoring system and running at a speed of 50 cm/s.

Sinoatrial nodal function was evaluated by determina-
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tion of sinoatrial conduction time (SACT) and corrected
sinus node recovery time (CSNRT). SACT was deter-
mined first by atrial pacing at a rate 20% greater than the
patient’s resting heart rate for 8–10 beats. Sinus nodal
recovery time, or the PP interval between the last paced
beat and the first sinus escape beat, was measured, and
SACT was defined as one half the difference between the
average PP interval from the last five sinus beats before
atrial pacing and sinus nodal recovery time.18 Following
a rest period of 1 min, CSNRT was determined by atrial
pacing at 120 beats/min for 20 s. CSNRT was defined as
sinoatrial nodal recovery time minus the PP interval of
the last sinus beat prior to onset of pacing.19,20 The
average of three measurements for SACT and CSNRT
were determined. Postoperatively, SACT and CSNRT
were repeated after chest closure immediately before
transfer to the intensive care unit (' 1.5 h after discon-
tinuing cardiopulmonary bypass).

The patients were monitored in real time for evidence
of myocardial ischemia with seven-lead ECG and TEE.
The TEE probe was positioned to image the left ventri-
cle’s short axis at the midpapillary level and its long axis
in the longitudinal plane. Evaluation for myocardial isch-
emia was performed during and for 5 min after each
testing period. A myocardial ischemic episode was de-
fined as a . 1-mm shift in the ST segment at 60 ms after
the J point or a new segmental wall motion abnormality
detected with TEE.

Statistical Analysis
Patients were categorized based on whether they re-

mained in sinus rhythm perioperatively or whether atrial
fibrillation developed after surgery. Continuous data
were analyzed with analysis of variance using Bonferroni
post hoc test when appropriate and with Wilcoxon rank
sum test when the data were nonparametrically distrib-
uted. Categorical data were analyzed using the Fisher
exact test. Logistic regression analysis was used to eval-
uate the relation between the sinus nodal function test
result and the development of postoperative atrial fibril-
lation. For this analysis, SACT and CSNRT were evaluated
in 10-ms increments above the upper 95% confidence
interval of the measurements made after anesthesia in-
duction before surgery in the sinus rhythm group. Re-
ceiver operator characteristic curves were constructed
to evaluate the predictive accuracy of the logistic mod-
els. All values are expressed as mean 6 SD. A significant
difference was considered to exist for P $ 0.05.

Results

Postoperative atrial fibrillation developed between
postoperative days 1 and 3 in 20 patients. Demographic
data and other perioperative characteristics for the pa-
tients based on whether they remained in sinus rhythm
or developed postoperative atrial fibrillation are listed in
table 1. There were no significant differences between

Table 1. Demographic and Other Patient Characteristics for Patients Remaining in Sinus Rhythm after Surgery and for Those
with Postoperative Atrial Fibrillation

Sinus Rhythm (n 5 40) Postoperative Atrial Fibrillation (n 5 20) P-Value

Age (mean 6 SD) 63 6 10 67 6 9 0.17
Gender (male/female) 26/14 5/15 0.35
Hypertension 22 15 0.34
Current tobacco abuse 15 10 0.38
Preoperative medications

b-receptor blockers 28 (70%) 12 (60%) 0.53
Ca11 channel blockers 13 (33%) 11 (53%) 0.22
ACE inhibitors 8 (21%) 3 (15%) 0.71
Nitroglycerin 27 (67%) 12 (60%) 0.75

Coronary artery stenosis
Right .70% 30 (75%) 14 (70%) 0.75
Right 100% 15 (37%) 9 (45%) 0.65
Circumflex .70% 27 (67%) 12 (60%) 0.85
Circumflex 100% 9 (22%) 4 (20%) 0.85
LAD .70% 31 (77%) 15 (75%) 0.96
LAD 100% 9 (45%) 6 (30%) 0.41

Cardiopulmonary bypass duration (min) 124 6 35 120 6 37 0.69
Aortic clamp duration (min) 73 6 29 67 6 25 0.51
Number of bypass grafts 3.5 6 1.0 3.5 6 1.0 0.90

LAD 5 left anterior descending coronary artery.
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the two groups of patients for any of the variables listed.
There were no episodes of myocardial ischemia after the
sinus nodal function tests; inotropic medications were
not given to any of the patients during or after surgery;
and there were no perioperative deaths. Heart rate and
hemodynamic data obtained immediately before sinus
nodal function testing for each period are listed in table
2. Heart rate during the initial testing period after anes-
thesia induction was lower for patients who later devel-
oped atrial fibrillation compared with the sinus rhythm
group. Compared with the initial measurements, heart
rate was significantly higher after surgery in both groups.

Sinus nodal function testing results are listed in table 3.
For patients remaining in sinus rhythm perioperatively,
CSNRT measured immediately after surgery was signifi-
cantly lower than the values measured after anesthesia
induction but before surgery. There were no differences
in the sinus nodal function test between the testing
periods for patients developing postoperative atrial fi-
brillation. When comparing the test results between the
patient groups, no differences were observed in either
SACT or CSNRT after anesthesia induction but before
surgery. Immediately after surgery, however, SACT was
longer for patients who developed postoperative atrial
arrhythmias compared with patients who did not de-
velop this arrhythmia (P 5 0.006). The CSNRT results
obtained immediately after surgery were not different
between patient groups with or without postoperative
atrial fibrillation (P 5 0.26).

Logistic regression analysis was performed to further
evaluate the relation between sinus nodal function test

results and susceptibility to postoperative atrial fibrilla-
tion. The best predictive cutoff for identifying patients at
risk for postoperative atrial fibrillation was a SACT cutoff
of 96 ms. Immediately after surgery, seven (17%) pa-
tients in the sinus rhythm group and 12 (60%) patients in
the atrial fibrillation group had SACT values above this
level (P 5 0.001). The odds ratio for the development of
postoperative atrial fibrillation for patients with a
SACT . 96 ms at this time point was 7.3 (95% confi-
dence intervals, 2.0–26.0; P 5 0.002). The sensitivity of
this SACT measurement for identifying risk for the ar-
rhythmia was 62%, specificity was 81%, and the positive
and negative predictive values were 56% and 85%, re-
spectively. The area under the receiver operator charac-
teristic curve was 0.72. There was no significant predic-
tive model for identifying atrial fibrillation risk using
similar analysis with the CSNRT results.

Discussion

The results of this study show that sinus nodal function
is not adversely affected by CABG surgery for patients
having an uncomplicated perioperative course. Al-
though patients who developed atrial fibrillation did not
have preexisting abnormalities of sinus nodal function
before surgery, they did demonstrate prolonged SACT,
but not CSNRT, after surgery when compared with the
sinus rhythm group. We found that a SACT of . 96 ms
measured at the conclusion of surgery identified patients
at risk for postoperative atrial fibrillation with high neg-
ative but moderate positive predictive accuracy.

In the present study we evaluated two fundamental

Table 2. Hemodynamic Data for Each Period

Sinus Rhythm
Postoperative Atrial

Fibrillation P Value

Before surgery
Heart rate 67 6 13 59 6 14 0.04
Systolic pressure 116 6 11 114 6 10 0.43
Diastolic pressure 63 6 9 64 6 9 0.93
CVP 9 6 3 9 6 4 0.68
PCWP 11 6 3 12 6 3 0.28

After surgery
Heart rate 80 6 15* 75 6 14* 0.25
Systolic pressure 120 6 11 114 6 6 0.03
Diastolic pressure 68 6 9 60 6 6 0.005
CVP 11 6 4* 13 6 3* 0.20
PCWP 13 6 3* 13 6 2 0.55

Heart rate (beats/min), arterial, central venous (CVP), and pulmonary capillary
wedge pressures (PCWP) (mmHg) at each sinus nodal function testing period
for patients remaining in sinus rhythm after surgery and for those developing
postoperative atrial fibrillation. Data are presented as mean 6 SD.

* P , 0.001 versus baseline measurement within the same group.

Table 3. Sinus Nodal Function Test Results

Sinus Rhythm Postoperative Atrial Fibrillation P Value

Before surgery
SACT 73 6 40 83 6 37 0.38

(61–86) (64–103)
CSNRT 180 6 95 181 6 118 0.97

(150–209) (118–244)
After surgery

SACT 62 6 39 98 6 52 0.006
(49–74) (70–125)

CSNRT 168 6 82* 216 6 140 0.26
(143–194) (141–291)

Results (mean 6 SD ms, 95% confidence intervals) for patients remaining in
sinus rhythm after surgery and for those developing postoperative atrial
fibrillation.

* P , 0.01 versus baseline within the same group.

CSNRT 5 corrected sinus nodal recovery time; SACT 5 sinoatrial conduction
time.
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properties of sinus nodal function, impulse generation
and conduction, by testing CSNRT and SACT, respective-
ly.14,15,18–20 With both tests, the time to the first atrial
escape beat after overdrive pacing is measured and the
calculated results assume that there is constant distance
between the site of atrial electrogenesis and the record-
ing electrode. To minimize variation among measure-
ments obtained at different time points, the site of mon-
itoring of the ECG P-wave was kept constant (i.e., an
esophageal electrode), and care was taken to place the
epicardial atrial pacing electrodes in the same location
before and after surgery. Detailed electrophysiologic in-
vestigations in both animals and humans have demon-
strated that the site of atrial impulse initiation is widely
distributed to atrial sites in addition to the sinus node
(subsidiary pacemakers).21–23 Different sites of the
“pacemaker complex” become dominant depending on
autonomic tone, with superior pacemakers dominating
during tachycardia and inferior atrial sites becoming ac-
tive during bradycardia.21–23 Thus, the atrial pacemaker
location responsible for the first atrial escape beat after
cessation of pacing may have varying distances from the
recording electrode depending on prevailing autonomic
tone. This consideration may explain our finding that
sinus nodal test results were lower after surgery in the
normal sinus rhythm group when adrenergic tone is
higher than during general anesthesia before surgical
stimulation.

In this study, CSNRT after surgery was not different
between the sinus rhythm and atrial fibrillation groups,
suggesting that impulse generation in the sinus nodal
complex was not impaired in the latter group of pa-
tients. Patients developing atrial fibrillation, however,
did have a significantly longer SACT after surgery com-
pared with the sinus rhythm group, indicating an abnor-
mality in conducting impulses out of the sinus node. It is
possible that the latter findings may be related in some
way to broader abnormalities in atrial conduction previ-
ously shown by other investigators in patients at risk for
postoperative atrial fibrillation.24–28 Prolonged conduc-
tion along with dispersion of atrial refractoriness devel-
oping after surgery confer the electrophysiologic sub-
strate to support the multiple reentry pathways of atrial
fibrillation.29–31 Atrial ischemic injury resulting from aor-
tic cross-clamping during cardioplegic arrest has been
suggested to be a factor predisposing to atrial fibrillation
after CABG surgery.32,33 Perhaps our findings of a pro-
longed SACT at the conclusion of surgery represents
evidence of atrial ischemic or other injury to specialized
atrial conduction tissue during surgery and serves as a

marker for the actual pathophysiologic process predis-
posing to atrial fibrillation.

Sinus nodal function testing was performed only at one
time point after surgery, but we did not determine if
sinus nodal dysfunction was present several days after
surgery, when most episodes of atrial fibrillation devel-
op.1–3 Further investigations of whether sinus node dys-
function is present before the onset of atrial fibrillation
could support therapeutic interventions using cardiac
pacing. In this regard, studies of patients with sick sinus
syndrome suggest that atrial pacing lowers the incidence
of atrial fibrillation and thromboembolism.34–36 Pacing
both atria (dual-site pacing) has been shown to have
added benefit in reducing the frequency of atrial fibril-
lation and flutter in similar populations.37,38 It is hypoth-
esized that by simultaneously pacing each atrium, intra-
atrial conduction delay is reduced, thereby overcoming a
component of the electrophysiologic substrate of the
arrhythmia.37–39

Identifying individuals at risk for postoperative atrial
fibrillation would allow for appropriate targeting of ther-
apy to patients likely to benefit the most from treatment
while avoiding exposing lower-risk patients to proar-
rhythmic effects and other side-effects of pharmacologic
treatment. With the exception of age, risk stratification
based on demographic or operative variables has often
resulted in inconsistent findings among studies regarding
which clinical variables are independent predictors of
postoperative atrial fibrillation.1–3 Prolonged atrial con-
duction as assessed by measuring P-wave duration from
the scalar or signal-averaged ECG has been proposed as
a method of prospectively identifying individuals at risk
for atrial arrhythmias.24–28 Signal-averaging methods al-
low for the detection of even low-amplitude electrical
activity to precisely measure P-wave duration. This latter
method has been shown to identify risk for postopera-
tive atrial fibrillation with positive predictive values of
37–65% and negative predictive values of 82–87%.26,27

This predictive accuracy is similar to what we found to
be associated with a prolonged SACT immediately after
surgery (positive predictive value, 56%; negative predic-
tive value, 85%). Insofar as many patients have tempo-
rary atrial pacing electrodes placed after CABG surgery,
our methodology is easier than the more complex methods
involving special ECG acquisition systems and computer
software needed to measure the signal-averaged ECG.

Cardiac surgery results in multiple perturbations of the
autonomic nervous system that may be related to the
development of postoperative atrial fibrillation.4–8,40,41

Functional uncoupling of atrial b-adrenergic receptor
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signal transduction pathways occurs in patients after
CABG and valvular surgery, and perhaps these alter-
ations account for the previously observed impairment
of autonomic heart rate control after surgery.42–44 Simi-
lar b-adrenergic receptor changes measured from pe-
ripheral lymphocytes after noncardiac surgery were
found to be correlated with reduced heart rate variability
postoperatively.45 Nonetheless, altered b-adrenergic re-
ceptor function perioperatively would not explain ab-
normalities in heart rate variability that persist for up to
2 months after CABG surgery.7,8 The results of the cur-
rent study showing that sinus nodal function was unaf-
fected by CABG surgery in patients without atrial ar-
rhythmias suggests that alterations in b-adrenergic
receptors does not lead to functional impairment of
atrial rate responsiveness in most patients undergoing
surgical coronary artery revascularization. Additionally,
these data support the hypothesis that sites proximal to
the sinus node are responsible for the reduction in heart
rate variability observed in even uncomplicated patients
postoperatively.6–8 Cold cardioplegic arrest and aortic
cross-clamping results in reduced sympathetic nerve
conduction experimentally, and similar injury after
CABG surgery may contribute to reduced heart rate
variability postoperatively.41

Limitations
Our data suggest that, compared with patients remain-

ing in sinus rhythm, conduction out of the sinus node,
but not sinus nodal impulse generation, is impaired after
CABG surgery in patients developing atrial fibrillation
postoperatively. We can not totally exclude the possibil-
ity that abnormalities of CSNRT could be found in the
latter patients in studies that include a larger sample size.
The sinus nodal tests used in this study have been shown
to have relatively low sensitivity but high specificity in
identifying sinus nodal dysfunction in symptomatic pa-
tients with sick sinus syndrome.15 Consequently, the
possibility that sinus nodal dysfunction might have gone
undetected in some patients can not be totally excluded.
This study did not include patients with reduced left
ventricular function, diabetes, and other conditions, and
whether our findings apply to other higher-risk patients
can not be ascertained from this data. Additionally, the
small sample size of this study precludes evaluating the
predictive accuracy of sinus nodal function testing in
comparison with other patient variables previously rec-
ognized to identify risk for postoperative atrial fibrilla-
tion, especially patient age.1–3

Our results show that sinus nodal function is not ad-

versely affected by CABG surgery in patients remaining
in sinus rhythm postoperatively. Compared with pa-
tients remaining in sinus rhythm, however, patients de-
veloping postoperative atrial fibrillation had evidence of
sinus nodal dysfunction immediately after surgery. Our
findings are consistent with prior investigations that sug-
gest that injury to atrial conduction tissue at the time of
surgery predisposes to the later development of postop-
erative atrial fibrillation. Assessment of SACT after sur-
gery could potentially provide a means of identifying
patients at high risk for atrial arrhythmias.
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