CONGENITAL HEART DISEASE

Doppler Assessment of Pulmonary Artery Flow
Patterns and Ventricular Function After the
Fontan Operation

Peter C. Frommelt, MD, A. Rebecca Snider, MD, Jon N. Meliones, MD,
and Roger P. Vermilion, MD

To assess the relation between ventricular sys-
tolic and diastolic function and pulmonary artery
(PA) flow patterns after the Fontan operation,
15 postoperative patients were prospectively
evaluated with echocardiography. Blood flow ve-
locities in the PA were recorded with pulsed
Doppler echocardiography. Ejection fraction was
measured by 2-dimensional echocardiography
using Simpson’s rule. Indexes of diastolic func-
tion were measured from the systemic atrioven-
tricular valve inflow Doppler and included peak E
and A velocities, peak filling rate normalized for
stroke volume, the fractions of filling in early and
late diastole (E and A area fractions), and the
E/A velocity and area ratios. Compared with 15
age-matched control subjects, the 15 patients
who had undergone the Fontan procedure had
decreased peak E velocity (0.65 + 0.20 vs 0.87
+ 0.10 m/s), decreased E/A velocity ratio (1.29
+ 0.23 vs 1.98 + 0.46), decreased normalized
peak filling rate (6.09 + 0.90 vs 6.81 i 0.83
s~1), decreased E area fraction (0.63 + 0.09 vs
0.72 + 0.07), increased A area fraction (0.37 +
0.07 vs 0.24 + 0.06), and decreased E/A area
ratio (1.77 X 0.45 vs 3.33 + 1.15) (p <0.05).
These diastolic filling abnormalities are consis-
tent with impaired ventricular relaxation and de-
creased early diastolic transvalvular pressure
gradient. PA Doppler recordings showed 2 dis-
tinct patterns of flow. Pattern I, observed in 9
patients, showed biphasic forward flow with
peak velocitles in mid to late systole and mid-
diastole. Pattern i, observed in the remaining 6
patients, showed decreased systolic forward
flow, a late systolic to early diastolic flow rever-
sal, and delayed onset of diastolic forward flow.
Compared with pattern 1 patients, pattern ll pa-
tients had no significant differences in any of the
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Doppler indexes of diastolic function; however,
pattern Il patients had a significantly lower ejec-
tion fraction (43 1 9 vs 57 + 5%). Thus, many
patients undergoing the Fontan procedure have
impaired ventricular relaxation, but, in the pres-
ence of a normal ejection fraction, biphasic for-
ward PA flow is maintained. With the develop-~
ment of decreased ejection fraction, atrial systol-
ic filling pressures are likely increased, the
ventricular suction effect is decreased, and PA
flow is diminished or ahsent in systole and early
diastole.

(Am J Cardiol 1991;68:1211-1215)

fter the Fontan operation, pulmonary artery
A (PA) flow is maintained in the absence of right

ventricular pump function. Several Doppler
echocardiographic!> and radionuclide angiographic$
studies have documented the contribution of right atrial
contraction to pulmonary flow after direct anastomosis
of the right atrium to the PA. Recently, many total
cavopulmonary connections have been constructed by
placement of an intraatrial conduit that excludes the
right atrium from the pulmonary circuit.’-® In these
patients, postoperative invasive studies have document-
ed adequate cardiac output and pulsatile PA flow. This
suggests that changes in intrathoracic and left atrial
pressure are important determinants of PA flow after
the Fontan operation and that abnormalities in ventric-
ular systolic and diastolic function can alter left atrial
pressure and, thus, influence PA flow. This study as-
sesses the relation between ventricular systolic and dia-
stolic function and PA flow patterns after the Fontan
operation using 2-dimensional and Doppler echocardi-

ography.

METHODS

Patients: The study group included 15 patients who
had undergone the Fontan operation and 15 age-
matched normal children. The Fontan group consisted
of 11 boys and 4 girls ranging in age from 2 to 14 years
(mean 5.3), in weight from 10 to 69 kg (mean 22.9),
and in body surface area from 0.47 to 1.8 m2 (mean
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0.83). The control group consisted of 10 boys and 5
girls ranging in age from 4 to 15 years (mean 7.8), in
weight from 12 to 64 kg (mean 28.4), and in body
surface area from 0.57 to 1.8 m?2 (mean 0.99).

The Fontan patients were examined 10 days to 8.5
years after surgery (median 2 weeks). Their diagnoses
included tricuspid atresia in 4 patients, an unbalanced
atrioventricular septal defect with left ventricular hypo-
plasia in 5 patients, double-inlet left ventricle in 2 pa-
tients, d-transposition of the great arteries with right
ventricular hypoplasia in 2 patients, hypoplastic left
heart syndrome after Norwood I palliation in 1 patient,
and pulmonary atresia with intact ventricular septum in
1 patient.

Surgical procedure: Five patients, including all pa-
tients with tricuspid atresia and the patient with pulmo-
nary atresia/intact ventricular septum, had direct anas-
tomosis of the right atrial appendage to the main PA.
The remaining 10 patients had a modified Fontan pro-
cedure consisting of placement of an intraatrial conduit
from the inferior vena cava to the PA and direct superi-
or vena cava to PA anastomosis. Intraoperative pres-
sure recordings showed no significant gradient across
the Fontan connection at the completion of surgery in
any patient.

Echocardiographic examinations: All Fontan pa-
tients underwent a complete 2-dimensional and Dopp-
ler echocardiographic examination using a 128-clement
phased-array ultrasound system (Acuson, Mountain
View, California) and a variety of transducers appro-
priate for patient size. In all the Fontan patients, Dopp-
ler color flow mapping was used to assess the amount
of aortic and atrioventricular valve insufficiency. Ven-
tricular systolic function was assessed by measuring the
ejection fraction from the apical 4-chamber view using
a single plane Simpson’s rule algorithm. In addition,
the patterns of PA blood flow velocities throughout the
cardiac cycle were determined using pulsed Doppler
echocardiography. PA Doppler tracings were obtained
from the suprasternal, parasternal short-axis, or subcos-
tal views, or a combination of these.

Ventricular diastolic function was evaluated in the
Fontan patients and the normal children using pulsed
Doppler recordings of the systemic atrioventricular
valve inflow. From the apical 4-chamber view, the sam-
ple volume was positioned so as to record the maximal
velocities through the valve. From the Doppler spectral
recordings, the peak velocities during rapid ventricular
filling (peak E) and during atrial contraction (peak A)
were measured and the ratio of peak E to A velocities
was calculated. To determine the pattern of ventricular
filling, several areas under the Doppler spectral tracing
were measured using previously described methods: (1)
the total area under the velocity envelope throughout

diastole, (2) the area under the Doppler curve for the
first 33% of diastole (0.33 area), (3) the E area or the
triangular area formed by extrapolating a straight line
down from the peak E velocity to the baseline, and (4)
the A area or the triangular area formed in a similar
manner under the peak A velocity.!® To determine the
percentage of the total velocity envelope occupied by
the individual areas, the area or filling fractions were
calculated as the individual areas divided by the total
area under the Doppler tracing. Also, the ratio of E and
A areas was calculated. The peak filling rate normal-
ized for stroke volume was calculated as the peak E
velocity divided by the total velocity time integral.!!

All Doppler examinations were recorded at a paper
speed of 100 mm/s. The Doppler areas were traced
from the paper recording using a digitizing tablet with
a crosswire cursor, a personal computer, and commer-
cially available computer software (Freeland Medical
Systems, Boulder, Colorado). The Doppler velocities
and areas were measured by tracing the outermost bor-
der of the spectral recordings.

Statistical analysis: Three cardiac cycles were mea-
sured and averaged to obtain each atrioventricular
valve Doppler index and to calculate the ejection frac-
tion. Statistical comparisons of the systemic atrioven-
tricular valve inflow Doppler measurements between
the Fontan patients and the normal children were made
using paired 7 tests and Bonferroni’s correction for mui-
tiple comparisons. The Fontan patients were divided
into 2 subgroups based on the pattern of PA biood
flow, and comparisons of ejection fraction and systemic
atrioventricular valve Doppler indexes were obtained
between the 2 subgroups using unpaired 7 tests. A 2-
tailed p value <0.05 was used to indicate a significant
intergroup difference. All values are mean + standard
deviation.

RESULTS

Patients: The Fontan patients did not differ from
the normal children in age, weight, or body surface
area; however, their heart rates were significantly high-
er (97 + 19 vs 81 % 13 beats/min, p = 0.01). Of the
15 Fontan patients, 12 had no aortic insufficiency, !
had trivial to mild aortic insufficiency, and 2 had mod-
erate to severe aortic insufficiency. One of these latter 2
patients also had moderate to severe atrioventricular
valve insufficiency. The remaining 14 patients had triv-
ial to mild (n = 11) or no (n = 3) atrioventricular valve
insufficiency. Ventricular systolic function was mildly
depressed with an ejection fraction of 51 £ 6.9%
(range 37 to 64%) in the Fontan group.

Diastolic function in the Fontan patients: Compared
with normal children, the Fontan patients had abnor-
mal atrioventricular valve Doppler recordings (Table I).
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In the Fontan patients, the peak E velocity and E area
fraction were significantly decreased, and the A area
fraction was significantly increased. This resulted in a
decrease in the E/A velocity and area ratios. In addi-
tion, the Fontan patients had a decreased normalized
peak filling rate.

Pulmonary artery flow patterns in the Fontan pa-
tients: PA Doppler recordings revealed 2 distinct pat-
terns of flow in the Fontan patients. Pattern I, observed
in 9 patients, was characterized by biphasic forward
PA flow with peak velocities in mid to late systole and
mid-diastole (Figure 1). Nadirs in pulmonary flow oc-
curred 50 to 100 ms after mitral valve opening and 50
to 100 ms after atrial contraction. Pattern 11, observed
in the remaining 6 patients, was characterized by di-
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FIGURE 1. Atrioventricular valve Doppler recording (fop) and
pulmonary artery (PA) Doppler recording (bottom) from a pa-
tient with pattern 1 PA flow after a modified Fontan procedure
(intraatrial conduit). The atrioventricular valve Doppler record-
ing was obtained nearly simultaneously with the PA Doppler
recording for purposes of timing of flow patterns. On the PA
Doppler tracing, systolic flow is initiated with left atrial relaxa-
tion and is accentuated during midsystole by a ventricular suc-
tion effect as the atrioventricular valve is pulled downward
toward the ventricular apex. As the left atrial pressure in-
creases in late systole, the transpulmonary gradient de-
creases, leading to a decrease in forward pulmonary blood
flow. Forward flow again increases in mid-diastole as left atri-
al pressure decreases with atrioventricular valve opening.
With atrial contraction in late diastole, left atrial pressure in-
creases rapidly, resulting in decreases in transpulmonary gra-
dient and forward pulmonary flow. Nadirs in pulmonary flow
(arrows) occur at 50 to 100 ms after atrioventricular vaive
opening and 50 to 100 ms after atrial contraction. These min-
imal flow velocities in the PA occur at times when left atrial
pressure is highest, at the end of systole hefore atrioventricu-
lar valve opening and with left atrial contraction. A = peak ve-
locity during atrial contraction; E = peak velocity during rapid
ventricular filling.

TABLE 1 Atrioventricular Valve Doppler Measurements in
Normal Subjects and Patients After Fontan Operation

Normal Subjects ~ Fontan Patients  p Value
Peak E (m/s) 0.87 £ 0.10 0.65 £ 0.20 0.0006*
Peak A (m/s) 0.46 = 0.05 0.51 £ 0.12 0.25
Peak E/peak A 1.98 = 0.46 1.29 £ 0.23 0.0001*
0.33 area (m) 0.072 £ 0.015 0.049 £ 0.02 0.001*
E area (m} 0.091 + 0.02 0.067 = 0.02 0.002*
Aarea {m) 0.031 = 0.01 0.039 = 0.01 0.095
E area fx 0.72 £ 0.07 0.63 = 0.09 0.01*
A area fx 0.24 = 0.06 0.37 £ 0.07 0.0001*
E area/A area 333+ 1.15 1.77 £ 0.45 0.0001*
PFR/SV (8V/s) 6.81 = 0.83 6.09 = 0.90 0.03*

*Statistically different between groups at the 3% level.

Values are mean = standard deviation.

A = velocity at atrial contraction; E = velocity during rapid ventricular filling; fx =
fraction; PFR/SV = peak filling rate normalized for stroke volume.

minished forward systolic pulmonary flow, reversed late
systolic to early diastolic flow, and delayed onset of for-
ward diastolic flow (Figure 2). Forward PA flow was
augmented during inspiration in all Fontan patients,
but the pattern of flow was not influenced by respira-
tion. The 5 patients with direct right atrial to PA con-
nections had pattern I PA flow. Four of the 10 patients
with an intraatrial cavopulmonary connection also had
pattern 1 PA flow; the other 6 patients had pattern 11
PA flow.
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FIGURE 2. Atrioventricular valve Doppler recording (fop) and
pulmonary artery (PA) Doppler recording (bottom) from a pa-
tient with pattern Il PA flow after Fontan operation. The in-
flow Doppler recording was obtained nearly simultancously
with the PA Doppler recording in order to determine timing of
flow in the PA. Pattern li flow is characterized by diminished
forward systolic pulmonary flow, reversed late systolic to ear-

ly diastolic (Dias.) flow, and delayed onset of forward diastolic
flow. Abbreviations as in Figure 1.
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Subtle variations in the 2 PA flow patterns were
identified. Among the patients with pattern I PA flow,
patients with a direct right atrial to PA connection had
accentnated late diastolic forward flow secondary to
right atrial contraction and a short interval of reversed
flow in early systole secondary to right atrial relaxation
(Figure 3). These subtle deflections were not observed
in pattern I patients with an intraatrial cavopulmonary
connection. The 1 patient with severe aortic and atrio-
ventricular valve insufficiency had pattern II PA flow
with diminished systolic forward flow and reversed late
systolic to early diastolic flow; however, this patient also
had reversed flow in late diastole to early systole (Fig-
ure 4).

Compared with pattern I patients, pattern II pa-
tients had no significant differences in any of the Dopp-
ler indexes of diastolic function; however, pattern II pa-
tients had a significantly lower ejection fraction (43 +
9 vs 57 &+ 5% in the pattern I group, p <0.003). Three
of the 6 patients with pattern II PA flow have had a
poor outcome after the Fontan operation. The patient
with severe aortic and atrioventricular valve insufficien-
cy required atrioventricular valvuloplasty and aortic
valve replacement. Two patients had chronic low cardi-
ac output postoperatively—1 subsequently underwent
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FIGURE 3. Mitral valve Doppler recording (fop) and pulmo-
nary artery (PA) Doppler recording (bottom) from a patient
with pattern | PA flow after Fontan operation with direct right
atrial (RA) to PA connection. In this echocardiogram, forward
flow in the PA is shown below the baseline and reverse flow
in the PA is shown above the baseline. As in Figure 1, there
is biphasic forward flow with peak velocities in mid-to-late
systole and mid-diastole. Pattern | patients with RA to PA
connection differed slightly from pattern | patients with an in-
traatrial conduit. These patients had accentuated late diastolic
forward flow secondary to RA contraction and a short interval
of reverse flow in early systole secondary to RA relaxation.

cardiac transplantation and the other continues to have
diminished exercise tolerance and clinical evidence of
systemic venous hypertension. All patients with pattern
I PA flow are asymptomatic and have required no re-
operations.

DISCUSSION

In this study, we examined the relation between
ventricular systolic and diastolic function and PA blood
flow velocities after the Fontan operation. Compared
with normal children, Fontan patients have decreased
early diastolic ventricular filling with a compensatory
increase in filling at atrial contraction consistent with
impaired ventricular relaxation and a decreased early
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FIGURE 4. Inflow Doppler recording (fop) and pulmonary ar-
tery (PA) Doppler recording (bottom) from a patient with se-
vere aortic and atrioventricular valve insufficiency after Fon-
tan operation. The inflow Doppler recording was obtained
nearly simultaneously with the PA Doppler recording for pur-
poses of timing of flow. In this example, forward flow in the
PA is shown below the baseline. This patient demonstrated
pattern Il PA flow with diminished systolic forward flow and
reversed late systolic to early diastolic flow. However, this pa-
tient also had reverse flow in late diastole to early systole.
These 2 flow reversals are probably related to severe aortic
and atrioventricular valve insufficiency with resultant alter-
ations in left ventricular diastolic and left atrial systolic pres-
sures.

1214 THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 68 NOVEMBER 1, 1991



diastolic transvalvular pressure gradient. Diastolic fill-
ing abnormalities were found in all Fontan patients;
however, diastolic filling indexes did not distinguish the
2 different patterns of PA blood flow velocities found
in the Fontan patients. These patterns appear to be
strongly influenced by ventricular systolic function,
with diminished forward systolic pulmonary flow and
delayed onset of forward diastolic flow in patients with
a decreased ejection fraction (pattern IT). With well-
preserved systolic function, biphasic forward pulmonary
flow is maintained (pattern I).

Possible mechanisms of diastolic filling abnormali-
ties: Several studies have described increased ventricu-
lar dimensions and diminished contractility before and
after the Fontan operation in patients with a functional
single ventricle.!214 With dilatation and decreased con-
tractility of the ventricle, systolic filling of the atrium is
decreased secondary to diminished downward displace-
ment of the atrioventricular valve during ventricular
contraction. This results in reduced early diastolic atrial
preload, a decreased early diastolic transvalvular pres-
sure gradient and decreased early ventricular filling. In-
creased end-systolic ventricular volume also results in
decreased early diastolic flow and a shift in filling to
late diastole caused by diminished ventricular relaxa-
tion and elevated early diastolic ventricular filling pres-
sures.

Factors influencing pulmonary artery flow patterns:
The biphasic forward flow found in pattern I patients
correlated well with the biphasic changes in left atrial
pressure that occur during the cardiac cycle (Figure 1).
Systolic PA flow is initiated in early systole at the time
of left atrial relaxation and is accentuated during mid-
systole, presumably by the ventricular suction effect as
the atrioventricular valve is pulled downward toward
the ventricular apex. As left atrial pressure increases in
late systole, the transpulmonary gradient decreases with
a resultant decrease in forward PA flow. PA flow again
increases in mid-diastole as left atrial pressure decreases
with atrioventricular valve opening. At atrial con-
traction in late diastole, left atrial pressure increases
abruptly, resulting in a decrease in the transpulmonary
gradient and forward PA flow. Nadirs in PA flow oc-
curred 50 to 100 ms after atrioventricular valve opening
and 50 to 100 ms after atrial contraction. These mini-
mal flow velocities in the PA occur at times of highest
left atrial pressure (at the end of systole before atrio-
ventricular valve opening and with atrial contraction).
The timing of these events lend support to the hypothe-
sis that variations in PA flow are related to changes in
left atrial pressure with a short delay as these pressure
changes are transmitted across the pulmonary bed.

Pattern II patients had diminished systolic PA flow
and delayed onset of forward diastolic flow in associa-

tion with decreased systolic ventricular function. These
findings suggest that with diminished ventricular systol-
ic function, left atrial pressure was increased and the
transpulmonary gradient was decreased secondary to
poor ventricular emptying and diminished atrioventric-
ular valve excursion during systole. As a result, forward
PA flow was decreased during systole and early dias-
tole.

Clinical implications of pulmonary artery Doppler
patterns: Identification of PA flow patterns after the
Fontan operation in conjunction with an assessment of
ventricular function can be a useful predictor of clinical
outcome.! Three of the 6 patients with pattern 11 PA
flow had a poor outcome after Fontan. All the patients
with pattern I flow are doing well clinically.
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