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SUMMARY Nineteen patients who had anatomical correction of transposition of the great arteries
between the ages of one week and 10 years were investigated by pulsed and continuous wave
Doppler echocardiography 1-98 months after operation. Peak blood flow velocities across the
atrioventricular valves were significantly higher than normal, but no pathological regurgitation
was seen. Systolic aortic velocities were normal in all but one patient, but mild aortic regur-

gitation was detected in ten. Increased flow velocities either at pulmonary valve level, at the
pulmonary artery bifurcation, or in the left pulmonary artery were detected in 14 patients, the
maximum calculated pressure drop being 36 mm Hg. Adequate Doppler sampling of the right
pulmonary artery was not achieved in any of the cases, and sampling of the left pulmonary artery
was possible in only ten. The principal limitation of the Doppler ultrasound method in this study
was the inability to obtain flow velocities from the branch pulmonary arteries in most patients.
Doppler echocardiography provides valuable information after the arterial switch operation

and may reduce the need for repeat cardiac catheterisation.

Surgical correction of transposition of the great
arteries at arterial level is becoming a more widely
accepted alternative to intra-atrial repair and has
been the operation of choice at Harefield Hospital
since 1976. At present repeat cardiac catheterisation
is needed to assess the haemodynamic results of
anatomical correction. The combination of cross
sectional and Doppler echocardiography has not
previously been evaluated in the postoperative
assessment of the arterial switch operation, but
could be a non-invasive means of obtaining both
anatomical and haemodynamic information in these
patients. This study was performed to assess the
value and limitations of Doppler echocardiography
after anatomical correction of transposition of the
great arteries.
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Patients and methods

Nineteen patients who had anatomical correction of
transposition of the great arteries between the ages
of one week and 10 years (mean 13 months) were
studied by pulsed and continuous wave Doppler
echocardiography 1-98 months (mean 43 months)
after operation. Ten patients had single stage and
nine two stage correction as described elsewhere.' 2
In nine patients direct anastomosis of the pulmonary
artery had been performed by means of the man-
oeuvre described by Lecompte et al.' In 10 patients
dura mater, Dacron, or calf pericardium were used
to augment the pulmonary artery.

All the patients were symptom free at the time of
investigation and 18 of the 19 were taking no
medication. Eleven had systolic ejection murmurs
audible in the pulmonary area, two had systolic
murmurs at the lower left sternal edge, and two had
clinical signs of mild aortic regurgitation.

Cross sectional and Doppler echocardiography
were performed with 5 MHz, 3 5 MHz, or 2-25 MHz
transducers. Blood flow velocities across the atrio-
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Fig. 1 Left ventricular outflow tract velocities (a) in a
patient with no evidence of aortic regurgitation and (b) in a
patient with a high velocity regurgitant jet seen in diastole.
This feature wasfound in 10 patients.

ventricular and aortic valves were measured by
means of pulsed Doppler ultrasound with simul-
taneous imaging (Biosound); both atria and the left
ventricular outflow tract were sampled for regur-

gitant jets (Fig. 1). Velocities in the ascending aorta
were measured from the suprasternal notch (Fig. 2)
by means of both a specially designed transducer
with an offset scanning plane and a 2 MHz dedicated
continuous wave transducer. Peak blood flow veloci-
ties across the atrioventricular valves and the ratio of
peak velocities of the late (a wave) and early (e wave)
phases of ventricular filling were recorded from an

apical transducer position. Pulmonary artery flow
was sampled immediately distal to the pulmonary
valve, immediately proximal to the bifurcation, and
where possible distal to the bifurcation. Parasternal,
subxiphoid, and apical transducer positions were

used to assess pulmonary artery flow velocities; the
apical position was the most useful for obtaining sat-
isfactory alignment with left pulmonary artery flow
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(Fig. 3). In cases where aliasing occurred, a lower
frequency transducer was selected to enable
detection of peak velocity. In all cases the audio
signal was used to align the Doppler ultrasound
beam as closely as possible with the direction of
blood flow. All measurements of velocity were taken
as the modal peak of the velocity envelope, as

described by Wilson and colleagues in their study of
normal subjects.4

Peak pressure drops were calculated from peak
velocity by the modified Bernoulli equation. In cases

where aortic regurgitation was detected in the left
ventricular outflow tract, diastolic reversal of flow in
the ascending aorta was also sought. When possible
the aortic regurgitant fraction was measured by
computer assisted integration of the forward and
reversed time/velocity envelopes according to the
technique of Goldberg and Allen,5 by means of pur-
pose designed software for the Apple IIe computer
(Biodata Consulting, California). All measurements
are expressed as an average of at least three cardiac
cycles.

STATISTICAL METHODS
Unpaired t tests were used to compare peak veloci-
ties with values taken from a series of 110 normal
subjects.4

Results

Cross sectional echocardiography showed that all
the patients had right and left ventricles that were

contracting well. All four valves appeared to be nor-

mal in all patients and no sites of obstruction to flow
were identified by cross sectional echocardiography
alone.

ATRIOVENTRICULAR VALVES
Peak blood flow velocities across both right and left

Table 1 Peak bloodflow velocities across the mitral and
tricuspid valves. There were significant differences between
values measured after the arterial switch operation and those
in normal subjects

Site Peak atrioventricular velocity (cm/s)

Switch (n=19) Normal (n=110)
(Wilson et a14)

Tricuspid valve:
Range 50-95 33-81
Mean 68* 53*
SD 12 12

Mitral valve:
Range 70-130 44-128
Mean 93t 77t
SD 16 16

*p<0-01; tp<0 02.
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Fig. 2 (a) Cross sectional
echocardiogram of the ascending aorta
from a suprasternal transducer position.
The Doppler sample volwme is indicated
by two parallel lines either side of the
cursor. In 15 patients no diastolic flow
was detected (b). Diastolic reversal of
flow (arrowed, c) due to aortic
regurgitation was seen in the ascending
aorta in onlyfour cases. AO, ascending
aorta; RPA, right pulmonary artery

* vel - 8@Thm/.

l.*
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atrioventricular valves were significantly higher
(Table 1) than those reported in normal subjects.4
The mean ratio (SD) of peak a wave to e wave veloc-
ities across the mitral valve was 0 53 (0 13) (range
0 24-068) and for the tricuspid valve it was 0 67
(0 17) (range 0-29-0 92). No mitral regurgitation
and only trivial early systolic tricuspid regurgitant
jets (as seen in normal subjects) were detected in six
cases.

PULMONARY ARTERY
Three patients had slightly raised pulmonary artery
velocities immediately distal to the pulmonary valve,
with calculated pressure drops of between 10 and 12
mm Hg. Doppler ultrasonography detected pressure

t .. l :l. | t | | j t. .::0SOUND
*fRtME 09845

E.E5 MHzV~~~~(~m V

drops of between 12 and 36mm Hg at the site of the
main pulmonary artery anastomosis in nine patients
(four after the Lecompte manoeuvre, three with
Dacron conduits, and two with pericardial augmen-
tation alone). In two further patients pressure drops
of 25 mgHg were detected between the right ven-
tricular outflow and pulmonary artery bifurcation,
but we could not be certain whether the high flow
velocity originated at valve level or at the anas-
tomotic site in the main pulmonary artery. In one
patient with a 25mmHg pressure drop at the anas-
tomotic site, an additional gradient of 11 mmHg at
the origin of the left pulmonary artery was detected.
Doppler echocardiographic examination of the left
pulmonary artery was possible in 10 of the 19
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Fig. 3 (a) Cross sectional teaA U
echocardiogram of the pulmonary artery e eme
and its bifurcation from an apical
transducer Position. The three Doppler
sampling sites are indicated by crosses.
RA, right atrium; RV, right ventricle,
MPA, main pulmonary artery; RPA,
right pulmonary artery; LPA, left U
Pulmonary artery. In this patient norma -"

blood,flw velocities are seen immnediatel.3E
distal to the pulmonary valve ring (b) 1E1
but with the Doppler sample volume at . _
the pulmonary artery bifurcation (distal
to the anastomosis) there is turbulent flont
with peak velocity of 300 cm/Is (c). .i

patients, but the right pulmonary artery was difficult
to image in all cases and no reliable recordings were

Table 2 The occurrence of high pulmonaryflow velocities
detected by Doppler echocardiography and expressed as
calculated pressure drop. In two patients it was difficult to
determine whether the high flow velocity had a valvar or
anastomotic origin

Site No Pressure drops (mm Hg)

PV 3 10-12
MPA 9 12-36
?PV ?MPA 2 25
LPA 1 11

PV, pulmonary valve; MPA, main pulmonary artery; LPA, left
pulmonary artery; N, number of stenoses detected.

obtained from this site. Pulmonary artery flow
velocities were normal in the remaining five patients.
Table 2 summarises Doppler findings in the pul-
monary artery.

AORTIC VALVE
Peak aortic velocities (range 70-220 cm/s, mean
(SD) 97 (16)) were within the normal range
(76-155 cm/s, mean 104 (19)) in all but one case
(with previously diagnosed mild supravalvar aortic
stenosis) in whom a peak pressure drop of 19mmHg
was detected with no regurgitation.

Aortic regurgitant jets in the left ventricular
outflow tract were detected in 10 of the 19 patients.
In six of these no diastolic flow reversal was
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detectable in the ascending aorta, implying that the
regurgitation was haemodynamically unimportant.
In the remaining four cases varying degrees of
diastolic flow reversal were detected in the ascending
aorta. Regurgitant fractions calculated by Doppler
were 17%, 19%, and 1 1% in three of these, and in
one case the velocity trace was of insufficient quality
for calculation of the regurgitant fraction.

Discussion

While surgical mortality for the arterial switch
procedure at Harefield is approximately the same as
for intra-atrial repair,6 there is limited information
available on late follow up after anatomical
correction. Reported complications have included
transient mitral regurgitation,7 mild aortic
regurgitation8 9 and supravalvar pulmonary stenosis
at the site of anastomosis. o Prosthetic tubes used in
the pulmonary artery anastomosis may also become
obstructive, particularly when they are placed to the
right rather than to the left of the aorta.10

PULMONARY ARTERIAL FINDINGS
Stenosis at the origin of branch pulmonary arteries
after the arterial switch procedure has not been
described previously; it was detected by Doppler
ultrasound in one of our patients in whom the
Lecompte manoeuvre had been used. It is possible
that obstruction at this level may be produced by
kinking as the main pulmonary artery is placed in its
new anterior position.

In this study Doppler echocardiography appeared
to be capable of identifying the site of origin of
increased flow velocity in most instances, but in two
cases exact localisation proved difficult. It was possi-
ble to investigate the left pulmonary artery in over
half the subjects. We did, however, fail to detect
branch pulmonary artery stenosis which had been
found at previous cardiac catheterisation in three
cases (one in the left and two in the right pulmonary
artery; one present preoperatively and two after the
Lecompte manoeuvre). We therefore recommend
caution in the negative interpretation of Doppler
findings in patients who are known to have had
branch pulmonary artery stenosis preoperatively, or
those in whom the Lecompte manoeuvre has been
used.

SYSTEMIC ARTERIAL FINDINGS
Mild aortic stenosis at a supravalvar level was
detected in only one of our patients and none had
pressure drops detectable across the aortic valve.
Doppler echocardiography is a sensitive means of

detecting aortic regurgitation, 11-13 and in the
absence of aortic stenosis the method used to quan-

titate the severity of regurgitation has been reported
to provide reliable estimates of aortic regurgitant
fractions.5 In this study aortic regurgitant jets were
detected in approximately half the patients. We
found aortic regurgitation sufficient to produce
detectable diastolic reversal of flow in the ascending
aorta in only four of the 10 patients with regurgitant
jets and the maximum regurgitant fraction detected
by Doppler was 19%. It has been suggested that
aortic regurgitation after the arterial switch oper-
ation does not progress.9 Doppler echocardiography
is readily repeatable and may provide a valuable
non-invasive means of serially assessing the pres-
ence and severity of aortic valve incompetence.

TRICUSPID AND MITRAL FLOW
The importance of the finding of increased peak
velocities across the mitral and tricuspid valves is
uncertain. Possible causes of high velocities include
valve stenosis, valve incompetence, and other causes
of increased blood flow.'4 No evidence of atrio-
ventricular valve stenosis or pathological regur-
gitation was found in any patient and it seems
unlikely that cardiac output after operation will be
higher than it is in normal subjects. Transmitral
blood flow velocities reflect diastolic function of the
left ventricle'5 and both peak mitral blood flow
velocity and the ratio of the late (a wave) and early
(e wave) velocity peaks may be increased in the pres-
ence of abnormalities of left-ventricular function.'6
Kitabatake and colleagues have reported a normal
mitral a:e wave velocity ratio of 0 64 (SD 0- 18) in a
series of 18 patients'6; the mean ratio in our patients
was 0*53 (0-13). However, Kitabatake's values were
those of an adult population and may not be suitable
for comparison with those of children.

Left ventricular end diastolic and end systolic
volumes may be increased in the early postoperative
months after the switch operation,'7 but both right
and left ventricular end diastolic pressures and ejec-
tion fractions have been found to be nornal with
longer follow up.'8 l None the less, some patients
may have abnormal indices of left ventricular
stifEness20 and the shape of the left ventricle appears
more globular than normal up to four years after
operation.'8 These geometric changes may cause
some variation from normal in ventricular compli-
ance, and this might explain the increased atrio-
ventricular blood flow velocities. Repeat Doppler
studies at later follow up are needed to determine
whether atrioventricular flow velocities in this group
of patients change with time.

Conclusions

The combination of Doppler and cross sectional
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echocardiography enables considerably more infor-
mation to be obtained after the arterial switch
operation than does echocardiography alone. Atrio-
ventricular peak blood flow velocities in the early
years after anatomical correction are higher than
normal, possibly reflecting mild abnormalities in
ventricular compliance. Doppler echocardiography
enables detection and quantification of aortic regur-
gitation and assessment of severity and localisation
ofpulmonary arterial obstruction in most cases. The
technique is less reliable in the detection of stenosis
at the origins of the branch pulmonary arteries,
which may occur in those patients in whom the
Lecompte manoeuvre has been used for anastomosis
of the pulmonary artery.

We thank Mrs Wilmar Dean for her administrative
assistance.
Dr J L Gibbs is supported by the National Heart

Research Fund.
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