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In 21 patients who had undergone the arterial switch
operation, the adequacy of myocardial perfusion was eval-
uated by thallium-201 computed scintigraphy 2.6 + 2 (0.3-
7) yr after surgery. Fourteen patients had undergone the
arterial switch procedure after puimonary artery banding
and seven as a primary repair. Isoproterenol stress in-
creased the heart rate by at least 55%. Tomographic
imaging was performed at peak stress and 3 hr later in the
reperfusion phase. Nine patients had perfusion defects.
The perfusion defects were located at the left ventricular
apex in four (with extension to the inferolateral wall in one),
left ventricular anterolateral wall in two, ventricular septum
in one, left ventricular inferior wall in one, and right ventric-
ular free wall in one. Some of these defects could be due
to myocardial damage at the time of surgery, but these
results also raise concem about long-term adequacy of
myocardial perfusion following the arterial switch proce-
dure.
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One of the concerns about the long-term results of
the arterial switch operation is the adequacy of coronary
artery blood flow (/). This may be compromised by
coronary artery kinking or failure of the coronary artery
anastomosis to grow adequately after reimplantation
(2,3). In patients with normal coronary blood flow at
rest, exercise or pharmacologically-induced stress may
precipitate changes, revealing inadequacy of perfusion
(4). To address the problem of adequacy of coronary
artery blood flow following the arterial switch proce-
dure, we assessed myocardial perfusion at rest and after
isoproterenol infusion by thallium 201 (*'T1) computed
tomographic scintigraphy.
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PATIENTS AND METHODS
Patient Selection

Among 46 patients, who had survived an arterial switch
operation at our institution, 23 were from or within a 100 km
radius of the city. Of the 23, 21 agreed to participate in the
study and gave informed consent. The study was approved by
the hospital’s human subjects committee. The male-to-female
ratio was 1.8:1. The diagnosis, coronary artery anatomy, and
timing of surgery and study in these patients are listed in
Table 1.

We used the classification of coronary artery anatomy
proposed by Yacoub and Radley Smith (5), with type A
representing those where both right and left coronary arteries
originate from different sinuses, type B the right and left
originate from the same sinus, and type D the (left) circumflex
arises from the right coronary artery.

Statistical Analyses

For comparison of data, a two-tailed paired Student’s t-test
was used. A p value of <0.05 was considered to present a
significant difference between the two groups. Data are given
as mean =+ s.d. and range.

Surgical Procedures

Description of the Arterial Switch Procedure. The arterial
switch operation is an anatomical correction of transposition
of the great arteries. After both great arteries have been trans-
sected a few millimeters above the aortic sinuses of Valsalva,
the coronary ostia are excised with a rim of aortic wall. Most
surgeons (/,5-7) also mobilize the first few proximal milli-
meters of each coronary artery to avoid tension or kinking of
the main coronary arteries. The coronary artery transfer is
completed by anastomosing the rim of aortic wall containing
the coronary ostia to the pulmonary arterial wall. The defects
in the aortic wall are closed by using autogenous pericardium.
Following the transfer of the coronary arteries, the distal
pulmonary artery is anastomosed with the proximal stump of
aorta and the distal aorta with the proximal stump of the
pulmonary artery, which now contains the coronary ostia.
Thus, the aorta with its coronary arteries now arises from the
left ventricle and the pulmonary artery from the right ventri-
cle. The approach and optimal time for surgery has altered
over the last few years, from that of pulmonary artery banding
during the neonatal period, followed by repair at a later stage
(8,9), to that of a primary repair during the first two weeks of
life.

In this patient population, pulmonary artery banding had
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TABLE 1
Clinical Data in 21 Patients with Arterial Switch

Coronary Age at Age at Pump X-Clamp

Patient Diagnosis artery type surgery study time time
1 TGA, VSD A 1.6 yr 45yr 182 88
2 TGA, VSD D 15yr 3yr 190 84
3 TGA, VSD B 17 yr 22yr 194 72
4 TGA, IVS A 12yr 1.6 yr 231 91
5 TGA, VSD B 2yr 6.3 yr 226 98
6 TGA, VSD A 13yr 1.3yr 197 82
7 TGA, VSD A 79yr 41yr 281 120
8 TAUSSIG BING D 22yr 42yr 267 108
9 TGA, VSD A 11yr 58yr 244 132
10 TGA, VSD A 1.6 yr 1.1yr 212 81
1 TAUSSIG BING 3 Orifices 32yr 7yr 203 82
12 TAUSSIG BING D 24yr 22yr 324 150
13 TGA, VSD B 24 yr 21yr 229 54
14 TGA, VSD, LVOTO A 52yr 42yr 233 102
15 TGA, VSD A 5 mo 6 mo 209 56
16 TGA, VSD, LVOTO A 9 mo 42yr 166 96
17 TGA, IVS A 5 days 4 mo 144 73
18 TGA, IVS A 10 days 3mo 103 74
19 TGA, VSD A 5mo 6 mo 149 27
20 TGA, IVS A 5 days 4 mo 87 63
21 TGA, VSD A 2mo 5mo 186 108

TGA = Transposition of the great arteries; VSD = ventricular septal defect; IVS = intact ventricular septum; and LVOTO = left

ventricular outflow tract obstruction.

been performed in patients 1-14 prior to corrective surgery,
while seven patients had an arterial switch procedure as a
primary operation (Patients 15-21). The mean age at arterial
switch operation for the total group was 1.7 + 1.8 yr (8 days—
7.9 yr). For the 14 patients who had a two-stage repair, the
mean age at surgery was 2.3 + 4 (0.8-7.9) yr, while it was 3.1
+ 2 mo (10 days-9 mo) in the remaining 7 patients. The mean
coronary nonperfusion time during surgery was 87.4 + 11
(72-108) min and the mean cardiopulmonary bypass time
200 + 33 (144-267) min in the first 14 patients, whereas it
was 71 = 22 (27-108) min and 149 + 28 (87-209) min,
respectively, in the 7 patients who underwent a one-stage
repair. Table 1 lists the data for each individual patient. The
same blood cardioplegia was used in all operations. Surgery
was performed by three different surgeons in our institution,
all of whom followed the same guidelines.

Thallium Perfusion Scintigraphy

The myocardial perfusion study was undertaken at a mean
age of 4 + 3 (4 mo-10.2) yr. The mean time after surgery was
2.6 £ (0.3-7) yr. Due to the young age of the patients, exercise
studies could not be performed and, hence, stress was simu-
lated with isoproterenol (4). Heart rate and blood pressure
were continuously monitored throughout the study with a
Dinamap oscillometric blood pressure recording device. One
vial of isoproterenol was diluted in 500 cc of 5% dextrose
solution and given intravenously through a drip. The rate of
infusion was manually regulated and the dose of isoproterenol
titrated such that the resting heart rate increased by at least
50% {from a mean of 89 + 15, to 135 + 22 (p < 0.001) bpmj}.
The blood pressure prior to isoproterenol infusion was 104 +
12 (83-122) and 102 + 10 (80-118) mm Hg at peak heart
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rate. Infants, who were restless prior to the study, were sedated
with chloralhydrate. While lying supine °'Tl was injected
during maximal heart rate at a dose of 28 to 79 MBq,
according to the patient’s weight, yielding a dose of 1.5-4
MBq/kg body weight (10).

The isoproterenol infusion was continued to maintain the
heart rate close to the previously achieved peak for at least
another 6 min. During this time, the tomographic camera was
properly positioned. After data gathering had been started, the
isoproterenol infusion was slowly reduced. A single-photon
emission computed tomography (SPECT) study was per-
formed, because of its advantages in terms of sensitivity and
specificity in detecting perfusion defects (/7). State-of-the-art
equipment was used consisting of a General Electric 400 AC
Starcam tomographic camera with a general-purpose low-
energy collimator and a 64 X 64 byte matrix. The camera was
rotated clockwise around the patient in a 180-degree arc in a
circular orbit starting at a 45-degree right anterior oblique
position. Sixty-four raw data images were acquired at 15 s a
frame. Redistribution tomographic pictures were similarly
obtained 2.50 hr postinjection and were considered to repre-
sent the resting phase. All tomographic images were flood
corrected by a 30-million count flood. Images were spatially
and temporally filtered using a Hanning filter with a 0.833
frequency cutoff. Reconstruction was done using an attenua-
tion correction with an absorption coefficient of 0.12. Trans-
axial tomographic reconstruction was done at | pixel per slice.
Vertical long-axis images were created from the transaxial
images and subsequently short and horizontal axis images
were obtained from the vertical long-axis data.

For the grading of the thallium scans, a semiquantitative
approach was used. Thallium scans were graded as either
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normal, with homogenous uptake of thallium, partial defects,
with a reduction in thallium uptake, or complete, with an
absent area of thallium uptake.

Two experienced observers (/2,13), independently re-
viewed the scans and graded them without prior knowledge
of the second observer’s opinion. Normal data on children
and young adults are unavailable and unobtainable due to
ethical reasons (/4).

RESULTS

Perfusion Defects and Their Anatomic Location

Normal myocardial perfusion was found in 12 pa-
tients (57%). Nine patients had perfusion defects. The
anatomic locations of the perfusion defects are listed in
Table 2 (the patient number is as in Table 1). Figure 1
depicts an example of a reversible defect encountered
in Patient 5 (Table 1). The mean coronary nonperfusion
and cardiopulmonary bypass times for patients with or
without a perfusion defect were not significantly differ-
ent. There were significantly less defects in the patients
who had the arterial switch operation as a primary
procedure in infancy, compared to those patients with
a two-stage repair at a later age.

Interobserver Variability

The interobserver data are listed in Table 3. There
was no disagreement about the presence or absence of
a perfusion defect. In one case, the severity of the defect
was assessed differently by the two observers. In two
cases, there was disagreement about the reversibility of
the perfusion defects.

Surgical Complications in Patients with Perfusion
Defects

Three patients with perfusion defects had complica-
tions at surgical repair, which might explain their de-
fects. Patient 3 (Table 1) had kinking of the left coronary
artery noted after reimplantation of this vessel with
subsequent revision of the anastomosis. In Patient 4,
the left anterior descending coronary artery was acci-
dently lacerated and subsequently repaired, and in Pa-
tient 8 the right coronary artery had been compressed

TABLE 2
Perfusion Defects in Nine Patients Following the Arterial
Switch
Patient Location of defect

3 LV anterolateral wall
4 LV inferolateral wall and apex
5 Apex
6 RV free wall
7 Apex
8 LV inferior wall

1 Apex

12 LV anterolateral wall

18 Basilar septum

LV = left ventricular and RV = right ventricular.
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at pulmonary artery banding. In all other patients, the
transfer of the coronary arteries was uncomplicated.

Correlation of Perfusion Defects with Other Investi-
gations

On examining the electrocardiogram for evidence of
ischemia, seven of nine patients with a perfusion defect
were found to have a right bundle branch block; one
had a pacemaker for complete heart block and one had
abnormal ST segments with a biphasic T-wave in the
right precordial leads and a 1-mm ST segment depres-
sion in the left leads. Cardiac catheterization and an-
giography had been performed on all patients except
numbers 4, 18, 20, and 21. The details of these studies
have been reported (/5). In Patients 3 and 11, aortog-
raphy demonstrated a narrowed origin of the left coro-
nary artery, while in the remaining patients no obvious
abnormalities of the coronary arteries could be detected.
Selective coronary arteriography, however, was not per-
formed.

Left ventricular wall motion analysis by cross-sec-
tional echocardiography using a floating model refer-
ence system was also performed (/6). Standard echo-
cardiographic views in the parasternal short-axis and
apical position were employed. Regional wall motion
was evaluated by digitizing the endocardium with an
offline computer system at endsystole and enddiastole.
After dividing the left ventricle into eight segments,
regional area change was calculated and the results in
the patient group compared with data obtained from
echocardiographic studies in 40 age-matched children
and 15 newborns all of whom had a normal heart.
Except for Case 18, all patients with perfusion defects
in the left ventricle had echocardiographic wall motion
abnormalities in the corresponding anatomic segments
(17). Thus far all patients are clinically well.

DISCUSSION

Myocardial Perfusion after the Arterial Switch
Operation

The arterial switch operation for complete transpo-
sition of the great arteries, either in isolation or in
association with other intracardiac defects, attempts to
anatomically correct the cardiac abnormality
(1,2,6,12). Evidence thus far points to grossly normal
myocardial function in the majority of children surviv-
ing this procedure (/8). Although animal experiments
(3) and clinical studies (/9) suggest growth of the
coronary artery anastomosis and preservation of left
ventricular function, recent reports of sudden unex-
pected death (2,20) raise some concern about the long-
term patency of the coronary arteries, with potential
problems being related to kinking of the vessel or ostial
stenosis.
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FIGURE 1

View of the left ventricle in the horizon-
tal long axis. In panel A, a defect at the
apex during isoproterenol-induced
stress is demonstrated, which is par-
tially reversible in the redistribution

phase (B).

Detection of Myocardial Ischemia

Detection of coronary artery abnormalities may be
possible through the application of the surface electro-
cardiogram, though a normal trace does not exclude
ischemia (2/). Likewise in the presence of complete
bundle branch block ischemia may be masked. Coro-
nary arteriography provides accurate data regarding
vessel abnormalities in adults (22), but in young infants
presents a greater challenge. It would therefore appear
that a simple, reliable noninvasive assessment of myo-
cardial perfusion would be ideal in this population to
identify those patients who may be at greater risk for
myocardial ischemia or potential sudden death.

Thallium Perfusion Scintigraphy

Thallium-201 SPECT is a well-accepted technique in
the adult population (22,23) for the evaluation of cor-
onary artery disease. This methodology appears to cor-
relate well both with stenotic lesions detected at coro-
nary angiography (2/,23) and with the site of myocar-
dial infarction detected at autopsy (24).

With angiographic methods being used as the “gold
standard,” the sensitivity and specificity of 2°'T1 perfu-
sion scans for detecting myocardial ischemia have been
in the order of 80%, being higher for the anterior than
the posterior segments of the left ventricle (23). The
sensitivity and specificity of this methodology can be
improved by applying tomographic instead of planar
studies, with one study demonstrating a sensitivity as
high as 94% and a specificity of 79% (25). The clinical
usefulness of *'Tl myocardial perfusion imaging has
been further proven in one study with adults, in whom
a voluntary control group could be gathered. Twenty-

TABLE 3
Interobserver Variability in Assessing Perfusion Defects in
Nine Patients Following the Arterial Switch

Observer A Observer B
Patient  Stress  Reperfusion Stress  Reperfusion

4 Partial Partial Partial Partial

5 Complete  Partial Complete  Partial

7 Complete Complete Complete = Complete
1 Complete  Partial Partial Normal
12 Partial Normal Partial Partial

3 Partial Normal Partial Normal

6 Complete  Normal Complete  Normal

8 Partial Normal Partial Normal
18 Partial Normal Partial Normal
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three of 25 volunteers with a structurally normal heart
and absence of coronary artery disease had a normal
thallium study (specificity 92%) with a low rate of false-
positive studies (26). Although technical difficulties are
encountered using a tomographic approach in infants
less than 3 mo of age, our study demonstrates that this
technique can be readily applied to children. It also
emphasizes the importance of stressing the heart to
detect more subtle reversible defects. While isoprotere-
nol does not exactly simulate physiologic exercise, it
increases myocardial oxygen demand (4) and may un-
mask reversible perfusion defects in this age group. We
used isoproterenol instead of dipyridamole for the pur-
pose of this study, because we had no prior experience
with the latter drug in small children and it is unclear
as to whether this is a safe drug to use in an infant with
compromised coronary artery perfusion.

Some of the perfusion defects may have been due to
transmural infarction (25) sustained during surgical
repair. These infarcts were encountered in those pa-
tients, who underwent the arterial switch operation at
an early time of the learning curve. The fact that the
newborns, in whom the arterial switch operation has
been applied routinely since 1986, had no irreversible
defects, is encouraging. Reversible perfusion defects,
which were found in four patients in this study, have
been reported by other authors (27) following the arte-
rial switch operation, albeit with a much higher inci-
dence. These authors used dipyridamole to simulate
exercise and found ST segment depression in 17 of the
19 patients studied, as well as areas with decreased
thallium uptake but normal redistribution in the same
patients. Both isoproterenol as well as dipyridamole
have been shown to increase the oxygen demand and
thus coronary blood flow by about 2-4 times (28). An
abnormal thallium uptake with normal redistribution
in this situation points to a coronary flow reserve prob-
lem (29). To date we are not sure what these coronary
flow reserve disturbances may mean for individual pa-
tients in the future. Perhaps selective coronary arteri-
ography will clarify the issue in some. It is, however,
encouraging to note that so far no patient from this
group has suffered a sudden cardiac death.

CONCLUSIONS

Thallium-201 myocardial perfusion scan is a useful
adjunct to a complete postoperative assessment follow-
ing the arterial switch procedure. In experienced hands,
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it provides reliable reproducible data. The potential for
a perfusion defect under stress in a patient with a
normal resting scan, emphasizes the importance of
stressing the myocardium. It may point to a potential
coronary flow reserve problem in patients having under-
gone the arterial switch operation, although further
studies perhaps with the use of selective coronary arte-
riography have to be undertaken to further define the
future fate of these patients.
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