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Abstract
Objective—To show that the monophasic
action potential (MAP) recorded continu-
ously from human epicardium may be
used to predict the imminent onset of
atrial fibrillation or flutter (AF) following
surgery, thus allowing prophylactic treat-
ment to be started.
Patients—22 patients (14 male, 8 female;
mean (SD) age 64 (12) years) undergoing
aortic valve replacement.
Setting—Tertiary referral centre.
Methods—Over a mean observation pe-
riod of 8 (2.7) days (range 4 to 14), nine
episodes of AF were seen in six patients.
Before AF, specific and significant altera-
tions of the MAP morphology were ob-
served. In seven of nine episodes the MAP
shortened (25 (4)% 60 minutes before AF),
developed a triangular shape, and the pla-
teau amplitude decreased from 5.3 (1.2) to
2 (0.2) mV. In the two remaining episodes
the beat to beat variability of cycle length
and MAP duration at 90% repolarisation
(MAPd90) increased significantly from 24
(7) ms and 12 (8) ms (24 hours before AF)
to 137 (27) ms and 56 (11) ms (30 minutes
before AF) respectively. AF was success-
fully treated by the administration of
sotalol in three cases and by a combina-
tion of verapamil and digoxin in a further
four. Previously observed changes of
MAPd90 and MAP morphology regressed
after conversion to sinus rhythm.
Conclusions—The continuous and inter-
mediate term recording of the MAP from
atrial epicardium appears to be a valid
tool for detecting imminent AF after
cardiac surgery with a high sensitivity
(99%) and specificity (88%). Optimised
antiarrhythmic treatment may thus be
given selectively for prophylaxis.
(Heart 1998;80:467–472)
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Patients suVering from cardiac arrhythmias
consume a significant proportion of medical
resources.1 Of all the supraventricular tachyar-
rhythmias, atrial fibrillation is by far the most
common and the most important. It aVects up
of 17% of individuals above the age of 70 years2

and there is growing interest in the underlying
mechanisms and the investigation of prophy-
lactic treatment. Rhythm disturbances, mainly

atrial fibrillation and flutter, also represent the
major cause of patient morbidity and hospital
cost following routine cardiac operations.1 The
incidence is about 30% after coronary bypass
surgery and up to 48% after aortic valve
replacements.3 The pathophysiology of postop-
erative episodes of atrial fibrillation is still a
matter of discussion, in contrast to ordinary
atrial fibrillation, which has been attributed to
various re-entry mechanisms.4 5 One aim of
ongoing research is thus to elucidate the mech-
anism of postoperative arrhythmias. On the
other hand in the clinical setting emphasis is
placed upon finding a reliable method of iden-
tifying those patients who will go on to develop
arrhythmias, so that specific prophylactic treat-
ment can be started.

To understand the mechanisms and predict
the onset of cardiac arrhythmias, we need a
more detailed assessment of the electrical
activity of the myocytes than can be obtained
from the surface ECG. Signal averaged P wave
analysis has been used to predict the onset of
atrial fibrillation after bypass surgery and has
been shown to be fairly specific (80%) and
sensitive (75%) in identifying the patients at
risk.6 7 Ideally, however, the cell action poten-
tial (CAP) should be followed to monitor
physiological and pathological processes as
well as the eVects of pharmacological interven-
tions at cell level.8 9 Recording the CAP is cur-
rently a time limited, invasive procedure result-
ing in cell damage.10 Therefore, long term use
in the clinical setting requires an indirect
method that does not damage the cells. In this
context the recording and evaluation of the
monophasic action potential (MAP) from
endocardial or epicardial surfaces may be
useful.11 The MAP is the summed signal of the
CAP values of a group of electrically active cells
in the vicinity of the diVerent electrode and
thus closely resembles the CAP in its time
course.10 All kinds of global changes in
depolarisation and repolarisation behaviour—
for example, the development of a proarrhyth-
mic substrate—thus become detectable and
may in theory be monitored.

Up to now, the limitations of MAP recording
techniques using the traditional Ag/AgCl elec-
trodes have been the lack of long term stability
of the signal (less than three hours).9 11 With
the advent of modern electrode coating tech-
niques it has recently become possible to
develop a biocompatible electrode material
with biophysical properties identical to Ag/
AgCl electrodes but with long term
stability.12 13 Fractally coated electrodes with
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low impedance, no frequency dependent
damping, and low polarisability allow reliable
measurement of the MAP over a period of at
least 14 days.12 A comparison of the signal
obtained with an Ag/AgCl electrode and the
fractally coated lead at the same location endo-
cardially has shown a near perfect correlation
(r = 0.99).14 Thus the observation of electro-
dynamic changes on the near-myocyte level in
vivo has become feasible.

The underlying hypothesis of the work
presented here is that the electrical alterations
that culminate in the occurrence of postopera-
tive atrial arrhythmias (development of the
substrate) are reflected by gradual changes in
the cellular action potentials and therefore in
the atrial MAP (aMAP). Specific changes in
the time course of the aMAP recorded from
human epicardium should thus be a valid indi-
cator to predict the onset of atrial fibrillation
and consequently allow patient specific pro-
phylactic treatment to be started.

Methods
After giving written consent in accordance to
the declaration of Helsinki, 22 patients (eight
female, 14 male, mean (SD) age 64 (12) years,
range 29 to 85) undergoing aortic valve
replacements were included in this retrospec-
tive study. At the time of the operation none of
the patients was receiving antiarrhythmic
drugs, nor did they have any relevant accompa-
nying diseases such as diabetes mellitus or
renal failure. Baseline variables are shown in
table 1. The intraoperative presence of electri-
cally non-convertible atrial fibrillation or flutter
at the end of the period of extracorporeal

circulation was a criterion for exclusion.
Patients receiving coronary artery bypass grafts
or mitral valve replacements were also ex-
cluded (see Discussion).

After the aortic valve replacement, bipolar
epicardial MAP electrodes13 15 (Biotronik, Ber-
lin, Germany) were attached to the lateral
aspect of the right atrium and the apex of the
right ventricle using three 6/0 prolene sutures
in each case. The leads were exteriorised tran-
scutaneously like conventional temporary pac-
ing wires. From the time the patients arrived on
the intensive care unit the MAPs were recorded
using an isolation amplifier with adjustable
amplification (range ±5 to ±250 mV), digitised
(500 Hz sampling frequency, 12 bit resolu-
tion), and stored on hard disk. For the duration
of the inpatient stay the signals were recorded
almost continuously. The MAP leads were
removed by traction before the patient was dis-
charged from hospital.

At the onset of atrial fibrillation or flutter (AF)
the patients received one of the institution’s
standard antiarrhythmic drug regimens
(verapamil/digoxin intravenously or sotalol
orally).

Table 1 Baseline parameters of the patients included in the study

Patient
Age at
operation Sex Disease

Date of
operation Prosthesis

Cross clamp
time (mins)

MAP recording
(AF onset) (days)

Patients who did not develop atrial fibrillation or flutter
1 85 F Aortic incompetence 07.10.94 SJM 23 47 6
2 61 M Aortic stenosis 24.11.94 SJM 25 65 7
3 64 F Aortic stenosis/aortic

incompetence
12.12.94 SJM 23 70 6

4 41 M Aortic incompetence/
aortic stenosis

11.01.95 SJM 23 56 7

5 29 M Aortic incompetence/
aortic stenosis

01.03.95 (Ross) 115 4

6 72 F Aortic stenosis 04.04.95 CE 23 93 7
7 85 F Aortic stenosis 19.05.95 CE 21 46 10
8 58 M Aortic stenosis 06.09.95 SJM 27 41 9
9 56 M Aortic incompetence/

aortic stenosis
10.10.95 SJM 27 58 8

10 70 M Aortic incompetence 20.10.95 SJM 23 102 7
11 57 M Aortic incompetence 11.03.96 SJM 27 52 7
12 77 M Aortic incompetence 29.04.96 SJM 27 39 8
13 62 M Aortic stenosis 21.05.96 SJM 23 59 9
14 48 M Aortic incompetence 16.09.96 SJM 25 53 7
15 82 F Aortic stenosis 19.12.96 SJM 23 110 14
16 72 M Aortic incompetence/

aortic stenosis
09.11.94 Med 27 44 7

Mean 63 66 8

Patients who did develop atrial fibrillation or flutter
1 49 F Aortic stenosis/aortic

incompetence
18.05.95 SJM 21 60 8 (1)*

2 58 F Aortic stenosis 10.01.96 SJM 25 41 10 (5, 8)
3 50 F Aortic incompetence 13.03.96 SJM 27 78 9 (2, 3, 5)
4 76 M Aortic incompetence/

aortic stenosis
16.04.96 SJM 25 87 7 (3)

5 73 M Aortic stenosis/aortic
incompetence

30.04.96 CE 23 40 6 (2)

6 75 M Aortic incompetence 30.04.96 SJM 29 48 7 (4)
Mean 65 64 8 (3.5)

*Numbers in parentheses are days after surgery when atrial fibrillation or flutter occurred.
SJM, St Jude Medical; CE, CarpentierØEdwards; Med, Medtronic.

Figure 1 Atrial monophasic action potential (MAP)
parameters analysed using the semiautomatic evaluation
program. MAPd90 = MAP at 90% repolarisation.
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In the verapamil/digoxin group, patients ini-
tially received an intravenous bolus dose of 5 to
15 mg of verapamil and the first of three intra-
venous doses of 0.4 mg digoxin (at eight hour
intervals) to control the heart rate. This was
followed by a continuous infusion of verapamil
for 24 to 48 hours, adjusted according to heart
rate, after which oral administration was begun
at a dose of 80 mg three times daily. Digoxin
was given according to plasma digoxin levels.

Patients in the sotalol group received the
drug orally after an initial intravenous dose if
the heart rate was above 140 beats/min. The
dose was then increased until heart rate fell
suYciently or until the mean blood pressure
became low enough to cause symptoms. Sota-
lol was continued on a thrice daily regimen up
to a dose of 120 to 240 mg/day.

For both groups the antiarrhythmic treat-
ment was continued prophylactically after car-
dioversion for several weeks.

The standard MAP parameters (cycle
length, MAP duration at 20%, 50%, and 90%
repolarisation (MAPd25/50/90), and plateau
amplitude)9 10 were evaluated retrospectively
using semiautomatic MAP evaluation software
(fig 1). The plateau amplitude was taken as the
intercept of the initial upstroke and a tangent
placed on the plateau. From these parameters
the MAP duration normalised for cycle length
(nMAPd90 = MAPd90/cycle length) and the
diVerence between nMAPd90 and nMAPd25

were calculated. Furthermore the beat to beat
variability of cycle length (ÄCL) and MAP
duration (ÄMAPd) were determined. The
simple normalisation procedure which we used
for MAP duration, to allow for a comparison at
diVerent heart rates and between patients, is
based on the well documented finding that in
the range of 50 to 120 beats/min the correlation
between MAPd90 and heart rate is linear.10 16

The occurrence of atrial fibrillation or
flutter was correlated with the nMAPd, the
nMAPd90–25, the plateau amplitude, and the
variability parameters. For each patient the
MAP parameters outlined above were prima-

rily plotted against time. If AF occurred, the
MAP changes were analysed retrogradely with
reference to the time of onset and compared
between patients. Measurements at 24 hours,
three hours, and 30 minutes before AF
(chosen arbitrarily) were averaged over three
minutes and compared with those in patients
who did not develop AF in that overall time
window.

In those patients in whom sinus rhythm was
successfully re-established by pharmacological
treatment, the aMAPs were compared with
those recorded before the onset of AF.

Generally, measurements were only ac-
cepted if there was a constant baseline, indicat-
ing a stable electrode position.

Results
In all 22 patients the MAPs were recorded with
a signal to noise ratio of > 26 dB (fig 2).
Plateau amplitudes started at 5.3 (1.2) mV in
the atrium (n = 21) and 15 (7) mV in the ven-
tricle (n = 5). After an average time of 48 hours
the amplitudes stabilised at 40–60% of the ini-
tial values. This development correlated with
the cessation of fluid loss over the pericardial
drains. In an earlier published control study,
this change in amplitude was shown not to
aVect the time course of the MAPs.

The longest recording period was 14 days in
a patient who remained in hospital for pulmo-
nary complications. At that time the atrial sig-
nal measured 2.3 mV. All other patients left the
hospital between five and 10 days postopera-
tively.

During the cumulative recording period of
170 days (mean 8.0 (2.7) days, range 4 to 14)
no episodes of sustained ventricular arrhyth-
mias but nine episodes of AF were observed. In
seven cases these occurred within the first 72
hours after surgery.

Several hours before the occurrence of atrial
fibrillation or atrial flutter the morphology of
the aMAP was found to have changed
significantly compared with the initial record-
ings. In seven of nine cases the aMAP
developed a typically triangular shape (fig 2).

A heart rate independent shortening of
MAPd90 and MAPd50 was observed (nMAPd90:
−25 (4)%; nMAPd50: −22%) 60–180 min before
AF. The diVerence nMAPd90−nMAPd25, which

Figure 2 Atrial monophasic action potential before the onset of atrial fibrillation (AF).

Figure 3 Changes in cycle length and monophasic action
potential (MAP) duration variability and their linear
correlation with the time interval before the onset of atrial
fibrillation or flutter (AF). Error bars = SD. ÄCL, cycle
length variability, ÄMAPd90, variability of monophasic
action potential duration at 90% repolarisation.
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reflects the triangularity of the aMAP, increased
by 63 (9)%. The plateau amplitude of the atrial
MAP decreased from 5.3 (1.2) to 2 (0.2) mV
(fig 2).

In the other two cases the beat to beat
changes in cycle length (ÄCL) and beat to beat
aMAP duration (ÄMAPd) increased signifi-
cantly (linear correlation coeYcient; fig 3) with
concurrent appearance of a bigeminal picture
in one case (fig 4).

Table 2 summarises the changes described in
comparison with those patients who did not
develop AF. Statistical significance (Wilcoxon
rank-sum (Mann–Whitney) test for two inde-
pendent samples) was reached in all cases, the

null hypothesis being rejected with the p values
shown in table 2.

The majority of patients (73%) did not
experience sustained atrial or ventricular ar-
rhythmias during the observation period. Beat
to beat changes of the cycle length and the
MAPd90 did not exceed ÄCL = 30 ms and
ÄMAPd = 20 ms as compared with those cases
where AF developed (table 2). Alterations of
the morphology to a triangular shape were
observed in two of these patients without the
progression to sustained AF.

AF was successfully treated with sotalol in
three cases and with combination of verapamil
and digoxin in four. Two of the patients were
still in AF at the end of the observation period.

After the conversion to sinus rhythm a trian-
gular shaped aMAP was seen in all cases, with
a duration of 305 (40) ms (fig 5, upper trace).
The aMAP plateau phase returned 4–12 hours
thereafter (fig 5, lower trace). The previously
observed reduction of nMAPd90 was seen to
regress (30 minutes after AF: −20 (12)%; 60
minutes after AF: −19 (5)%; three hours after
AF: −11 (3)%). The rate corrected aMAP
duration of those patients where AF was
treated successfully with sotalol showed a heart
rate independent prolongation beyond pre-
arrhythmic values (nMAPd90: 11%).

Discussion
Using new fractally coated temporary pacing
leads, prolonged recordings of the epicardial
MAP are possible for up to 14 days with an
acceptable signal to noise ratio, as reported
elsewhere.13 14 The morphology and standard
MAP parameters correlate very well with those
obtained with Ag/AgCl electrodes (the gold
standard) in the acute setting.14 A decrease in
signal amplitude was observed in all cases dur-
ing the first 48 hours. This is assumed to be
caused by alterations in the composition of the
pericardial fluid around the diVerent electrode,
as well as to changes in pressure on the
electrode. The latter depend on the amount of
pericardial fluid and the ventilator settings
during the period of artificial ventilation and
are well known to change MAP signal size.10

Samples of the fluid collected from the pericar-
dial drains deviate from extracellular fluid in
terms of ionic concentrations by up to one
order of magnitude and may thus be responsi-
ble for changes in the size of transmembrane
currents and therefore the MAP at the epicar-
dial surface. One result of the initial fall in sig-
nal size with time is that the marked decline in
plateau amplitude observed before the onset of
atrial fibrillation becomes a less specific
predictor of atrial fibrillation and we have thus
omitted it from the analysis in this first
approach. In patients who did not develop
atrial fibrillation the morphology of the MAP
recorded with the fractally coated leads re-
mained stable despite the decrease in
amplitude.13 15 Thus an evaluation of the time
course of the signals remains perfectly valid. In
conclusion we feel that there is suYcient
evidence to justify our approach of using frac-
tally coated leads to monitor the MAP

Figure 4 Atrial monophasic action potential morphology before atrial fibrillation.

Table 2 Average changes of normalised monophasic action
potential duration (nMAP), triangularity (MAPd90–25),
variability of cycle length (ÄCL), and variability of MAP
duration (ÄMAPd90) before onset of atrial fibrillation (AF)
compared with changes in patients without AF

Time before AF No AF AF

nMAPd90

−24 hours 421 (26) ms 398 (36) ms
−3 hours 354 (45) ms
−30 minutes p < 0.01 296 (31) ms

ÄMAPd90

−24 hours 13 (6) ms 12 (8) ms
−3 hours 23 (13) ms
−30 minutes p < 0.05 56 (11) ms

MAPd90-25

−24 hours 37 (6) ms 40 (9) ms
−3 hours 59 (10) ms
−30 minutes p < 0.001 99 (16) ms

ÄCL
−24 hours 20 (6) ms 24 (6) ms
−3 hours 122 (10) ms
−30 minutes p < 0.001 137 (17) ms

Values are mean (SD).

Figure 5 Atrial monophasic action potential morphology after the conversion of atrial
fibrillation to sinus rhythm.
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continuously and thereby gain insight into the
pathophysiological mechanisms underlying the
onset of atrial fibrillation after cardiac surgery.

Only patients operated on for aortic valve
pathology were included in this first study.
There were two principal reasons for excluding
patients undergoing bypass surgery. First, it
was felt that the removal of the MAP electrode
might sever a venous graft running anterior to
the right coronary artery. Second, the presence
of ischaemic disease of the myocardium, espe-
cially in the area of supply of the right coronary
artery, introduces additional variability with
respect to the interpretation of the pathophysi-
ological mechanisms. In our current prospec-
tive and randomised approach, patients with
coronary artery bypass grafts are also included.

The results point to two apparently diVerent
mechanisms for developing the proarrhythmic
substrate. In seven of our nine cases of postop-
erative atrial fibrillation the aMAPs shortened,
with concomitant loss of the plateau phase
within hours of the onset of atrial fibrillation.
Among the remaining 16 patients only two
showed similar changes in their atrial MAPs
without presenting with atrial fibrillationor flut-
ter. In these cases the changes in aMAP were
less pronounced but were associated with an
increased incidence of atrial extrasystoles, cou-
plets, and triplets. It thus appears that the mor-
phological changes in the aMAP observed here
are a good indicator that the atrial rhythm is
likely to become unstable and to deteriorate to
atrial fibrillation. By analogy, similar alterations
of the MAP morphology have been described in
experimental settings where hypoxic/ischaemic,
hypokalaemic (intracellular), and acidotic
changes in the extracellular fluid were observed
in connection with the onset of ventricular
arrhythmias.8 9 17 18 From clinical experience
these factors are also well known to encourage
the proarrhythmic substrate for atrial fibrilla-
tion in the postoperative setting.

Shortening of the MAP with an accompany-
ing reduction in the refractory period19 appears
to represent a precursor of the remodelling
process described by Allessie. In terms of the
underlying mechanism, in the postoperative
setting there appears to be a combination of
autonomic imbalance and intracellular ionic
dysregulation (which might be cardioplegia
dependent).

It has been reported that the MAP alternans
observed in the remaining two patients who
progressed to atrial fibrillation is associated
with an increased likelihood of dysrhythmias.20

In the present context this represents another
piece of evidence for the increased instability of
the atrial myocardium before atrial fibrillation
occurs. It appears that the phenomenon is
caused either by a regional disturbance remote
from our recording site or by a global change in
intra-atrial or interatrial conduction that is
largely independent of the cellular action
potential.

All episodes of atrial fibrillation observed
here were preceded either by morphological
alterations of the aMAP or an increased beat to
beat variability of cycle length and MAP dura-
tion. Thus the rate corrected MAP duration,

the triangularity measure MAPd90–25, and the
variability parameters may all be used to
predict atrial fibrillation after aortic valve
replacements. The preliminary prediction
threshold for each parameter may be chosen as
shown in table 3. Using these limits for the
parameters, the sensitivity of the method for
predicting atrial arrhythmias would be 99%
with a specificity of 88%.

After pharmacological cardioversion, restitu-
tion of the typical shape of the aMAP was
observed in all the four patients in whom it had
been triangular. As the drug regimens, indi-
vidual doses, and the duration of atrial fibrilla-
tion were very diVerent in these cases, refer-
ence is made only to experimental work where
similar observations have been reported in
patients converted from atrial fibrillation to
sinus rhythm under MAP monitoring.16 19 The
possibility of using the MAP for drug treatment
monitoring in this context is well recognised10

and presents part of our ongoing study.
Other methods of monitoring the emergence

of a substrate for atrial fibrillation or flutter
after cardiac surgery have focused on the signal
averaged P wave duration.6 7 The results
obtained in these studies also highlight the
value of observing changes in atrial electro-
physiology for predicting the onset of atrial
fibrillation. Whereas we report a shortening of
the repolarisation phase of the atrial myocyte
action potential, signal averaged P wave
duration has been shown to increase before the
onset of atrial fibrillation. We feel that these
results are not necessarily contradictory. Even
if the action potential and the refractory period
of the myocytes is reduced, conduction
throughout the atria may well be prolonged. In
fact it could be argued that the combination of
the two eVects would result in far greater
susceptibility to the development of re-entry cir-
cuits. Our future approach includes an analysis
of the intra-atrial conduction velocity in order to
address this question.

LIMITATIONS

We recognise several limitations of this clinical
and primarily phenomenological approach to
postoperative atrial fibrillation. The data were
evaluated retrospectively. To be of use in the
clinical setting for prophylaxis and for monitor-
ing the therapeutic result an on-line semiauto-
matic evaluation system is required. This forms
the basis of a prospective study presently
underway with the prediction thresholds out-
lined above.

A further point of criticism is the small
number of observed episodes of atrial fibrilla-
tion, which imposes a limit on the statistical

Table 3 Parameters and the corresponding limits for the
prediction of atrial fibrillation after aortic valve
replacement

Parameter Prediction threshold

nMAPd90 Reduction by 20%
MAPd90–25 (ms) Increase by 20%
ÄCL Increase over 75 ms
ÄMAPd90 Increase over 20 ms

CL, cycle length; MAPd90, monophasic action potential
duration at 90% repolarisation; MAPd90–25, triangularity of
monophasic action potential; n, normalised.
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significance of the changes observed. Lastly we
recognise the focal nature of the data acquisi-
tion from the myocardium, so that a multifocal
approach is presently being used.

CONCLUSIONS

We conclude that intermediate term monitor-
ing of the atrial MAP represents a useful tool
for the management of patients after cardiac
surgery, which should aid in the reduction of
morbidity and hospital costs. The results also
suggest that there is a place for this technology
in on-line evaluation of pharmacological treat-
ment on a long term basis.
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