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Objectives. Supraventricular arrhythmias are one of the most common and fatal sequelae of the Fontan
operation. P wave triggered signal averaged electrocardiography was performed in patients undergoing the
Fontan operation to evaluate the presence of atrial degeneration, and to clarify which factors affected the
development of atrial arrhythmias.

Methods. P wave triggered signal averaged electrocardiography was recorded in 14 patients after the
Fontan-type operatiofl conventional atriopulmonary connection in 5 and total cavopulmonary connection
in 9Cand 15 healthy controls. The duration and area of the filtered P wave, and the signal magnitudesl M 20,
M30Cat 20Hz and 30Hz obtained from the frequency domain analysis of the P wavel M20, M300vere
evaluated and compared with the hemodynamic data.

Results. The duration and area of the filtered P wave, M20 and M30 in patients after atriopulmonary
connection were significantly greater than in those after total cavopulmonary connection and the control
subjectd pd 0.0500 M20 was significantly greater in patients after total cavopulmonary connection than in
the control subjects. Right atrial volume in patients after atriopulmonary connection was significantli pO
0.0010arger than in patients after total cavopulmonary connectionl pJ 0.05[1 There were no significant
differencesin other indicesincluding atrial pressure between the two groups.

Conclusions. Our results suggest that the substrate for atrial arrhythmias such as atrial myocardial
degeneration and fibrosis is frequently present in patients after the Fontan operation, especially after atrio-
pulmonary connection. Thus, the enlarged right atrium may be involved in the presence of a substrate for
atrial arrhythmias. The developmental risk for late atrial arrhythmias seems to be present even in patients
after total cavopulmonary connection.
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INTRODUCTION

Supraventricular arrhythmias are one of the
major complications after the Fontan-type opera-
tion™?", and still cause death®*"although some modi-
fications to this operation have reduced the inci-
dence of postoperative arrhythmia®®”. This compli-
cation may be related to extensive atrial surgery
and elevated right atrial pressure with atrial
enlargement”®". Total cavopulmonary connection

[0 TCPC[f"has better flow characteristics and less
energy dissipation compared with conventional
a t r [ o -
pulmonary connectionl APCL The right atrium was
smaller after the TCPC procedure suggesting that
fewer atrial arrhythmias will develop than after
APC. In fact, some reports have found a lower inci-
dence of arrhythmia in TCPC than in APC!" 1%,
However, TCPC still involves extensive atrial
surgery and may carry the risk of development of
late arrhythmia after surgery.

Signal averaged electrocardiography has been
recognized as a useful method to identify patients
at risk for ventricular tachycardia®*". We reported
that time domain analysis of the P wave on signa
averaged electrocardiography triggered by the P
wave was also useful to detect patients with parox-

ysmal atrial fibrillation**~. Frequency domain analy-
sis of the P wave is also useful and necessary to
identify these patients™". These results suggest that
such P wave analysis might be useful to detect atri-
a myocardial degeneration'®after the Fontan oper-
ation, which could be a substrate for arrhythmias.

This study assessed P wave triggered signal aver-
aged electrocardiography in patients undergoing the
Fontan operation to evaluate the presence of atria
degeneration, and to clarify which factors affected
the development of atria arrhythmias.

PATIENTSAND METHODS

Study subjects
Fourteen patients who underwent the Fontan-
type operation were enrolled in this study and clas-
sified into two groups according to the operative
procedure: atrial to pulmonary artery connection
O APC: five patientsCand total cavopulmonary con-
nection with intra-atrial bafflingl TCPC: nine
patients; Table 1[0 The age at surgery in the APC
and TCPC groups was 6.4+ 2.3 and 6.4+ 3.5
years, and the postoperative follow-up was 6.0+
2.2and 1.1+ 0.6 years, respectively. In al patients,
standard 12-lead electrocardiogram and 24-hour
Holter monitoring were used to assess €electrical
instability.

Table 100 Patient profiles

Group Pﬁlg,-ntD Agge))/(rlil DopergtigoeatyDrD 0 E;ﬂndci’:agém arﬁg'[lf?lmima 24-hour Holter monitoring
APCO 10 18/f01 o0 SV, PS, CAvvO mPACs[] PAC short rund 0.4% TB, PvCO 0.1% TBUO
O 20 14/mO 80 SV, PS, CAVVO AfD O
O 30 7/m0O 30 TAO Nonel PAC 1 beat
g 40 12/m0d 50 TAO Af0 PAC short run 4 times, PACO 0.4% of TB[
O 50 1vf0 60 PA/IVSO cPACO cPAC, PACO 0.1% of TBO
TCPC 60 12/f0 120 SV, PA, CAvVO Nonel 0
70 6/mQO 30 SV, 2AvvO Noneld O
80 7/m0O 50 SV, 2AvVO Nonel O
90 6/f0] 50 SV, PA, CAVVO Nonel 0
1000 7/m0d 40 SV, 2AvvO Nonell PACL 0.1% of TBO
110 14/mO 130 SV, 2AvvVO Nonel O
120 6/mQO 50 TA, PSO Nonel PAC 10 beats]
130 5/m0d 40 TA, PSO Nonell d
14 4/f 4 DORV, PS Nonel PACO 0.1% of TB

APCO atriopulmonary connection; TCPCO total cavopulmonary connegﬁon; fO female; mO male; SVO single ventricle; PSO
pulmonary stenosis; CAVVO common atrioventricular valve; TAO tricuspid atresia; PA/IVSO pulmonary atresia with intact
ventricular septum; 2AVVO two atrioventricular valves; DORV[ double outlet right ventricle; PACO premature atrial
contractions; mPACs multiple premature atrial contractions; Af{J atrial flutter ; cPACO PAC with couplets; TBO total beat ; PVCO
premature ventricular contractions.C0 0 O
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Fifteen healthy volunteers aged from 5 to 18
yearsl mean: 10.4 years] who had no signs of car-
diovascular disease on physical examination and
electrocardiography, underwent signal averaged
electrocardiography as the control group. Informed
consent was obtained from the parents of each
patient and volunteer.

Hemodynamic study

Cardiac catheterization and angiography were
performed at 0.2 to 9 years after the Fontan opera-
tionl mean: 2.9 years[1 After routine measurement
of pressures and oxygen saturation, the cardiac out-
put was measured by the dye-dilution method. The
maximum right and left atrial volumes were calcu-
lated by the area-length method on the largest pos-
teroanterior and lateral projections of the right atri-
ogram and its levophase'”, and were corrected by
body surface are@l right and left atrial volume
indicestl] Hemodynamic data from the APC and
TCPC groups are summarized in Table 2.

Time domain analysisin signal averaged electro-
cardiography

The signal averaged electrocardiogram was
recorded from a modified X, Y and Z lead system
using the Multicardiner VCM-300@ Fukuda
Denshi Co.[n an electric shield room. The gain of
the amplifier was 1,000 and the noise input was[]
0.6p V. The signal from each lead was recorded
from analog to digital data with 12-bit accuracy at a
sampling rate of 1kHz. All digital data were stored
on a floppy disk. Ventricular ectopic beats and
gross noise were eliminated by the conventional
QRS template-triggering system as reported previ-
ously'*. Briefly, a specialy filtered P wave derived
from the dominant P wave of the Z lead served as a
reference signal for all processing. The signals
were averaged on a trigger point within a specially
filtered P wave after passing through a P wave tem-
plate recognition program to eliminate ectopic atri-
al beats. The signals of 150 beats were usually
averaged to reduce the noise level tod Iy V. Vector
magnitude was calculated as V[ X20 Y20 z2(1?
by the method of Simson et al*®". The onset and off-
set of the filtered P wave were detected by defining
the filtered P wave as signals within the interval
showing a persistent level of more than Ip V and as
noise signals when showing a persistent level of
less than Iy V. The duration and area of the filtered
P wave were measured.
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Table 200 Hemodynamic data

APC group TCPC group
CVE mmHgd O 14+ 2 O 13+ 2 0
PWPE mmHgOd O 6+ 20 6+ 30
CO l/min/m20 O 2.8+ 1.30 3.3+ 1.20
Saok] %0 O 92+ 3 O 91+ 3 O
RAVO mi/m20 O 96+ 30”0 17+ 6 O
LAVO mli/m20 O 34+ 160 22+ 6

Values are meant SD. “p0 0.001, QSTCPC.IZI

CVPO central  venous pressure; PWPO pulmonary arterial
wedge pressure; CIO cardiac index ; Sao,[] arterial oxygen
saturation; R LCAVIO right] leftCatrial volume index. Other
abbreviationsasin Table 1.0

O

Fast Fourier transform analysis in signal aver-
aged electrocar diography

Frequency domain analysis was performed on a
100 msec segment from 75 msec before to 25 msec
after the end of the P wave on the signal averaged Z
lead™". This component was identified using a com-
puter graphic cursor and standard electrocardiogra-
phy criteria. These data were multiplied by the
Blackmann-Harris four-term window function to
reduce spectral leakage from edge discontinuities
after the direct-current component was removed
from the data. The data were padded with zeros to
fill a 512-point array and fast Fourier transforma-
tion was applied to determine the frequency con-
tent. After the analysis, the magnitude versus fre-
quency plot curve was obtained, and the signal
magnitude at 20HZ] M20Cand 30HZI M 300wvas
obtained from these curves.

Statistical analysis

All data were stored on a persona computer and
values expressed as meant standard deviation. All
analysis was performed using professional statisti-
cal softwargl StatView ver. 5.0, SAS Institute Inc.[]
When the mean values of two groups were com-
pared, Student’s t-test was used. The relationship
between both indices was assessed by linear regres-
sion analysis. The mean values of the three groups
were aso compared by one-way ANOVA followed
by post-hoc testing according to Fisher. Statistical
significance was taken at pd 0.05.

RESULTS

Patient characteristics
Symptomatic supraventricular arrhythmias,
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Table 30 Signal averaged electrocardiography analysis

APC group TCPC group Control group
DFPO 142+ 18°0 118+ 13 O 112+ 10 O
AFPO 1,241+ 445° 0 858+ 2650 336+ 2960
M200 268+ 48" 126+ 34" 75+ 3800
M30 110+ 39 66+ 23 49+ 34

Vaduesaremeant SD.”p0 0.05, vs TCPC and control] ANOVAI

B9p0 0.05, vs contrdlTANOVALD

DFPL duration of filteéred Pwave; AFPO areaof filtered Pwave;0

M200 signal magnitudes at 20 Hz; M300 signal magnitudes
at 30 Hz. Other abbreviationsasin Table 1.0
ad

excluding isolated and monofocal premature atrial
contraction] PACLN less than 0.1% of total beats
by 24-hour Holter monitoring, were detected in
four patients of the APC group; multifocal PACsin
one, atrial flutter in two and PAC with couplets in
one. These symptomatic arrhythmias were detected
only in the APC group, whereas no significant
arrhythmia occurred in the TCPC group.

Comparison of hemodynamic data found right
atrial volume index in the APC group was signifi-
cantly larger than in the TCPC group! pC 0.0010
Other indices including atrial pressure and cardiac
index showed no significant difference between the
two groups Table 201

Comparison of signal averaged electrocardiog-
raphy between APC and TCPC

The duration and area of the filtered P wave,
M20 and M30 in the APC group were significantly
greater than those in the TCPC or the control
group, respectivelyl Table 300 M20 in the TCPC
group was also greater than in the control group.
Three of four patients with symptomatic arrhythmia
had the highest values of both M20 and M 30.

Relationship between hemodynamic data, dura-
tion of thefiltered P wave and M 20

Comparison of signal averaged electrocardiogra-
phy and the hemodynamic study found a positive
correlation between right atrial volume index and
duration of the filtered P wavél r 0 0.80, pO
0.00100 and M201 rJ 0.73, pO 0.005[1 The rela-
tionship between duration of the filtered P wave
and M20 is shown in Fig. 1. M20 was significantly
correlated with duration of the filtered P wavel pO
0.01, r O 0.5600 Four of five patients in the APC
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Fig. 1 Relationship between duration of the filtered P
wave and M20 in individual patients
Closed and open squares show patients with and with-
out symptomatic arrhythmias in the APC group, respec-
tively, and open circles show patients in the TCPC
group. Dashed area shows mean+ 2SD in the control

group.
Abbreviationsasin Tables 1, 3.

group had higher duration of the filtered P wave
and M20, and three had symptomatic arrhythmia.
Another patient in the APC group had higher M20
in spite of normal duration of the filtered P wave.
She had symptomatic arrhythmia and her postoper-
ative time was the longest of all the patient8l 9
yearsl In the TCPC group, duration of the filtered
P wave and M20 were almost normal except for
two patients, whose M 20 was abnormally high.

Effect of follow-up time on atrial degeneration

There was a positive correlation between follow-
up time and M201 Fig. 200 Four patients examined
more than 5 years after surgery had symptomatic
arrhythmia.

DISCUSSION

Previous clinical studies have reported that the
incidence of atrial arrhythmias after the Fontan-
type operation was greater in the conventional APC
group than in the TCPC group®'®”, which was also
confirmed in our study. The reason why TCPC was
superior to APC may be that the postoperative wall
stress of the right atrium becomes the substrate of
atrial arrhythmia®". The wall stress of the right atri-
um in APC may be higher than that in TCPC
because Laplace' s law clearly indicates that larger
diameter causes higher wall stress®’" .
Investigation of the relationship between atrial
arrhythmias and atrial wall stress in experiments
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Fig. 2 Relationship between postoperative follow-up
timeand M 20
M20 is closely correlated with postoperative follow-up
time r 0 0.84, pO 0.0010
Explanation of the symbols as in Fig. 1. Abbreviation
asin Table 3.

using an animal model with an enlarged atria
showed it is easy to generate an atrial flutter®'”.
Accordingly, this higher stress might introduce
some fibrous change in the atrial muscle which
could be the substrate of re-entrant
tachyarrhythmia®®#", However, this substrate has
not been demonstrated in patients undergoing the
Fontan operation. In this study, we could demon-
strate that both duration of the filtered P wave and
M20 were significantly correlated with right atrial
volume indek] p0 0.001, r 0 0.80; pO 0.005, r O
0.73, respectively[] suggesting that the right atrium
volume might affect the presence of a substrate for
supraventricular tachyarrhythmias. All indices from
the time domain analysisin signal averaged electro-
cardiography were significantly greater in the APC
group than in the TCPC group, but only the right
atrial volume was significantly greater in the APC
group than in the TCPC group. These results sug-
gest that the risk for supraventricular arrhythmias
might be increased in the APC group compared
with the TCPC group, and might be affected by the
right atrial volume. However, our follow-up inter-
val was significantly different between the APC
and TCPC groupsl 6.0+ 2.2 years in APC, 1.1+
0.6 in TCPCO and more follow-up data are needed.
Another reason for the development of supraven-
tricular arrhythmias is extensive atrial surgery. In
the TCPC procedure, especidly, atrial incisions and
multiple suture lines for intra-atrial baffling could
result in the interruption of the conduction path-
ways and scarring which might be a substrate for
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arrhythmia. In fact, the incidence of various
supraventricular arrhythmias including sinus node
dysfunction increases with postoperative time after
the Mustard or Senning operations for transposition
of the great arteries, in which the baffling operation
issimilar also to the TCPC procedure*”. Therefore,
the incidence of late atrial arrhythmias might be
increased in TCPC. The duration and area of the P
wave obtained from signal averaged electrocardiog-
raphy analysis were not significantly different
between patients with TCPC and with other con-
genital heart diseases or normal control
subjects®%", However, the frequency analysis of
signal averaged electrocardiography was not exam-
ined. In our study, the time domain analysis did not
show any difference between the TCPC and control
groups, but M20 obtained from the frequency
analysis was significantly greater in the TCPC
group compared with the control. The terminal por-
tion of the P wave contains significantly more com-
ponents in the 200 50Hz range, especialy around
30Hz, in patients with than in patients without
paroxysmal atrial fibrillation and this component
might reflect slow fragmented atrial activity®".
Based on this evidence, our results suggest that the
developmental risk of late atrial arrhythmias may
be present even in the TCPC group. Indeed, one
patient] Case 10with abnormally higher M20 in
spite of normal duration of the filtered P wave died
suddenly of ventricular fibrillation 5 years after the
signal averaged electrocardiography study, and
another patierl Case 2[Wwith extremely high M20
and duration of the filtered P wave died of atrial
flutter 4 years later. These results suggest that the
developmental risk of late atrial arrhythmias may
be present even in the TCPC group, and that fre-
gquency analysis is a much better method to detect
the substrate for atrial arrhythmias.

Postoperative time could be an important factor
in the development of late atrial arrhythmias® . In
our study, the four patients with symptomatic atrial
arrhythmia were all in the APC group and their
postoperative follow-up times were longer than 5
years. Consequently, patients more than 5 years
after APC procedure might carry high risk of devel-
oping late atrial arrhythmias. In fact, Case 4l post-
operative time 7 yearsteveloped atria flutter later
and needed to change APC to TCPC. On the other
hand, the postoperative time of the TCPC group
was too short for any significant analysis.
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Study limitations

In this study, we demonstrated that the incidence
of supraventricular arrhythmias in the APC group
was much higher than that in the TCPC group,
which might be associated with a larger atrial vol-
ume. However, there were some limitations. First,
the patient number was small and the background
of the APC and TCPC groups was different.
Second, the postoperative time in the APC group
was significantly longer than that in the TCPC

group. These limitations may influence our results.
This study of frequency analysis of the P wave in
patients undergoing the Fontan operation demon-
strated delayed atrial conduction and frequency dis-
turbance that could indicate the presence of a sub-
strate for supraventricular arrhythmias, especialy
in the APC group. To confirm whether the TCPC
procedure is better to reduce the occurrence of late
supraventricular arrhythmias, more clinical follow-
up studies are necessary.
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