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Objectives. The purpose of this study was to determine whether
wall motion abnormalities are present before or after the Fontan
grocedure in patients with & univentricular heart of the left
ventricular type with an absent right atrioventricular valve con-
nection (tricuspld atresin) and to assess the impact of such
abnormalities on ventricular performance and clinical outcome,

Background, Normal systollc and diastolic ventricular function
is critical for a successful Fontan repair. However, there have
been no previous studies addressing the relation between regional
ventricular function and hemodynamic factors.

Methods. Thirty-seven pediatric patients were studied with
biplane ventricular cineangiography. There were 20 male and 17
female patients whose mean age at the time of the Fontan
operation was 6.5 = 3.5 years (range 2.5 to 15.6). Eighteen
patients were studied preoperatively, 25 at >1 year postopera-
tvely and 6 serially, Wall motion was assessed by a centerline

method, Normal ranges for wall motlon and other variables were
established from 25 normal subjects.

Resulis. Wall motion abnormalitles were chserved in 2 of 18
patients preoperatively and in 11 of 25 patients postoperatively.
Age at operation and ventricular volumes did not differ between
postoperative patients who had normal (group [, 14 patients) or
abnormal (group If, 11 patients) wall motion. However, ventric-
ular mass and the mass/volume ratio were significantly greater
and systolic variables and cardiac index were significantly lower in
group I1 versus group I, Two patients in group I were considered
to have a clinically poor outcome (persistent heart failore), and
five in group II had heart failure, including one who died late.

Conclusions. These observations suggest that postoperative
regional wall motion abnormalities in this setting are not rare,
may be related to excessive hypertrophy and may contribute to
cardiac dysfunction and a poor clinical cutcome.

(J Am Coll Cardiol 1993;22:1182-5)

Many studies (1~12) have described abnormal hemodynamic
variables before and after the Fontan procedure in patients
with a univentricular connection and an absent right atrio-
ventricular (AV) valve connection (tricuspid atresia). Fac-
tors contributing to these morphologic and functional abnor-
malities include preoperative chronic volume overload (1,2),
cyanosis (3), perioperative myocardial damage (4), postop-
erative unbalanced ventricular hypertrophy (5-8) and ele-
vated systemic vascular resistance (1,7-9). These studies
(1-12) have identified both contractile and filling compromise
before and after the Fontan operation. However, such
abnormalities, as measured by indexes of global ventricular
function, may be affected by abnormalities of regional func-
tion. In this regard, Gibson et al. (13) observed abnormal
ventricular wall motion in patieats with a univentricular
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heart, regardless of age, volume overload or degree of
cyanosis. Using the same technique, Penny and Redington
(14) recently reported that such abnormalities were also
observed after the Fontan procedure. Although these obser-
vations suggested that wall motion abnormalities in this
setting were not rare, the relation to hemodynamic variables
and clinical outcome remains uncertain. In this study, using
ventricular cineangiography, we attempted to elucidate the
relation among such wall motion abnormalities, cardiac
performance and ventricular hypertrophy before and after
creation of an atrial to pulmonary connection and atrial
separation.

Methods

Study patients. From January 1984 to June 1991, 61
patients with tricuspid atresia with normally related great
arteries (AV and ventriculoarterial concordance), with or
without a bidirectional caval to pulmonary connection, un-
derwent a Fontan-type procedure (right atrial to pulmonary
artery or right ventricle anastomosis). There were three
carly deaths (5%). From this study group, 37 patients (61%)
had an acceptable selective ventricular cineangiogram for
volumetric and wall motion analysis. All patients were
considered suitable candidates for an atrial to pulmonary
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connection on the basis of preoperative hemodynamic data
and conventional criteria (13). There were 20 male and 17
female patients whose mean age at operation was 6.5 = 3.5
years (range 2.5 to 15.6). Thirty-four patients (92%) had one
or more previous palliative procedures: 33 with a systemic to
pulmonary shunt; 6 with a caval to pulmonary shuni; 5 with
both; 1 patient each with pulmonary artery banding and
Blalock-Hanlon procedure. Twenty-five patients had an
atrial to pulmonary artery anastomosis, and the remaining 12
had an atrial to ventricular anastomosis. Coronary ariery
abnormalities and significant mitral regurgitation were not
observed in this patient group.

Normal control subjects. The 25 children who served as
control subjects were undergoing cardiac catheterization and
were found to have hemodynamically insignificant lesions
not affecting lefl ventricular volume and pressure variables.
All 25 had a small ductus aiteriosus (pulmonary/systemic
flow ratio <1.5) and measurements performed 30 min after
closure by transcatheter technique. There were 3 male and
22 female patients with a mean age of 4.1 = 2.2 vears (range
1.4 10 9.3).

Cardiac catheterization and angiographic studies. Ade-
quate ventriculograms were obtained in 18 patients preoper-
atively, in 25 patients >] year postoperatively and in 6
patients both preoperatively and postoperatively. The inter-
val between preoperative catheterization and operation was
6.4 + 4.6 months (range 1 day to 1.4 years) and an average
of 2.5 = 1.3 (range | to 5.3) years postoperatively. All
patients had a standard electrocardiogram (ECG) before
catheterization.

Ventricular mass and volumes were measured from bi-
plane cineventriculograms in the right anterior and axial left
anterior oblique projections at 60 frames/s, and cavity bor-
ders were traced manually at end-diastolic and end-systole
during sinus rhythm. Ventricular end-diastolic and end-
systolic volumes were calculated by the modified Simpson’s
rule and were corrected by regression equations established
in our laboratory (16) and indexed for body surface area as
the end-diastolic volume index and end-systolic volume
index. Ventricular mass was calculated as previously de-
scribed by Rackley et al. (17) and Sano et al. (9) and indexed
to body surface arca (wall mass index), expressed as g/m’.

Ejection fraction and heart rate~-corrected mean normal-
ized systolic ejection rate were determined as systolic ejec-
tion phase variables. The heart rate-corrected mean normal-
ized systolic ejection rate (MNSERc) was calculated as
MNSERc = (EDV — ESVY(EDV x SETc), where EDV and
ESV are the end-diastolic and end-systolic volumes, respec-
tively, and SETc the corrected systolic ejection time, which
was obtained by dividing by the square root of the RR
intervai. Systemic vascular resistance index (SVRI) was
calculated as SVRE = [(mAP - mRA)/CI] x 30 and ex-
pressed as dynes-s-cm™>-m?, where CI is the cardiac index,
and mAP and mRA are the mean aortic and right atrial
pressures, respectively.

Regional wall motion was analyzed by a centerling
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method established by Sheehan et al. (15). In this technique,
wall motion is determined clockwise front 100 chords drawn
perpendicular to a centerline constructed midway between
the end-diastolic and end-systolic counters. The length of
each chord is normalized to yield a shortening fraction by
dividing by the length of the end-diastolic perimeter (Fig. 1
and 2). In this study, end-diastolic and end-systolic outlines
were superimposed at midaorta and rotated until the lines
from the center of mass to the midaorta along the long axes
were aligned (19). Hypokinesia was defined as present when
there were >10 consecutive contiguous chords whose short-
ening fraction differed by >2 SD below the mean shortening
fraction of normal. Mitral valve (chords 75 to 100 in the right
anterior oblique projection and chords 1 to 25 in the axial left
anterior oblique projection) and septal areas surrounding
the position of the ventricular septal defect (chords 75 to 100
in the axial left anterior oblique projection) were not in-
cluded in the evaluation. Measurements were processed on
an Angiographic Ventricular Dynamics System (Siemens-
Elema AB).

Statistical analysis. Data are expressed as mean value = |
SD. Statistically significant differences among the three
groups were determined by a one-way analysis of variance
{ANOVA), followed by a Bonferroni method if the ANOVA
probability value was < 0.05. A chi-square test was used for
comparison of categoric data.

Results

Preoperative analysis. End-diastolic and end-systolic vol-
ume indexes, stroke volume index, wall motion index and
cardiac index were significantly higher than values in control
subjects, reflecting the adaptive response to the volume
overload (Table 1). All systolic ejection phase variables and
systemic vascular resistance index were significantly de-
creased, whereas the mass/volume ratio remained within the
normal rangs. Abnormal wall motion was observed in two
patients (Patients 8 and 18). Both had anterolateral hypoki-
nesia. No specific ECG findings were defined in any patient
with abnormal wall motion.

Postoperative analysis. Of the 25 patients, 14 (group I)
had normal veatricular wall motion, whereas 11 (group II)
had abnormal wall motion (Table 2). These abnormal seg-
ments (all hypokinetic) were found in the anterolateral
region in four patients, the apical region in four patients, the
diaphragmatic region in two patients and the posterolateral
region in one patient. Volumetric variables in group | were
not different from those in control subjects. However, wall
motion index and the mass/volume ratio were signifi. antly
increased (Table 3). Additionally, a low ejection fraction and
elevated systemic vascular resistance index werc picsunt in
group | compared with values in control subjects, further
contributing to the decreased cardiac index. Similar findings
were observed in group 11, although end-systolic volume
index, stroke volume index and heart rate-corrected mean
normalized systolic ejection rate were also significantly
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Figure 1. Patient 36: normal wall
motion. Top panel, Left ventricu-
lar (LV) end-diastolic (ED) and
end-systolic (ES) tracings from
the right anterior oblique (RAO)
(left) and axial left anterior ob-
lique (LXQ) prajections (right).
Motion is measured clockwise
along 100 chords constructed per-
pendicular to the centerline. Bot-
tom panel, Normalized motion of
each chord for each projection.
Solid line shows motion along
each chord from the patient.
Dashed lines show the mean value
x 2 SD from normal subjects.
This patient has no apparent ab-
normal segments.

decreased compared with values in coatrol subjects. The
incidence of wall motion abnormalities was not significantly
different between patients with a good or poor outcome.

There were significant volumetric and hemodynamic dif-
ferences between groups I and I (Table 3). Although age at
operation and end-dizstolic and end-systolic volume indexes
were not different between groups I and II, the wall motion
index and mass/volume ratio were significantly greater in
group II than in group L. Similarly, all systolic variables and
cardiac index in group 1I were significantly decreased, and
systemic vascular resistance index was significantly in-
creased compared with values in group 1. Left ventricular
end-diastolic pressure was not different among the patient
and normal groups. There was no difference in either total
cardiopulmonary bypass or aortic cross-clamp times be-
tween groups [ and Il Two patients in group I were
considered to have a clinically poor outcome (persistent
beart failure), and five in group LI had a poor outcome,
including late death in one (Patient 17) (p = 0.08).

Various ECG abnormalities were observed postopera-
tively in Groups I and I1. However, no finding was corre-
lated to the presence of a localized wall motion abnormality.
Right bundle branch block was defined in five patients, and
two of these (Patients 17 and 18) had abnormal motion. No
relation was found in three patients who had surgica! closure

of a ventricular septal defect and the presence of wall motion
abnormalities.

In the six patients with both preoperative and postoper-
ative studies, wall motion abnormalities were found in two,
appearing in one after the procedure (Patient 17) and in the
other before and after the procedure (Patient 18).

Discussion

Wall motion analysis in pediatric patients. The assess-
ment of regional ventricular function has been well estab-
lished in adults as a usefu! adjunct to hemodynamic evalua-
tion in patients with ischemic heart disease (18,19) or
cardiomyopathy (20j. Although the importance of wall mo-
tion analysis has been recognized even for pediatric patients,
few studies have been performed (13,14) because of the
frequent complex ventricular topology and the need for
established normal ranges. In this regard, echocardiographic
vormal ranges have been established for wall motion in
neonates and children for a variety of congenital lesions
(21-24). Although our ‘“‘normal’* population was not without
cardiac lesions, volumetric and hemodynamic variables from
this cohort correlated closely with previous normal reports
in this age population (1.5,9,25), suggesting that these asso-
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ciated lesions did not influence left ventricular function and
wdll twviton.

Wall motion abnormalities and hemodynamic variah°s in
tricuspid atresia. Previous studies have reported the pres-
ence of wall motion abnormalities in patients with a univen-
tricular heart before (13) and after creation of an atrial to
pulmonary connection {14). In patients with abnormal wall
motion, systolic ejection variables were significantly more
depressed than in those with normal wall motion, although
ventricular volumes were not different. Ventricular mass and
the mass/volume ratio in patients with abnormal wall motion
were also significantly increased compared with values in
patients with normal wall motion or control subjects. These
data suggest that postoperative wall motion abnormalities
may relate to excessive ventricular hypertrophy and contrib-
ute 1o ejection or filling dysfunction.

In patients with a univentricular connection, a single
dominant ventricular chamber functions as the only effective
pump for both systemic and pulmonary circulations. Preop-
eratively, ventricular volume and mass are significantly
increased compared with values in normal subjects (1,2,7.8)
but are compensated for with a normal mass/volume ratio.
After creation of an atrial to pulmonary anastomosis and
atrial separation, ventricular volume overload resolves
abruptly, and chamber volume rapidly decreases. However,
the hypertrophied ventricular mass does not decrease in
parallel, and the mass/volume ratio increases compared with

CHORD. ~

Figure 2. Patient 34; abnormal wall motion. A significant hypoki-
netic segment was observed in the right anterior obligue projection
(chords 15 to 38), in the anterolateral area. Abbreviations and
symbols as in Figure 1.

that in normal subjects (1,7,8). In patients with a poor
outcome, the ncreased mass/volume rautio is found preoper-
atively, further increasing postoperatively and contributing
to diastolic filling abnormalities (5,6,8,12,26). This iucreased
mass/volume ratio, reflecting excessive hypertrophy, may
combine with postoperative wall motion abnormalities, con-
tributing to a poorer outcome.

It is not clear whather the excessive ventricular hyper-
trophy (increased mass/volume ratio) is directly related to
the wall motion abnormality or whether there are other
influencing factors. Although we did not perform myocardial
perfusion studies, ECG findings suggest that these abnormal
segments were not related to myocardial ischemia, corre-
sponding to a territory of a coronary artery. Preoperative
chronic volume overload and hypoxemia contribute to the
environment for myocardial stress and compromised coro-
nary flow and remain an important element leacing o
myocardial dysfunction in this setting (27). Furthermore,
perioperative myocardial damage during cardioplegia may
be enhanced in patients with hypertrophied veniricles (4),
although no differences were observed in total bypass or
aortic cross-clamp times in this study. A recent study
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Table 3. Postoperative Clinical Characteristics of the Three Study Groups
Group I,
Group 1. Abnormgl Wall P Value
Normal Wall Motion Motion Controf Subjects Group | vs. Group II vs. Group | vs.

(n = 1} (m= i) (n =25 Conirol Subjects Centrol Subjects Group 11
Age at op. {y1) 6.7 3.7 82x32 NS
EDVI (mlim?) 6712 60 =8 64+ 14 NS NS NS
ESVI (mlim?) 08 38 6+8 NS < 0.05 NS
SVI {(ml/m?} 68 %4 B=x6 NS < 0.001 < 0.005
WMI (g'm?) B 101 = 14 6316 < 0,001 < 0.001 < 0.05
WMUEDVI (g/ml) 1.26 £ 0.26 1.72 £ 042 097 £ 0.19 < 0.004 < 0,001 < 0.005
HR (beats/min) B5x10 95+ 17 106 = 15 < 0.001 NS NS
CI (liters/min per m®) 3208 25206 40 =06 < 0.001 < 0.001 < 0.05
EF (%) 58 458 x5 < 0.05 < 0.001 <001
MNSERc (EDV/s) 148 = 0.34 1.18 x 0.24 1.52 023 NS < 0.001 < 0.05
LVEDP (mm Hg) 62 53 3] NS NS NS
SVRI (dynes-s-cn~*m*) 2,032 = 600 2,510 * 525 1,556 = 275 < 0.0 < 0.001 < 0.05
Total bvpass time (min) 122+ 35 143 1 51 NS
Cross-clamp time (min) Bz l6 522 34 NS

Values presented are mean value 2 SD or p value, Abbreviations as in Tabie 1.

reported that postoperative ischemic lesions developed in
pediatric patients after noncoronary artery surgery, suggest-
ing that subclinical ischemia may occur and may be further
enhanced in the presence of hypertrophy (28). Finally, the
elevated systemic vascular resistance index found in these
patients may also influence systolic function and induce
ventricular hypertrophy, further compromising wall motion.

Study limitations. Penny and Redingion (14) reported
that incoordinate relaxation was more frequently observed
after the Fontan procedure using a frame by frame analysis
technique. The two-frame method used in this study does
not evaluate such motion analysis during the ventricular
filling phase; rather, our study identified systolic motion
abnormalities. The increased mass/volume ratio noted here
may also contribute to the observed filling dysfunction and
induce incoordinate relaxation.

Among unresolved questions in wall motion studies are
whether and how to correct for the translational motion of
the heart within the chest and so distinguish it from the
inward (or outward) motion of the ventricular walls. Previ-
ous studies in adults have not corrected for translational
motion, but these artifacts, duc to respiration or body
movement, are perhaps more apparent in pediatric patients.
Thus, in the present cohort we applied a realignment method
of the end-diastolic and end-systolic counters in an attempt
to adjust for this motion.

Geometric rotation of the heart can be induced by volume
loading or a hypoplastic ventricle and may influence this
analysis. To avoid such overestimations, only patients with
normally rclated great arteries were enrolled, and a strict
criterion for abnormal wall motion was used. Thus, minor
abnormalities were not included in this study. However,
such factors might influence the analysis and assessment of
other forms of univentricular heart, and such interpretations
are more difficult.

Conclusions. Although there were no significant differ-
ences between ventricular volumes after the Fontan proce-
dure in these pediatric patients with tricuspid airesia, pa-
tients with abnormal wall motion had significantly increased
ventricular mass and decreased systolic function compared
with values in patients with normal wall motion. These
observations suggest that postoperative regional wall motion
abnormalities in this setting are not rare, may be related to
excessive hypertrophy and may contribute to cardiac dys-
function.
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