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Non-invasive assessment of pulmonary blood supply
after staged repair of pulmonary atresia

STEFANO DEL TORSO,* MICHAEL J KELLY,4 VICTOR KALFF,
GIOVANNI STELLIN,t ROGER B B MEE,t ALEXANDER W VENABLES*

From theDeparrents of *Cardiology and jCardiac Swgery, Royal Children's Hospitul; and the tWuclear Medicine
Depareme, Alfred Hospital, Melborne, Australia

SUMMARY Radionuclide studies were performed to determine pulmonary blood flow in six children
who had undergone surgery for pulmonary atresia, ventricular septal defect, and hypoplastic pul-
monary arteries with or without major aortopulmonary collateral arteries. Lung blood flow was

assessed from both particle perfusion lung scans and the pulmonary and systemic phase of a

radionuclide dynamic flow study. Five patients had perfusion defects identified on the particle
perfusion lung scan. In three of these, abnormal areas were perfused only during the systemic phase
of the flow study, a combination of findings that indicate the presence of perfusion by collateral
arteries. In one patient no systemic perfusion was noted and in one an initial particle perfusion study
indicated the presence of a lung segment perfused by a collateral artery. In this last patient the
particle perfusion scan after total correction showed a reduction in the size of the lung perfusion
defect and no evidence of lung perfusion during the systemic phase of the flow study. The particle
perfusion lung scan in the sixth patient showed pronounced asymmetry in blood flow to the lungs
with no segmental perfusion defect on the particle perfusion scan and no abnormalities on the
systemic flow study.

It is concluded that radionuclide lung perfusion and flow studies provide useful information on
lung perfusion and merit further evaluation to define their role in the management of these patients.

There is still debate regarding the surgical manage-
ment of patients with pulmonary atresia, ventricular
septal defect, and hypoplastic pulmonary arteries with
or without major aortopulmonary collateral arteries.'
It is, however, generally agreed that the long term
results of surgery depend on achieving maximal direct
segmental perfusion of the lungs and satisfactory
relief of right ventricular outflow tract obstruction.24

After each staged palliative operation haemo-
dynamic and angiographic investigations are usually
performed. The numbers of invasive investigations
should be reduced if possible as each adds morbidity
and discomfort for the patient. Non-invasive
radionuclide assessment of lung blood flow has the
potential for this.
We report our experience with radionuclide studies
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in determining pulmonary blood flow in six patients
with this complex abnormality. Six underwent studies
postoperatively and one was also investigated
preoperatively.

Patients and method

Six patients were studied (age range 6-15 years). Each
had pulmonary atresia, ventricular septal defect, and
hypoplastic pulmonary arteries, five with and one
without collateral arteries. Table 1 shows the past his-
tory and clinical data of each patient at the time of
radionuclide investigation.

RADIONUCLIDE DATA ACQUISITION
After informed consent was obtained an intravenous
cannula was inserted into a brachial vein. A two stage
scintigraphic procedure was then performed. Firstly,
a standard multiple view lung particle perfusion scan
was performed using a small field of view gamma-
camera fitted with a general all purpose low energy
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Table 1 Patient data

Case No Major aortopunonary collatal arteies (MAPCA) Other procedures before repair Catheturisationfindings
Site
- aftr repair

Left lung, ligated Right ventricular outflow tract
1 Bilateral coliaterals { Right upper/middle lobes, no reconstruction

intervention
r Right upper/middle lobes,* Right ventricular outflow tract Residual MAPCA left

2 Bilateral collaterals j transplanted reconstruction, right pulmonary lower lobe
Left lower lobe,* no intervention arterioplasty

3t Major collateral Ligated Right ventricular outflow Large left to right
with bilateral tract reconstruction, right shunt, no signifi-
supply pulmonary arterioplasty cant residual

collaterals noted
Communicating left Ascending aorta to right pulmonary

pulmonary artery, ligated artery shunt
Left lower lobe, ligated

4 Bilateral collaterals Left lower lobe,
transplanted

Right upper/middle lobes,
transplanted

Right middle/lower lobes,
ligated

Right lower lobe, Main pulmonary artery to ascending
transplanted aorta anastomosis, right

5 Bilateral collaterals Left superior, transplanted pulmonary arterioplasty
Left inferior, ligated

6 None Waterston shunt Right pulmonary artery
18 mm, left pulmonary
artery 7 mm

*Sole blood supply.
tNo blood supply seen to right middle lobe preoperatively.

collimator. A dose of technetium-99m labelled mac-

roaggregated albumin was calculated by patient
weight based on an adult dose of 1 mCi (37 MBq).
With the patient lying supine, scintigraphic data were
acquired on transparencies and a dedicated minicom-
puter (DEC 11/34 computer using Gamma-il soft-
ware). The scans initially acquired were in the
anterior and left and right lateral views. If there was

evidence of a right to left cardiac shunt extra scans

were recorded of the head and the kidneys. This
phase of the study finished with a posterior lung scan

with the patient lying supine above the gamma-
camera.

Secondly, a dynamic radionuclide flow study was

acquired immediately after the last lung particle per-

fusion scan and without the patient moving in relation
to the gammacamera. For this study technetium-99m
as pertechnetate was injected as a bolus and images
were acquired on to transparencies as sequential two
second views and also into the computer as a one

frame per second dynamic study for 50 seconds after
bolus injection. The dose of technetium-99m used
was calculated according to patient weight and based
on an adult dose of 20 mCi (740 MBq).5

DATA ANALYSIS
A recent chest radiograph was available for each
patient to help in the interpretation of the scans. The

Table 2 Radionuclide stdy data

Case No Defect on lung parace perfusion scan Dynaanic ungMflow scan

Pubnoaiy phase defect Systmic phase visualisaion

Right upper lobe Right upper lobe Right upper lobe
2 Left lower lobe Left lower lobe Left lower lobe
3* Right middle lobe Right middle lobe Right middle lobe
4 Bilateral defects Normal Normal

tLeft upper lobeS tSmaller defect Normal Normal
6 Right lung: left lung flow ratio 6-7:1 Increased flow to right lung Normal.

*No blood supply seen to right middle lobe preoperatively.
tLung particle perfusion study only performed after transplant of major aortopulmonary collateral artery to right lower lobe.
tCombined study performed after transplant of major aortopulmonary collateral artery to left upper lobe and total repair.
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Fig. 1 Case 1: (a) paradce perfusion hing scan in posterior view shouwng the rigtupper lobe pefsion defect
(arrow). The perfi4sion defect (arrow) is also shown in (b) the lung phase of the technetiwn-99flow study, with
perfusion in (c) the systemic phase of that snty. L, left; R, right.

relative perfusion of each lung from the pulmonary
arteries was calculated from the digital images of the
particle perfusion scan as a ratio of the arithmetic
mean activity of the anterior and posterior images of
each lung. The particle perfusion scans were then vis-
ually examined for the presence of segmental defects
representing areas of the lung that were not perfused
from the pulmonary arteries.

Before
0D

After

0D

Fig. 2 Case 5: particle perfusion lung scans in (a) the left
lateral and (b) posterior views before and after operation showing
absent perfusion to all but the apical segment (arrow) of the left
upper lobe preoperatively. The perfusion defect over the right
lung was explained by a pleural effusion present on a chest
radiograph. Note bilateral kidney visualisation on the
preoperative posterior image (b) indicating significant right to left
shunting. Postoperatively the left upper lobe perfusion defect is
much smaller and there is no evidence ofright to left shunting.

To assess whether the defects corresponded to areas
perfused by collateral arteries the first pass radionuc-
lide flow study was reformatted as sequential one sec-
ond images and then examined in a closed loop cine
format in conjunction with the sequential transparen-
cies. Perfusion of lung segments by functioning col-
lateral arteries was inferred if the underperfused areas
on the particle perfusion lung scan filled in on the
radionuclide flow study only after the bolus of tracer
had passed through the left ventricle and out of the
aortic outflow tract in the systemic phase of the
scintigraphic flow study.

Results

Table 2 summarises the results of the lung perfusion
studies and ventricular function.

SCINTIGRAPHIC FINDINGS
Of the six patients, five had perfusion defects
identified on the particle perfusion lung scan. In three
of these, abnormal areas were perfused only during
the systemic phase of the radionuclide flow study,
whereas in one no systemic perfusion was noted. In
the fifth patient initial scintigraphic abnormalities
were reduced in a subsequent study performed after
total correction. The radionuclide studies in the sixth
patient showed pronounced asymmetry in blood flow
to the lungs with no segmental perfusion defects on
the particle perfusion scan and no abnormalities on
the systemic phase of the flow study.
Case I-This patient, who underwent repair early

in our series, had had two collateral arteries, one to
each lung. The right sided collateral supplied the
right upper and middle lobes. No collateral artery
transplant was performed, but the left sided collateral
artery was ligated. At scintigraphic assessment post-
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L R__
Fig. 3 Case 6: digital image in the posterior view ofa
postoperative partice perfusion lung scan showing relative
pulmonary pefusio to right and left lungs estimatedfrom the
ratio ofcounts obtained within each lungfield (left 48 000, right
320 000; right to left ratio 6.7:1). L, left; R, right.

operatively this patient had a perfusion defect in the
right upper lobe, as seen on the posterior image of the
particle perfusion scan (Fig. 1). This defect was
confirmed on the pulmonary phase of the flow study
(Fig. 1). Perfusion of this segment was clearly
identified on the systemic phase of the flow study
(Fig. 1). This finding was considered to confirm per-

fusion of the lung segments by the known persisting
collateral artery.
Case 2-Angiographic confirmation of a collateral

artery was obtained in a further patient (case 2), in
whom a combination of scintigraphic findings similar
to those in case 1 was observed in the left lower lobe,
suggesting a blood supply of this region by a collateral
artery.
Case 3-This patient had underperfused areas on

the particle perfusion lung scan and on the lung phase
of the flow study with systemic flow to the right
middle lobe. Previous invasive studies had failed to
show any blood supply to this region. This was

thought to suggest an angiographically unrecognised
collateral artery.
Case 4-This patient had multiple areas of under-

perfusion on both the particle perfusion lung scan and
the pulmonary phase of the flow study. These areas
did not appear to be due to perfusion by collateral
arteries since they were not seen to perfuse on the
systemic phase of the flow study.
Case 5-This patient had a particle perfusion lung

scan before and both a particle perfusion and flow
study after his final repair. At initial contrast angio-
graphy collateral arteries were identified as the sole
blood supply to the right lower lobe and to most of the
left upper lobe. At his first operation the collateral
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artery supplying the right lower lobe was successfully
transplanted to the native pulmonary artery. The first
scintigraphic study was performed after this surgical
procedure. The expected right to left shunt was
reflected on the particle perfusion scan by visualisa-
tion of the kidneys (Fig. 2). Particle perfusion lung
scans showed preserved perfusion to the apical seg-
ment of the left upper lobe with underperfusion of the
remainder of that lobe. He then underwent transplan-
tation of the second collateral artery to the left upper
lobe and subsequent total repair. Postoperatively, a
repeat scan showed that the features of the right to left
shunt had been abolished and the size of the perfusion
defect in the left lung was reduced (Fig. 2). The flow
study did not show any lung flow during the systemic
phase to suggest residual lung perfusion by collateral
arteries.
Case 6-This patient had no collateral arteries. A

Waterston shunt had been performed at 3 months of
age. One year after total repair a follow up cardiac
catheterisation showed a pronounced difference in the
size of the right and left pulmonary arteries. The lung
scan showed pronounced asymmetry of blood flow to
the lungs (Fig. 3) with a right to left lung perfusion
ratio of 6*7 to 1.0. The ratio of the calculated areas of
the two pulmonary arteries from the cardiac catheter-
isation data (Table 1) was very similar to the
radionuclide perfusion ratio. There were no focal per-
fusion defects in either lung field. There were no
abnormalities on the systemic phase of the flow study,
although its pulmonary phase also showed the
increased blood flow to the right lung.

Discussion

The possibility of distinguishing pulmonary arterial
flow from "bronchial" collateral flow using sequential
intravenous and intra-aortic injection of indium-131
labelled macroaggregated albumin was initially
described by Friedman et al in patients with congeni-
tal heart disease.6 More recently, Baker et al used
selective injections of radionuclide labelled albumin
microspheres for this purpose in patients with pulmo-
nary atresia during cardiac catheterisation.7 Studies to
evaluate the systemic origin of the vascular supply in
cases of bronchopulmonary by sequestration radionuc-
lide angiography using technetium-99m as pertechne-
tate have been reported in five children.8 Particle
perfusion studies have been used with intravenous
injections to evaluate pulmonary blood flow in
patients with tetralogy of Fallot before9 and after total
repair.9 10 This technique alone, however, is limited
in that it provides no information on lung blood flow
arising from systemic collaterals. There have been two
previous reports, each describing one case, in which
the combination of particle perfusion lung scans and
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Radionuclide studies in pulmonary atresia

radionuclide flow studies has been used to assess pul-
monary blood flow more comprehensively, using
intravenous injections of tracers."I 12
To our knowledge this is the first description of the

use of lung particle perfusion combined with
radionuclide flow studies to assess both pulmonary
and systemic blood flow to the lungs in patients with
pulmonary atresia, ventricular septal defect, and
hypoplastic pulmonary arteries with or without collat-
eral arteries.
The surgical management of this complex abnor-

mality requires a precise understanding not only of
the intracardiac anatomy but also of the pulmonary
blood supply. 13-Is Initial cardiac catheterisation is
performed to obtain necessary information on the
intracardiac defect, the presence or absence of central
pulmonary arteries and whether they are confluent or
not, their connections with the intrapulmonary
arteries, the number, origin, connections, and dis-
tributions of collateral arteries, and the presence of
stenosis of the pulmonary arteries or of collateral
arteries.

Follow up catheterisation is usually performed
before each stage of surgical repair to identify residual
abnormality. Uneven growth with residual stenoses of
central pulmonary arteries has also been described by
Kirklin in his review of Freedom et al.I Right ven-
tricular outflow tract patches, peripheral shunts, and
collateral artery transplantation all have the potential
of producing stenosis.16 17 There may be persistence
of stenosis or occlusion of transplanted collateral
arteries or residual arborisation defects due to previ-
ously unrecognised collateral arteries.

Angiographic demonstration of the central pulmo-
nary arteries and of collateral arteries may not be fully
satisfactory.34 Other techniques include computed
axial tomography'8 and radionuclide perfusion and
dynamic flow scintigraphy. The latter appears to be a
less traumatic alternative with greater sensitivity for
abnormal lung blood flow. Pulmonary particle perfu-
sion scans undoubtedly provide precise and reliable
information regarding pulmonary blood flow abnor-
malities. The technetium-99m labelled particulate
material injected is filtered out at the first downstream
capillary bed encountered. Areas of decreased pulmo-
nary arterial perfusion appear as areas of decreased
radioactivity. Adequate evaluation of scintigraphic
data requires correlation with a recent chest radio-
graph. For example, one of our patients (case 5)
showed a large perfusion defect over the right lung,
which was explained by a pleural effusion (Fig. 2).
Right to left shunts can be detected because particles
bypass the lung capillary system and radioactivity
appears in the systemic circulation in brain and kid-
neys.
The dynamic flow study assesses both pulmonary
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blood flow and systemic arterial flow to the lungs.
Early entry of radioactive material to the aorta as a
result of right to left shunting may complicate separa-
tion of the two phases. In the absence of significant
right to left shunting areas of lung perfused by collat-
eral arteries are visualised only during the systemic
arterial phase.
We have identified various combinations of pat-

terns on lung particle perfusion scintigraphy and flow
study. Firstly, areas of underperfusion seen on the
particle perfusion study and pulmonary phase of the
flow study, and perfused only during the systemic
phase of the flow study (Fig. 1), strongly suggest the
presence of lung perfusion by residual collateral
arteries. This suspicion was confirmed in one of our
patients at postoperative cardiac catheterisation. One
other patient with a similar combination of data was
known to have a collateral artery which had not been
dealt with at surgery.

Secondly, areas of underperfusion seen on both the
particle perfusion lung scan and the pulmonary phase
of the flow study, and in which no matching perfusion
is seen during the systemic phase of the flow study,
indicate lung segments without appreciable blood
supply of either pulmonary or systemic origin. These
may be due either to ligation or occlusion of collateral
arteries representing the sole supply of lung segments
or to areas of lung tissue abnormality. Impaired
growth of the alveoli with a reduction in their number
may be caused by prolonged hypoxia and diminished
blood flow.l5 The small residual postoperative perfu-
sion defect in the patient in case 5 (Fig. 2) may be of
this type.

Thirdly, homogeneous pulmonary perfusion on
particle perfusion scans associated with a normal sys-
temic phase on the flow study was seen only in
patients without residual functioning collateral
arteries, even in the presence of asymmetrical flow
due to pronounced difference in growth between the
two pulmonary arteries. Digitisation of the particle
perfusion scan enables relative flow to individual seg-
ments in the same lung or to each lung field to be
assessed quantitatively,'0 as in the patient in case 6, in
whom the pronounced asymmetry in blood flow to the
lungs was due to the difference in growth between the
two native pulmonary arteries. After a Waterston
shunt, patterns showing either increased,9 as in the
patient in case 6 (Fig. 3), or decreased'0 lung particle
perfusion in the lung that had received the shunt have
been previously described.

Fourthly, an additional possibility, not seen in our
patients, should be considered. Unrecognised or
untreated collateral arteries, connected to the native
pulmonary arteries, can be suspected if areas of lungs
already perfused during the perfusion study appear
again during the systemic phase of the flow study.
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The management of the patient with pulmonary
atresia, ventricular septal defect, and hypoplastic
pulmonary arteries remains a problem, in particular
when collateral arteries with or without arborisation
defects are present. Uniform growth of the pulmonary
artery system, and unifocalisation of blood supply
when collateral arteries are present, are desirable as a
prelude to corrective surgery, but abnormal lung per-
fusion may persist even after total repair.

Repeated evaluations are necessary, and angiogra-
phy is currendy usually performed to assess the
results of the staged surgical procedures, often after
each operation. Contrast angiography can precisely
define the size and growth of pulmonary arteries and
is essential both in the initial preoperative evaluation
and immediately before and after final repair. To
repeat this investigation after every staged palliative
procedure before final repair would, however, not be
entirely necessary when a precise anatomical assess-
ment of pulmonary blood vessels is not needed, if a
simpler relatively non-invasive technique was readily
available to assess the physiological effects of each
staged procedure. Our limited comparison of the
results of postoperative cardiac catheterisation with
combined radionucide blood flow studies suggests
that these radionucide techniques have some poten-
tial to identify areas of lung perfused by functioning
collateral arteries and residual right to left shunts and
therefore may be of value as a non-invasive follow up
investigation in this clinical situation.

These scintigraphic studies may also be potentially
useful in the preoperative period to direct selective
angiography or to clarify further lung perfusion pat-
terns, reducing the need for prolonged exposure to
radiation from multiple contrast angiograms. A
specific factor which may particularly limit the diag-
nostic value of this non-invasive technique before sur-
gical intervention is the presence of major shunting
from right to left (as in the initial study in the patient
in case 5) or, to a lesser extent, from left to right. The
pulmonary and systemic phases are not discrete under
these circumstances, and inaccuracies in the quantita-
tive prediction of the contribution of regional blood
flow of the various sources would be inevitable.
Because of these considerations, radionuclide
methods may be of most value in the preoperative
assessment of these patients when selective injection
of radiolabelled particles is performed at the time of
the definitive cardiac catheterisation.7

It is likely that a specific limitation of radionuclide
techniques could be, for example, the difficulty in
identifying perfusion by collateral arteries to the left
lower lobe because of overlap with the left ventricle.
Nevertheless, our data indicate that radionuclide
techniques merit further evaluation to assess their
possible role in the overall management of these
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patients, especially when collateral arteries are
present.
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