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Staged operation for pulmonary atresia and

ventricular septal defect with major aortopulmonary

collateral arteries
New technigue for complete unifocalization

A new staged operation for total correction of pulmonary atresia and ventricular septal defect with
major aortopulmonary collateral arteries has been developed. In first-stage repair (complete unifocal-
ization), intrapulmonary arteries were unified at the hilum with equine pericardial conduits (intrapul-
monary bridges). In case of absent or severely hypoplastic central pulmenary arteries, new central
pulmonary arteries were created. Finally, the unifocalization was completed by modified Blalock-
Taussig shunts with the ligation of collateral arteries. In second-stage repair, right ventricular-
pulmonary arterial continuity was established with a trileaflet pericardial conduit and closure of the
ventricular septal defect. From January 1982 through July 1988, 34 patients, whose ages ranged from
1 month to 24 years (mean 6.6 years), underwent first-stage repair with two resultant late deaths
(mortality rate 5.9%). Second-stage repair has been completed in 16 patients. There were two early
deaths (mortality rate 12%) from bacterial infection. Postoperative right ventricular/left ventricular
systolic pressure ratios ranged from 0.36 to 1.0 (mean 0.72). In four patients in whom the ratio was
1.0, the ventricular septal defect had been closed with a perforated patch. By complete unifocalization
with the intrapulmonary bridge technique and the creation of new central pulmonary arteries, the

majority of patients with major aortopulmonary collateral arteries can have successful repair.
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and Kazuo Momma, MD,? Tokyo, Japan

Ie current standard surgical treatment of pulmonary
atresia and ventricular septal defect is generally associ-
ated with good results."6 However, when the proce-
dure involves major aortopulmonary collateral arteries
(MAPCA:s), the pulmonary arterial vasculature has
complicated anomalies that still provide serious obstacles
tosuccessful corrective operations.!® In this anomaly, the
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primary pulmonary blood source is multifocal’; the cen-
tral pulmonary arteries, which are frequently severely
hypoplastic or absent, connect with only a limited num-
ber of intrapulmonary arteries because of arborization
abnormalities, whereas isolated segments are directly
supplied from MAPCAs.,

Our current management for these patientsis a staged
operation: (1) first-stage repair, complete unifocalization;
(2) second-stage repair, establishment of right ventricu-
lar-pulmonary arterial continuity'® (Fig. 1). This report
describes our surgical experiences and:discusses operabil-
ity and surgical approach in these patients.

. Patients

From January 1982 through July 1988, 34 patients under-
went the first-stage repair at The Heart Institute of Japan, To-
kyo Women’s Medical College. The group comprised 16 male -
and 18 female patients with ages ranging from 1 month to-24
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Fig. 1. Schematic representation of the staged operation. Left, A typical form of pulmonary atresia and ventricular
septal defect with MAPCAs. Middle, First-stage repair: Complete unifocalization. Right, Second-stage repair: The
establishment of right ventricular—pulmonary arterial (RV-PA) continuity along with closure of a ventricular septal

defect (VSD).

Fig 2. Characteristic types of the central pulmonary arteries in pulmonary atresia and ventricular septal defect with
MAPCAs (pulmonary angiograms obtained by selective MAPCA injections). A, Moderately hypoplastic central
pulmonary arteries. B, Severely hypoplastic central pulmonary arteries. C, Absent central pulmonary arteries. aa,
Arborization abnormality; cpa, central pulmonary artery; ha, Hilar pulmonary artery. i, MAPCA; white arrow,
hilar stenosis of the connection between the MAPCA and the hilar pulmonary artery.

years (mean age 6.6 years); there was no difference in the mean
age between male and female patients. Age distribution was as
follows: Six patients were younger than 1 year, 12 patients were
between 1 and S years, and the other 16 patients were older than
5 years. Arterial oxygen saturations with the patients breathing
room air ranged from 57% to 90% (mean 76%), and arterial
oxygen partial pressures ranged from 27 to 50 mm Hg (mean
42 mm Hg). Sixteen paticnts (47%) had a right aartic arch, 12
(75%) of them being female. Student's ¢ test was used (or the
statistical analysis.

Pulmonary arterial anatomy and surgical classification.
Pulmonary arterial structures are designated extrapulmonary
and intrapulmonary. Extrapulmonary arteries are formed by
the pulmonary trunk and right and left central pulmonary ar-
teries. Intrapulmonary arteries are formed by secondary and
subscquent branches and retain clastic structures from the

hilum (hilar pulmonary arleries). MAPCA is defined as a large
tortuous collateral artery, which almost always arises from the
anterior surface of the descending aorta just beneath the carina
or subclavian arteries, loops independent of the course of the
bronchus to the lung, and connects with intrapulmonary arter-
ics at the posterior aspect of the hilum.!! When pulmonary ar-
terial blood flow is diminished in congenital heart diseases, en-
larged bronchial arteries, which do not normally communicate
directly with the lumina of pulmonary arteries, can affect pre-
capillary anastomosis.!> MAPCAs should be differentiated
{from these enlarged bronchial arteries, which run in the wall of
the bronchus and connect with pulmonary arteries in the region
of capillary arteries.

Preoperatively, the anatomy of pulmonary arterial vascula-
tures and MAPCAs was carefully delincated by repeated selec-
tive injections of every MAPCA. The average number of the
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Fig. 3. Lateral view of pulmonary angiogram, obtained by se-
lective MAPCA injection, demonstrating peripheral pulmonary
stenosis (white arrow).

MAPCAS at the hilum was 3.4 (range 2 to 6) per patient. Six-
ty-five percent of the MAPCAs had a stenotic segment localized
in the region of the hilum just before the conncction with the hi-
lar pulmonary arteries'*'¢ (Fig. 2). These hilar stenoses were
cither long or short segments. The progressive obstruction of hi-
lar stenosis was observed in three patients before the first-stage
repair. Peripheral pulmonary stenosis in the hilar region wasalso
found in five patients (Fig. 3). The pulmonary trunk was absent
in 31 patients. The central pulmonary arteries showed various
degrees of hypoplasia. As a whole, the growth of the intrapul-
monary arteries was relatively good compared with that of the
extrapulmonary arteries. However, serious complications re-
garding the growth of intrapulmonary arterics, severc hypopla-
sia or severe pulmonary hypertension, were present in 10
patients (29%): In five of them, the intrapulmonary arteries
were severely hypoplastic. In the other five, severe pulmonary
hypertensive obstructive change in most parts of the lungs was
suggested by pulmonary angiograms. These 10 patients showed
the following characteristics: (1) The mean age at first-stage re-
pair was significantly higher than that of the other 24 paticnts
(p < 0.05). (2) A right acrtic arch was encountered in nine pa-
tients (90%), 80% of them female.

Our surgical classification is given in Table 1. All surgical
cases are summarized in Tables ITand HI according to this sur-
gical classification, based on the growth of central pulmonary
arteries and the presence or absence of arborization abnormal-
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Table L. Surgical classification of 34 patients with
pulmonary atresia and ventricular septal defect with

MAPCAs
No. of
Surgical classification patients
1. Moderately hypoplastic central pulmonary
arterics (PA index 2 60)
a. Arborization abnormalitics (=) 7
b. Arbaorization abnormalitics (++) 10
2. Scverely hypoplastic central pulmonary
arteries (PA index < 60)
a. Arborization abnormalitics (=) 2
b. Arborization abnormalitics (+) 10
3. Absent central pulmonary arterics
a. Arborization abnormalitics (=) 3
b. Arborization abnormalitics (+) 2

PA index = (RPA area -+ LPA area)/BSA (normal range 330 % 30 mm:/m:
BSA), where RPA is right pulmonary artery, LPA is left pulmonary astery. and
BSA is body surface arca.

ities (Fig. 2). The size of central pulmonary arlerics was cval-
uated by the pulmonary artery index (PA index)"”, which indi-
cates the pulmonary arterial cross-sectional area divided by the
body surface arca (normal value 330 % 30 mm?/m? body sur-
faccarea). The pulmonary arterial cross-sectional area was cal-
culated by measuring the diameters of the right and left pulmo-
nary arterics just proximal to the first lobar branch on the
pulmonary angiogram. The central pulmonary arterics were
moderately hypoplastic (type 1, PA index 2 60)in 17 patients,
severely hypoplastic (type 2, PA index < 60) in 12 patients, and
absent (type 3) in five patients (Fig. 2). There were no signifi-
cantdifferences in the mean ages at the first-stage repair among,
thesc three types. However, the distribution by sex was uncven;
76% of patients with type | arterics werc male, whereas 92% of
those with type 2 and 20% of those with type 3 were female. A
total of 33 arborization abnormalities were present in 22
patients (65%). The number of arborization abnormalities per
patient ranged from one to three. The size of isolated scgments
varied greatly from one bronchopulmonary segment to more
than one lobe. The degree of arborization abnormality in each
patient was represented in six grades, grade 1/6 to grade 6/6,
by the ratio of combined isolated arca to total pulmonary arte-
rial area, in which the combined isolated arca was estimated by
considering one sixth of the total pulmonary arterial area as onc
unit.

First-stage repair (complete unifocalization). First-stage
repair, complete unifocalization, is aimed to remodel the
pulmonary arterial structures (Fig. 1). Here the term unifocal-
ization means toconvert multifocal to unifocal pulmonary blood
supply, according to the definition suggested by Macartney and
Haworth'!: For the purpose of unifocalization, “unification” of
intrapulmonary arteries is necessary. This first-stage repair is
performed separately on the right and left lungs by the standard
technique through a posterolateral thoracotomy. Understand-
ing the anatomy of pulmonary arteriecs and MAPCAs at the
hilum is indispensable for complete unifocalization. Because of
“wash-in" and “wash-out” phenomena,'® the preoperative in-
formation by MAPCA injections may be erroncous; therefore
the connections between the central pulmonary arterics, the hi-
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Table IL. Surgical cases and results of type 1 disease (moderately hypoplastic central pulmonary arteries)

Surgical Grade of Severities of

Aortic  classification  arborization intrapulmonary Age  PA

First-stage repair Second-stage repair

Intrapulmonary Age PA Postop.

Patient Sex arch  (right, left]  abnormality arteries {yr} index bridge (d) (yr} index RVPILVP Death
1 M R (1a, 1a) 0/6 0.1
2 M L (1a, 1a) 0/6 03 136 3.2 240 0.60
3 M R (1a, 1a) 0/6 05 102 25 1M 0.68
4 M L (1b, 1a) 2/6 06 108 8 mm 3.1 175 0.65
5 M L (1b, 1a) 2/6 30 72 12 mm
6 M L (1b, 1b) 4/6 . 30 12mm
7 M R (1b, fa) 1/6 Severe 307 66
hypoplasia
8 M L (la, 1a) 0/6 34 125
9 F R (la, 1a) 0/6 Severe 40 24
hypoplasia .
10 M R (ta, 1b) 2/6 Severe 50 150 12 mm 52 196 1.00*
PH (broad)
11 M L (1b, 1a) 3/6 60 167 13 mm 65 296 0.73
12 M L (la, 1a) 0/6 70 100 120 160 0.52
13 F R (1b, 1b) 4/6 80 230 10 mm 86 230 0.75
14 M L (1a, 1b) 2/6 9.0 360 8 mm 9.1 360 072
15 M L (1a, 1a) 0/6 100 193 100 190 0.65
16 F L (1b, 1a) 1/6 11.0 208 13.0 207 0.65 Death
17 F R (1b, 1b) 4/6 Severe 150 145 12 mm
PH (broad)

For aortic arch: R, Right nortic arch; L, left aortic arch. Grade of arbarization abnormality: Sec text. PA index: See text and legend to Table L. PH Pulmonary
hypertension; d, diameter; RVP/LVP, peak systolic pressure ratio of right ventricle to feft ventricle.

*perforated patch closure of ventricular septal defect.

lar pulmonary arteries, and MAPCAs were verified by dissect-
ing the parietal and visceral pleura of posterior hilum toward the
lung.

Unificationof intrapulmonary arteries (Figs. 4 and 5). When
arborization abnormalities were present, the intrapulmonary
arteries were \;niﬁed by restoring the continuity between hilar
pulmopary arteries in the hilum or inside the lung, By careful
dissection of the visceral pleura toward the lung and separation
of interlobar- ﬁssures, the interrupted portion of the hilar
pulmonary arteries ‘was exposed. Hilar stenoses of the MAP-
CAs, located at the junction to the hilar arteries, were avoided
by not using MAPCAs to unify the intrapulmonary arteries.
Instead, the: eonunulty between hilar pulmonary arteries was
restored by interposition of a prosthetic conduit (intrapulmo-
nary bridge). Intrapulmonary bridges, 8 to 13 mm in diameter,
were tailored of equine pericardium (Xenomedica AG, Luzern,
Switzerland) according to each individual situation. In placing
intrapulmonary. bridges, we were careful to avoid compressing
the surrounding: pulmonary: veins and bronchial tree.

Theintrapulmonary bridge technique was used in 15 patients
in whom-arborization abnormalities were present. It was aiso
used in:three:patients. to relieve peripheral pulmonary stenoses
in:theregion:ofthe hilum. However, when the isolated segment
was-only-a-smail. bronchopulmonary segment, the segmental
artéry. of thi isolated segment was directly anastomosed to the
.appropnateporuon of the hilar pulmonary arteries-communi-
cating-with: the-central pulmonary artery (Fig. 6). This direct
-anastorfiosis between intrapulmonary arteries was used in nine

patients:

Remodelfngqf central pulnionary arter:es (Figs.6and 7). As

a part of complete unifocalization, we remodeled the central
pulmonary arteries so that they would be large enough toattach
to hilar pulmonary arteries. Besides, central pulmonary arteries
should be large enough (PA index = 120) to function as the
conduit between the right ventricle and intrapulmonary arter-
ies in the second stage of the repair. We tried to enlarge
hypoplastic central pulmonary arteries in the following fashion:
When the central pulmonary arteries were moderately- hy-
poplastic (type 1, PA index Z 60), we expected the modified
Blalock-Taussig shunts tostimulate their growth. If theydid not
grow sufficiently, an additional exiensive patch angioplasty to
the hilum was done in the second-stage repair. When the cen-
tral pulmonary arteries were severely hypoplastic (type 2, PA
index < 60) or absent (type 3), new central pulmonary arteries
were created. However, this was not done in the first six patients
with type 2 arteries.

New central pulmonary arteries were created with Xeno-.
medica conduits, which are tailored to each individual anatomic
situation. These conduits were designed to imitate the hatural
central pulmonary arteries; thus they were slightly curved and-
tapered. In type 2 the hypoplastic central pulmonary arteries
gradually passed into the hilar pulmonary arteries at the hilum
(Fig. 6), whereas in type 3 the MAPCAs were directly
connected to the hilar arteries at the hilum (Fig. 7). In both cases
the transitional part of the hilar pulmonary arteries from the
central pulmonary arteries or MAPCAS was relatively narrow.
Hence dissecting into the lung and separating the interlobar fis-
sures exposed hilar pulmonary arteries whose orifices werelarge
enough to allow anastomosis with the Xenomedica conduits. In
type 2 the native hypoplastic central pulmonary arteries were

-67 -



The Journal of
Thoracic and Cardiovascular
Surgery

Sawatari et al.

et

Fig. 4. Intrapulmonary bridge technique: Intraoperative photographs of right complete unifocalization durinig
first-stage repair (patient 11). A, Preoperative view. The inferior trunk (7} was isolated from the superior trunk (fs),
which communicated with the central pulmonary artery. pv, Right upper pulmonary vein; sve, superior vena cava.
m, MAPCA B, Postoperative view. Intrapulmonary bridge (B} was inserted between the superior and inferior trunks
in the hilum.

Table IIL. Surgical cases and results in type 2 disease (severe hypoplastic central pulmonary arteries) and type 3
disease (absent central pulmonary arteries)

Severities of First-stage repair Second-stage repair
Surgical Grade of intra- Central Intra-
Pa- Aortic classification arborization  pulmonary — Age  PA creation pulmonary Age  PA  RVP/
tient Sex arch (Right, Left) abnormality arteries (vr) index (d) bridge (d)  (yr) index  LVP  Death
18 F R (2b, 2b) 4/6 Severe 20 54 8.12 mm 23 75 1.00*
PH (broad)
19 F L (2b, 2b) 2/6 40 34 50
20 F R (2b, 2b) 3/6 Scevere 40 41  16mm, 6 mm 12 mm
hypoplasia
21 F L (23, 2a) 0/6 50 50 70
22 F R (22, 2a) 0/6 50 43 12mm, 12mm 8.0 —_ 0.80
23 F R (2a, 2b) 3/6 50 50 12 mm 50
24 F R (2b, 2b) 2/6 80 37 57
25 F L (2b, 2a) 1/6 80 32 16mm, 16 mm
26 F R (2a, 2b) 2/6 Severe 80 45 18 mm,20 mm 12 mm Death
hypoplasia
27 M L (2a, 2b) 1/6 100 30 13 mm, I8 mm 11.5 — 1.00*
28 F R (2b, 2b) 4/6 130 45 13 mm 60
29 F R (2a, 2b) 2/6 Severe 140 44  12mm,12mm  12mm
PH (broad)
30 F L (3a,73a) 0/6 1.0 0 Il4mm, 14 mm 23 —~ 036
31 F L (3a, 3a) 0/6 1.0 0 14 mm, 16 mm 1.1 — 0.39
32 M L (3b, 3b) 2/6 6.0 0 16 mm, 16 mm
33 F R (3a, 3a) 0/6 Severc 150 0  20mm, 2] mm 160 — 1.00¥  Death
PH (broad)
34 F L (3b, 3b) 4/6 Severe 24.1 0 20mm,2lmm i2mm Death
hypoplasia

For legend see Table 11,
*Perforated patch closure of ventricular septal defect,
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Fig. 5. Pulmonary angiograms of the right lung before and after right complete unifocalization in patient 11. A,
Preoperative angiogram composed of two selective MAPCA injections. aa, Arborization abnormality; white stars,
discontinuity between the superior and inferior trunks; m, MAPCA; white arrow, hilar stenosis of the MAPCA. B,
Postoperative angiogram obtained by injection into the modified Blalock-Taussig shunt. Discontinuity (two white
stars) between the superior and inferior trunks was restored by the intrapulmonary bridge.

left open. New central pulmonary arteries were created in six
patients with type 2 and five patients with type 3 arteries.

Modified Blalock-Taussig shunt with MAPCA ligation
(Fig. 7). Finally, complete unifocalization was accomplished by
a modified Blalock-Taussig shunt with a 5 mm polytetrafluoro-
cthylene (PTFE) tube,* concurrent with ligations of every
MAPCA. When a central pulmonary artery was created with
a Xenomedica conduit, a modified Blalock-Taussig shunt was
placed about 5 mm apart from the proximal end of the conduit,
not only to minimize the turbulent flow but also to allow for
placement of a vascular clamp in the second-stage repair. Then,
the proximal end of the conduit was anchored to the anterior or
middle mediastinum, and a PTFE sheet was placed around the
modified Blalock-Taussig shunt so that the shunt could be cas-
ily ligated through a median sternotomy in the second-stage re-
pair.

Postoperative evaluation. There were no early deaths. The
postoperalive arterial oxygen saturations with the patients
breathing room air ranged from 68% to 89% (mean 80%) and
arterial oxygen partial pressures ranged from 36 to 49 mm Hg
(mean 44 mm Hg). The late mortality rate was 5.9%. Two pa-
tients, who had broad, severe pulmonary hypertensive obstruc-
tive discase or severe hypoplasia of the intrapulmonary arteries
preoperatively, died ol gastrointestinal bleeding and intratra-
cheal bleeding 1 month and 9 months, respectively, after the
first-stage repairs. Postoperative pulmonary angiograms were
performed in 26 patients to evaluate the result of complete uni-
focalization. The intrapulmonary bridges were patent and
functioning well in all patients (Fig. 5). In one patient in whom

*Gore~Tex vascular graft, registered trademark of W. L. Gore & As-
sociates, Inc., Elkton, Md.

new central pulmonary arteries were created, the new left cen-
tral pulmonary artery was completely obstructed because of an
unexpected shunt failure.

In the patients who had not undergone creation of central
pulmonary arteries, the growth of the central pulmonary arter-
ies before and after complete unifocalization is indicated as the
change in the PA indexes in Fig. 8. When the preoperative PA
index was greater than 60, the PA index increased satisfactorily;
when the preoperative PA index was less than 60, the PA index
did not increase satisfactorily. Among the 32 patients who sur-
vived the first-stage repair, 16 patients have undergone the sec-
ond-stage repair (Tables ITand 111). The mean interval between
first-stage and second-stage repair was 10 months. Unilateral
complete unifocalization was performed concurrent with sec-
ond-stage repair in four patients. Of the remaining 16 patients,
11 are now awaiting second-stage repair as scheduled; the other
five patients, in whom broad, severe pulmonary hypertensive
obstructive disease or scverely hypoplastic intrapulmonary
arteries were present preoperatively, are now in the period of
postoperative follow-up.

Second-stage repair (Fig. 9). In second-stage repair, right
ventricular-pulmonary arterial continuity wasestablished along
with closure of a ventricular septal defect through a median
sternotomy with moderately hypothermic cardiopulmonary by-
pass and cold cardioplegia. Before cardiopulmonary bypass was
cstablished, the anastomosis between the central pulmonary ar-
teries and a right ventricular~pulmonary arterial prosthetic
conduit was performed by placing vascular clamps proximal to
the modified Blalock-Taussig shunt on cach side. The right ven-
tricular—pulmonary arterial Xenomedica conduit was tailored
according to the individual anatomy and equipped with a
trileaflet pulmonary valve. When new right and left central pul-
monary arteries were created in the first-stage repair, a T-
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Fig. 6. Creation of a new central pulmonary artery in a case
of severely hypoplastic central pulmonary artery (type 2).
Intraoperative photographs of left complete unifocalization
during first-stage repair. A, Preoperative view. The hypoplastic
left central pulmonary artery (cpa), 4 mm in diameter, contin-
ued to the hilar pulmonary artery (a). Note the narrowing fea-
ture of the connecting portion of the hilar pulmonary artery.
One bronchopulmonary segment was isolated and supplied
froma small MAPCA (m). B, Postoperative view. Xenomedica
conduit {¢) was anastomosed o the large hilar pulmonary artery
beyond the stenosis. The segmental artery was directly anasto-
mosed to the hilar pulmonary artery (white arrow).

shaped Xenomedica conduit was applied for the right ventric-
ular—pulmonary arterial conduit. In this circumstance, the
transverse portion of the conduit, which joins the proximal por-
tions of the created right and left central pulmonary arteries,
was placed posterior to the ascending aorta or brought up
cephalad over the aortic arch to avoid the external compres-
sion.

The modified Blalock-Taussig shunts were ligated concurrent
with the establishment of cardiopulmonary bypass, and patch
closure of the ventricular septal defect was performed. Finally,
the proximal anastomosis of the right ventricular-pulmonary
arterial conduit was performed. In three patients, the pulmonary
trunk was present. Thus patch reconstruction of the right ven-
tricular outflow tract was successfully done.
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Fig. 7. Creation of a new central pulmonary artery in a case
of absence of the central pulmonary arteries (type 3). Intraop-
erative photographs of left complete unifocalization during
first-stage repair. A, The left hilar artery (ha) was dircctly sup-
plied from a single MAPCA (m). Note the stenosis (As) between
the MAPCA and the hilar pulmonary artery. b, Bronchus;
dashed line, incision for the anastomosis of the conduit. B,
Postoperative view. The conduit (c) was anastomosed to the
large hilar pulmonary artery with a sufficient orifice, and a
modified Blalock-Taussig shunt was placed to the proximal end
of the conduit.

Results

There were two early deaths (mortality rate 12%) re-
sulting from bacterial endocarditis; one of these cases was
also complicated by broad, severe pulmonary hyperten-
sive obstructive disease preoperatively, Sixteen patients
survived the second-stage repair and underwent postop-
erative catheterization about 1 month after the operation.
The postoperative peak systolic pressure ratios of the right
ventricle to the left ventricle (RVP/LVP) ranged from
0.36 to 1.0 (mean 0.71) and were not correlated with the
preoperative PA indexes. The RVP/LVP was 1.0 in four
patients in whom the perforated patch closure of the ven-
tricular septal defect was used, for the following reasons:
In three patients, severe, broad pulmonary hypertensive
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change was suggested in the preoperative evaluation; in
the other patient, the created left central pulmonary ar-
tery was completely obstructed before the second-stage
repair.

Discussion

In the surgical treatment of pulmonary atresia and
ventricular septal defect, MAPCAs have presented chal-
lenging problems for the cardiac surgeon. In these pa-
tients the presence of MAPCASs is associated with the
complicated abnormalities of the pulmonary arterial vas-
culature, which form characteristic features in the mor-
phologic and hemodynamic aspects and prevent success-
ful corrective operations.

Morphologically, the most critical problem for suc-
cessful corrective operations is arborization abnormalities
of the intrapulmonary arteries. When arborization ab-
normalities are present, only a limited number of the in-
trapulmonary arteries can be connected to the central
pulmonary arteries, whereas the other parts of intrapul-
monary arteries are isolated and directly supplied from
MAPCAs. The restricted pulmonary blood flow by
‘arborization abnormalities is one of the major causes of
postoperative right ventricular hypertension and is the
important determinant for early and late outcomes after
corrective operations.>* 7817 Preliminary unifocaliza-
tion, therefore, is necessary for successful corrective sur-
gery.

Hemodynamically, as a consequence of arborization
abnormalities, theregional imbalance of pulmonary blood

flow arises to cause the regional imbalance of pulmonary

arterial growth and of pulmonary vascular resistance.
This circumstance presents two problems. First, high-re-
sistance pulmonary hypertension segments coexist with
low-resistance hypoplastic segments in the same
lung. 22! If the regional imbalance of pulmonary vascu-
lar resistance is not normalized after the corrective oper-
ation, the increased pulmonary blood flow via the right
ventricleis forced to concentrate in the low-resistance hy-
poplastic segments and causes postoperative pulmonary
edema. Second, the growth of intrapulmonary arteries
varies widely according to the degree of pulmonary blood
flow, and the intraacinar arteries, as a whole, are consid-
erably smaller than normal.2%2! There exist many bron-
.chopulmonary segments in which the blood flow should be
increased to stimulate the growth of the hypoplastic
intrapulmonary arteries, although stimulation of all the
- segmentsisunattainable via a single surgical intervention.

Therefore early unifocalization is needed to avoid the re-

gional imbalances of pulmonary vascular resistance and

' pulmonary arterial growth.

“Thigiconcept of unifocalization was first advocated by
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PA index
300
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100}

| 1
preop. postop.

Fig. 8. Changes in PA indexes before and after first-stage re-
pair, complete unifocalization. Dotted area, Desirable PA
indexes for second-stage, right ventricular—pulmonary arterial

conduit repair.

Macartney and Haworth!!»22 and their colleagues to
convert multifocal to unifocal pulmonary blood supply.
Several unifocalization techniques have since been de-
scribed as follows: (1) direct anastomosis between a cen-
tral pulmonary artery and an MAPCA,2 (2) anastomo-
sis between a central pulmonary artery and an MAPCA
by interposition of a prosthesis,22* and (3) anastomosis
between an isolated segment of the descending thoracic
aorta that gives rise to MAPCAs and the right
ventricle.%25 In these techniques, however, MAPCAs,
including their connections, where progressive stenoses
frequently occur, inevitably remain in the pathway from
the right ventricle to the intrapulmonary arteries. These
hilar stenoses, although they apparently protect the
intrapulmonary arteries from pulmonary hypertensive
obstructive changes preoperatively (Fig. 10),1316 prevent
successful unifocalization. Therefore, as suggested by
Macartney, Scott, and Deverall,” the most logical way to
achieve successful unifocalization is to unify intrapulmo-
nary arteries at the hilum even though it is technically
difficuit.
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Fig. 9. Sccond-stage, right ventricular-pulmonary arterial conduit repair. Intraoperative photographs of two
patients. Position of tailored, trileaflet pulmonary valve is indicated by the white arrow. A, The transverse portion
of the conduit was placed posterior to the ascending aorta (patient 30). B, The transverse portion of the conduit was

brought up cephalad over the aortic arch (patient 31).

In our complete unifocalization, we have aimed to re-
store the continuity between intrapulmonary arteries
completely at the hilum or even inside the lung.!® In this
disease, hilar pulmonary arteries arc relatively large
compared with the other parts of the pulmonary arteries,
so that we can perform satisfactory anastomoses between
them. However, as a method for restoring the continuity
between hilar pulmonary arteries, direct anastomosis is
not applicable for the following reasons: (1) The inter-
rupted portion of hilar pulmonary arteries is generally
long; (2) hilar pulmonary arteries are tightly buried in the
lung tissue and surrounded by pulmonary veins and the
bronchial tree, so that they are difficult to mobilize; (3)
compression of the pulmonary veins or the bronchial tree
should be avoided in restoring the continuity of hilar ar-
teries. Therefore we have developed an intrapulmonary
bridge technique, which is widely applicable for the var-
ious forms of arborization abnormalities and peripheral
pulmonary stenoses.

In tetralogy of Fallot, the size of central pulmonary ar-
teries is generally considered to be correlated with the
growth of intrapulmonary arteries; thus, it is an important
determinant of operability and outcome. In pulmonary
atresia and ventricular septal defect with pulmonary
blood supply from MAPCAs, however, the size of central
pulmonary arteries does not exert such an important role
for the following reasons. As an anatomic feature, MAP-
CAs connect directly with hilar arteries at the hilum,
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skipping over central pulmonary arterics. They supply
pulmonary blood flow mainly to the ipsilateral lung and
occasionally contribute negligibly to the blood flow of the
contralateral lung. Thus the blood flow of intrapulmo-
nary arteries considerably exceeds that of the central pul-
monary arteries. In Fig. 2, B, for instance, the blood flow
intheright central pulmonary artery was only 50 ml/min,
whereas the combined intrapulmonary arterial flow of the
right lung was 400 ml/min when measured intraopera-
tively by electromagnetic flowmeter. Therefore we believe
that the size of central pulmonary arteries is not always
correlated to the growth of intrapulmonary arteries and,
therefore, is not a suitable selection criterion for correc-
tive operations.

On the contrary, the size of hilar pulmonary arteries
exactly reflected the size of intrapulmonary arteries in our
series. As suggested by Sotomora and Edwards,” inde-
pendent of the presence or absence of central pulmonary
arteries, there are always patent—although frequently
interrupted—hilar pulmonary arteries, which can receive
a conduit from the right ventricle. We think the efficacy
of corrective operations should be determined by the
growth of hilar pulmonary arteries. However, hypoplas-
tic or absent central pulmonary arteries should be recon-
structed to act satisfactorily as a conduit to receive the
whole blood flow from the right ventricle during the sec-
ond-stage repair. We belicve that a PA index greater than
120 is necessary for this purpose. When central pulmo-
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naryarteriesaremoderately hypoplastic,sufficient growth
of the hypoplastic central pulmonary arteries can be
stimulated by cffective modified Blalock-Taussig shunts.
Even if the shunts do not stimulate sufficient growth, ex-
tended patch angioplasty of the central pulmonary arter-
ies can be successfully applied during the second-stage
repair. When central pulmonary arteries are severely hy-
poplastic, however, they remain so hypoplastic even after
satisfactory modified Blalock-Taussig shunts that addi-
tional extended patch angieplasty to the hilum cannot be
applied effectively. Therefore the creation of new central
pulmonary arteries is a more reliable method to obtain
sufficient central pulmonary arteries for second-stage re-
pair. At present, we think patients with a PA index less
than 60 are candidates for this method.

At second-stage repair, a valved conduit is generally
placed from the right ventricle to the central pulmonary
arteries. We recommend the use of a valve-containing
conduit in these patients on the supposition that postop-
erative right ventricular hypertension may occur. This
tailored valve has been proven by echocardiography to
function effectively; it is able to sustain high pulmonary
arterial pressure and prevent pulmonary regurgitation
during the early postoperative period when the right ven-
tricle most likely has to work against pulmonary hyper-
tension. In addition, by fitting itself within the retroster-
nal space, the pericardial conduit has the advantage of
avoiding retrosternal compression, which may be a cause
of right ventricular hypertension.

As stated earlier, the growth of central pulmonary ar-
teries and arbaerization abnormalities are no longer the
major determinants of operability and outcome in our
staged operation. Instead, the final determinant is the
growthof intrapulmonary arteries, which is well indicated
by the growth of the hilar arteries; however, the minimum
acceptable size of hilar pulmonary arteries for successful
corrective surgery remains to be determined. Although
complete unifocalization obviously stimulates the growth
of hypoplastic hilar arteries in many cases, we cannot ex-
pect satisfactory growth of the intrapulmonary arteries
when hilar arteries are extremely hypoplastic. Under this
circumstance, the establishment of right ventricular-pul-
monary arterial continuity in the neonate is possibly the
sole way to stimulate the growth of intrapulmonary
arteries sufficiently.

Another critical situation with regard to the growth of
intrapulmonary arteries concerns pulmonary hyperten-
sive obstructive discase. When most of the pulmonary
vascular bed is supplied from a single large MAPCA in
older patients, the presence of a broad, severe pulmonary
hypertensive obstructive change, which critically inter-
feres with successful surgical interventions, is important.

Pulmonary atresia, VSD, and MAPCA 747

Fig. 10. Hilar stenosis of MAPCA. A, Intraoperatve photo-
graph showing hilar stenosis (white arrow), located in the
MAPCA just before connecting to the intrapulmonary artery.
The intrapulmonary artery (the part distal to the stenosis) has
been already exposed by dissection into the interlobar fissure. B,
Inside view of the same hilar stenosis (white arrow) from the
aortic side, The degree of the stenosis is more severe than its ex-
ternal appearance indicated. Note the intimal proliferation
around the internal orifice, which probably explains the pro-
gressive obstruction of the MAPCA.

In the other patients, we unifocalize every isolated seg-
ment irrespective of the degree of pulmonary hyperten-
sion because we cannot evaluate the degree of pulmonary
hypertension in each individual segment preoperatively.
Moreover, after complete unifocalization, pulmonary ar-
terial pressures of each segment are equalized to the value
that is determined by the equivalent parallel resistance of
all segments under modulated pulmonary flow. The post-
operative equalization of their pulmonary arterial pres-
sures leads to the decrease of pulmonary arterial pressure
in most segments including those perfused at systemic
pressure preoperatively; thus it prevents the further pro-
gression of pulmonary hypertensive abstructive change.
We think it is useful to unifocalize every segment
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Fig. 11. A case presentation of the staged operation in a 1-year-old patient with absence of the central pulmonary
artery (patient 30). A, Preoperative pulmonary angiogram by sclective MAPCA injections. Large arrow, Origins of
MAPCAs; small arrow, hilar stenosis of MAPCA. B, Pulmonary angiogram by injections into modificd Blalock-
Taussig shunts after the first-stage repair. Note the created new central pulmonary arteries. ¢, Xenomedica conduit
as the new central pulmonary artery. 5, The modified Blalock-Taussig shunt. C, Right ventriculogram after second-
stage repair. RV, Right ventricle.
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Fig. 12. Schematic representation of the surgical classifica-
tions and their surgical procedures is complete unifocalization.
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irrespective of the degree of pulmonary hypertension. We
should make every effort to use as many bronchopulmo-
nary segments as possible to decrease the degree of post-
operative right ventricular hypertension.

The age at first-stage repair is a certain risk factor for
the growth of intrapulmonary arterics. The severity of
hypoplasia and hypertensive obstructive changes of in-
trapulmonary arteries certainly increases with age in
many patients. As previously mentioned, the development
of intrapulmonary arteries extends over a wide spectrum,
from severe hypoplasia to severe hypertensive obstructive
change, by the patient or even by the lung, depending on
the pulmonary blood flow. Although this spectrum is
partly inherent in its origin, we believe it mainly extends
toward both extremities with age and gradually forms the
severe patterns of hypoplasia and hypertension. The pro-
gressive obstruction of MAPCA (Fig. 10) plays an
important role in this alteration, although it exerts both
advantageous and disadvantageous influences on the
growth of intrapulmonary arteries according to the rela-
tionship between the primary blood flow and the degree
of progression. The favorable postoperative RVP/LVP
ratios in patient 30 (Fig. 11) and patient 31 support our
theory. The schedule for the staged operation should be
determined according to the individual anatomy and the
complexity of the surgical procedure; however, we con-
sider it beneficial to start a first-stage repair before the
child is 1 or 2 years old and complete a second-stage re-
pair before age 3 or 4. If obstructive changes are severe,
an appropriate period of follow-up should be established
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after the first-stage repair, and delayed closure or perfo-
rated patch closure of a ventricular septal defect should
also be considered in the second-stage repair.

Because of various and multiple anomalies, no identi-
cal pulmonary arterial vasculatures could exist. The first
step in the surgical treatment of these patients is to
understand the complicated anatomy of the pulmonary
arterial vasculature in each patient. The second step is to
determine the most desirable surgical approach. The es-
sential abnormalities of the pulmonary blood supply exist
in the hilum. Incomplete unifocalization by an extrapul-
monic operation does not prepare the patients for a suc-
cessful corrective operation. In our staged operation, we
can easily classify the complicated features of the anom-
alies, and we can perform the complete unifocalization by
an intrapulmonic operation (Fig. 12). By our complete
unifocalization technique, with the combination of an in-
trapulmonary bridge and the creation of new central pul-
monary arteries, we can successfully correct the majority
of cases of pulmonary atresia and ventricular septal defect
with the pulmonary blood supply from MAPCAs. If a
regional imbalance of pulmonary blood flow can be pre-
vented or corrected by complete unifocalization in infancy
or early in childhood, an avenue to successful corrective
surgery can be opened.
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Abstract

Objective: Among 63 patients with pulmonary atresia and ventricular septal defect (VSD), 10 patients with extreme hypoplasia of the
pulmonary arteries (PA) (mean Nakata index 20.6 mm*/m*), but with confluent arteries and a diminutive main PA, and major aorto—
pulmonary collaterals (MAPCAS). have been submitted to a ‘rehabilitation’ of the PA with several stages: (i) connection between RV
and PAs, (ii) interventional catheterizations, (iii) complete correction with or without unifocalisation. We report here the results of this
approach. Methods: The RV-PA connection was direct (ninc cases) or with an homograft conduit (one case), done under normothermic
cardiopulmonary by-pass in patients aged 4.9 months (range 0.1-18 months). Subsequently, six underwent interventional catheterizations
(dilations and stents in the PA, MAPCAS occlusion by coils). Complete correction was done in seven patients (mean age 30 months, range 8~
49). One patient is awaiting correction. Results: One patient died after the first stage. All patients having had the third stage had a satisfactory
development of the PA, had a complete closure of the VSD and a satisfactory reconstruction of the PA bifurcation. There was one death of
severe pulmonary infection 6 months after repair. All other paticnts have been followed by catheterization and/or echocardiograms. With a
follow-up of 83 = 635 months, all patients are improved, 50% have no cardiac medications, none has residual shunt, RV/LYV pressure ratio is
0.6 (range 0.3-1). Conclusions: The strategy of ‘rehabilitation” of PA allowing: (i) antegrade flow in the PA, (ii) interventional catheteriza-
tions, (iii) growth of the PA with possible angiogenesis. (iv) complete correction, is a logical approach to be undertaken in the young patient
and is a valid alternative to strategies relying more on MAPCAS for pulmonary vascular supply. The therapeutic sequences depend upon the
individual anatomy. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Pulmonary atresia; Rehabilitation; Pulmonary arteries: Correction

1. Introduction struction, and then in a third stage lo perform a total

correction with closure of the VSD and establishment of

The surgical management of pulmonary atresia with
ventricular septal defect (VSD), extreme hypoplasia of
the pulmonary arteries (PA), major aorto-pulmonary
collaterals (MAPCAS) represents a major challenge. Two
main basic concepts have been used in its management.
The first is to rely mainly on the MAPCAS, unifocalizing
successively the MAPCAS on one side, then the other,
including the hypoplastic pulmonary arteries in the recon-
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a conduit between the right ventricle (RV) and the two
unifocalization confluences [1-5]. An alternative of this
classical approach in several stages, used in general in
older children, has been recently proposed, consisting in
a total unifocalization and complete correction in one
procedure, done even early in life [6-8].

The second is to rely more on the real pulmonary arteries,
and undergo a program of ‘rehabilitation’ of these hypoplas-
tic pulmonary arteries. This program of rehabilitation is
done in several stages. The first stage consists in establish-
ing a direct continuity either between the ascending aorta
[9,10] or the RV [11] and the diminutive PA. The following
stages are catheterizations studies and interventional cathe-
terizations (with stenosis dilation easier in the RV-PA

1010-7940/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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connection, PA stents and coil occlusion of MAPCAS). The
final surgical stage is a complete correction with closure of
VSD and RV-PA conduit construction. Subsequent post-
operative catheterizations for evaluation and/or interven-
tions are then performed.

We report here 10 cases of PA with VSD infancy in
extreme hypoplasia of the pulmonary arteries, and
MAPCAS, who underwent a program of rehabilitation of
the PA, aiming at the complete correction after PA growth
and interventional catheterizations on the PA.

2. Material and methods
2.1. Patients

Among a population of 63 pulmonary atresia with VSD
(excluding the tetralogy of Fallot with valvular atresia), seen
between 1985 and 2000, 10 patients had an extreme hypo-
plasia of the pulmonary arteries defined by a Nakata index
below 90 mm*/m” [11,12], the normal being 330 and an
index around 150 allowing the possibility of a correction.
However, all had confluence of the diminutive arteries with
a diminutive main PA joining the area of the atretic infun-
dibulum of the right ventricle.

They were six boys and four girls with a mean age of 110
days range 3/467 days, 6/10 displaying the 22Q11 deletion,
admitted in the hospital for severe hypoxia. two in emer-

gency. Two patients had been previously seen in other

centers and considered as unsuitable for any surgical treat-
ment. Excluded from this study have been the patients with-
out pulmonary arteries and having only collaterals, as
evidenced by catheterization and angiograms.

All patients were studied pre-operatively by echocardio-
gram, catheterization and angiogram performed in the
descending aorta, and in the pulmonary veins.

In all patients the distribution of blood vessels to the lungs
showed:

1. Various MAPCAS originating from the descending aorta
or the main branches of the proximal aorta.

2. Extremely diminutive central pulmonary arteries with a
confluence and a diminutive trunk of main PA, realizing
the ‘sea-gull’ aspect (Figs. 1 and 2a) were seen by retro-
grade filling from the collaterals or from pulmonary veins
wedge angiogram. The size of the small pulmonary
arteries in mm were evaluated by comparison with the
catheter diameter and expressed by the Nakata index.
They were measured on the right and left pulmonary
artery, immediately proximal to their first branch point.
In all cases, the ‘main’ PA branches size, was between |
and 2.7 mm (mean 1.45 mm) and the Nakata index from
3.5 to 58, mean 20.6 mm2/m”.

3. The distribution of actual pulmonary branches to the
lungs, seen in the catheterization studies after RV-PA
correction, although difficult to appreciate exactly

showed a mean of 16 segments (range 10-20, normal
20), in the patients.

2.2. Surgical technique for RV-PA continuity establishment
(stage 1)

All patients were operated upon through median sternot-
omy with the use of normothermic cardiopulmonary by-pass
(CPB) with a beating heart. The analysis of external anat-
omy showed in all cases a diminutive main PA trunk,
connected anatomically to the atretic infundibulum and in
no case a major coronary artery crossing the infundibulum
that may preclude the direct RV-PA connection. After
controlling RPA and LPA with gentle occlusion by rubber
loops, the main PA was incised longitudinally, an augmen-
tation small oval patch of autologous pericardium prepared
with glutaraldehyde was sutured to the edges of arteriotomy.

Fig. 1. (Top) extremely diminutive central pulmonary arteries (Nakata: 15)
showing the “sea-gull” aspect, filled by a retrograde angiogram in a pulmon-
ary vein. A MAPCA is also opacified retrogradely. (Bottom) three months
after RV-PA connection by patch done at 4 months of age, there is a nice
development of the PAs, with normal pressures and satisfactory distribu-
tion. The MAPCAS (numerous in this case) are barely seen and they
showed a considerable decrease. The patient is scheduled for complete
repair.
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Fig. 2. (A) Aortic angiogram blocked by balloon showing (top) one farge MAPCA filling retrogradely a diminutive central pulmonary artery (Nakata: 29), with
satisfactory branching (bottom). (B) Angiogram done 8 months after RV-PA patch connection (done at 7 months of age) showing nice development of the PAs.
(C) Angiogram done after coil occlusion of several MAPCAS, during the same catheterization showing adequate development of pulmonary arteries on the
right side. There is however a stenosis of the right mediastinal artery. (D) Same angiogram. One can appreciate the distribution of PA branching on the left side.

The incision was than extended to the RV epicardium, the finished, making sure the opening in the RV was sufficient
patch was sewn to the edges of this incision and finally the by resection of hypertrophied muscle and spreading this
RV infundibulum was opened. and the patch insertion opening with scissors or a right angle. In order to avoid
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air embolism, only superficial succion was applied in the
RV, and a vent was used in the ascending aorta with partial
aortic cross-clamping, thus making a bubble-trap.

In 9/10 cases this patch technique was used. In one patient
(the first in the series), a small homograft (12 mm diameter)
was used, since the patient had previously undergone an
unsuccessful anastomosis between the ascending aorta and
the small main PA through a 4 mm PTFE small conduit.

The mean age of the patients at this first step was 4.9
months (range 0.1-18 months).

2.3. Subsequent catheterization (stage 2)

After a minimum delay of 3 months, catheterization
studies allowed by the RV-PA continuity were done with
several goals: (a) as indicated previously, identification of
pulmonary artery-branching distribution, (b) identification
and dilation of discrete or long segment stenosis, (c) occa-
sional placement of stents in the PA (d) coil occlusion of
collaterals if the O, saturation allowed it.

2.4. Total correction (stage 3)

It consisted in redo-sternotomy, establishment of
hypothermic CPB and complete repair-with:

1. Reconstruction of the pulmonary bifurcation: in all cases,
it was done after aortic transection, and enlargement with
pulmonary homograft tissue from on hilum to the other,
the distal anastomosis being done if necessary for better
vizualisation under a short period of hypothermic circu-
latory arrest.

2. Patch closure of VSD and direct closure of ASD.

3. Establishment of RV-PA continuity with a pulmonary
cryopreserved homograft conduit.

4. At the completion of CPB, pressures were recorded, and
if the RV-LYV pressure ratio was below 1, the correction
was considered satisfactory, and the VSD left closed.

3. Results
3.1. RV-PA connection

Nine patients survived after this procedure. The only
death was a neonate operated upon at the age of 3 days,
admitted in emergency. The angiograms, in addition to
hypoplastic pulmonary arteries, showed poor collaterals.
The pre-operative O, saturation was 71%. Despite an
uneventful procedure, an initially hemodynamics satisfac-
tory situation, the flow appearing satisfactory through the
patch, he remained severely hypoxic and died on the table.

One other patient exhibited an increased blood flow
through the lungs in the post-operative period. He had a
long common trunk of collaterals for both lungs that under-
went reoperation, was detached from the aorta, and finally
simply disconnected and closed, the saturation appearing to

be satisfactory with the only antegrade flow from the RV-
PA connection. This procedure led to a long post-operative
period with 43 days of ICU.

One other patient, also operated in emergency with a
diagnosis made at 3 months, probably because acute
obstruction of a large MAPCA, with extremely low O,
saturation (21%), asymptomatic before this event, had a
difficult post-operative course, with delayed sternal closure,
and spent 27 days in the ICU.

Another patient with associated sub-glottic stenosis, aged
1 month, underwent a Cotton procedure (cervical tracheal
plasty with cartilage) 13 days before the RV-PA connection
and has a prolonged ICU stay of 19 days.

All the six other patients had a simple post-operative
course, with a mean ICU stay of 3.5 days. Mean O, satura-
tion rose from 73% pre-operative to 89% post-operative.

3.2. Post-operative catheterizations

After a minimal delay of 3 months, eight patients under-
went catheterization studies and had a total of 27 proce-
dures, one to six per-patient.

Fourteen of these procedures were interventionnal cathe-
terizations. During these procedures, 23 pulmonary arteries
were dilated, 82% of these were successful, defined by Lock
[11] (diameter increase over 75%, gradient decrease over
50%, increase in distal flow by scintigraphy).

Six stents were inserted in the PA [5] or in the RV-PA
homograft [1], one year before conduit replacement.

Eight MAPCAS were coil occluded.

The patients were considered suitable for corrective
surgery after a mean delay of 19 months (range 4-48
months).

In five patients, the distribution of pulmonary arteries was
complete. In two patients unifocalization with MAPCAS
was considered necessary at the time of correction due to
pulmonary distribution to only 10 segments, two other lobes
being vascularized only by MAPCAS.

One patient, having undergone the RV-PA connection,
catheterized 4 months post-operatively, exhibits a nice
growth of the PA with low distal pressures, and remarkable
involution of the large collaterals, is waiting total correction
within the next month (Fig. 1). One more patient operated
upon 5 months ago is waiting for the first catheterization
study. Both have normal pulmonary artery arborization.

3.3. Complete correction

It was done in seven patients. Their mean age at surgery
was 28.9 months (range 6-51 months). The complete
correction was done after a mean delay between stage 1
and 3 of 19 months (range 4-48 months).

The decision for complete correction depended upon
several factors:

1. The size of the pulmonary arteries at the last catheteriza-
tion evaluation: if the Nakata index was over 150, the
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patient was considered operable. If the branching was
considered satisfactory but there was stenosis of the
mains PAs, the perspective of patching widely the bifur-
cation made also this decision positive. In fact, it was not
always a ‘mathematical’ decision but a general consensus
based upon previous experience.

2. Once the decision was taken, it was tried not to delay the
correction, since leaving the pulmonary circulation under
systemic pressure might have had a deleterious effect on
the pulmonary vascular resistances.

Clinically, all patients were under antifailure treatment
with mean cutaneous O, saturation of 89%.

Mean CPB duration was 238 mn (range 192-316 mn),
aortic-cross-clamping duration was 110 mn (range 71-130
mn). In all cases the VSD could be left entirely closed at the
completion of CPB, due to the acceptable RV-LV pressure
ratio (mean 0.5, range 0.3-0.8). The reconstructed RV-PA
continuity was established by a cryopreserved pulmonary
homograft from 17 to 20 mm of diameter. One of the two
patients with only 10 segments vascularized by two pulmon-
ary arteries underwent a unifocalization procedure, a collat-
eral artery vascularizing the right upper lobe was
disconnected from the aorta through the midline and
implanted on a lateral incision of the right pulmonary artery.
The other patient underwent correction without unifocaliza-
tion.

All patients survived the procedure. In the post-operative
period, three patients had a delayed sternal closure, and the
mean hospital duration was 19 days (range 11-32 days).

The mean follow-up is 45.4 month (range 10-84 months).
There was one late death at 6 months of pulmonary infection
in an otherwise N.Y.I-LA. class II patient, still under anti-
failure therapy. All other patients are in class I or II, two
patients taking cardiac medication. At the regular echocar-
diographic controls, there is no residual VSD. One patient
underwent a reoperation 6 years after correction: the RV—
PA homograft conduit was changed to a 23 mm pulmonary
cryopreserved homograft. Surgery was uneventful and the
post-operative RV-LV pressure ratio was 0.3.

Four patients have undergone a catheterization from one
to 18 months post-operatively after the complete correction.
The RV/LV pressure ratio is from 0.32 to 1 the latter being
before replacement of the homograft conduit, mean 0.60.
One of them has undergone a left branch stenosis dilatation.
The mean distal pressure in the pulmonary arteries is from
10 to 27 mmHg (mean 18 mmHg). None has a residual
shunt. In most patients adequate size of the pulmonary
arteries has been reached (Fig. 2).

4. Discussion

Pulmonary atresia with VSD, MAPCAS and extreme
hypoplasia of the pulmonary arteries, filling retrogradely
through the MAPCAS blood flow is a therapeutic challenge,
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with an extremely poor prognosis without surgery [13]. It
differs completely from the more frequent setting of
pulmonary atresia with sizeable PA, in which the strategy
was totally different in the other 53 patients of our experi-
ence: modified Blalock-Taussig shunts in the new-born or
infant period when necessary and subsequent complete
correction with a valve conduit or with direct RV-PA
patch connection. The strategy and timing depending upon
pulmonary pressures and resistances, importance and distri-
bution of the collaterals when present, confluence or not of
the pulmonary arteries, the decision making being based on
individual situation analysis.
Several attitudes have been reported:

1. A conservative, symptomatic and medical attitude,
historically the oldest method tending to delay maxi-
mally surgery. If the patient is symptomatic, with hypox-
emia and cyanosis, systemopulmonary shunts have been
advocated [14,15]. On the opposite, if blood flow is
excessive through the MAPCAS, anti-failure therapy is
given, and when pulmonary vasculary disease is present,
cardio-pulmonary transplantation is considered.

2. A more aggressive attitude in patients with large collat-
erals has been advocated. Successive bilateral unifocali-
sation of MAPCAS with conduits and finally complete
correction in a third step with VSD closing and RV to
unifocalisation conduits connection has been success-
fully done, in older children [1-3] This strategy is logical
in the complete absence of pulmonary arteries but prac-
tically abandons the true pulmonary arteries, in which no
attempt at specific enlargement is made. In addition, no
consensus on several issues has been reached in the
various multi-stage strategies of unifocalization: treat-
ment of the real hypoplastic PA, strategies of unifocali-
zation, criteria for repair. Late functional results and
future of pulmonary vascular resistances are lacking
with this approach.

3. The overall results of staged approach with unifocaliza-
tion have been variable [5,14,16] In all series, complete
repairs were accomplished in 12 to 60% of patients.
When a delayed staged approach is undertaken it has
been estimated that only 20-30% of infants with this
anomaly will end up with acceptable hemodynamics
(5,11,14].

4. More recently, was reported by Hanley's group [6],
followed by others [7,8], an early complete correction
by median sternotomy or bilateral ‘clam-shell’ thoracot-
omy [17] branching together all MAPCAS and hypoplas-
tic pulmonary arteries. In most cases, complete closure of
the VSD was achieved and early results were satisfac-
tory. However the pulmonary blood flow is mainly a flow
through the MAPCAS. This procedure has been done
with all kinds of true pulmonary arteries and there is
some uncertainty about the future development of
pulmonary vascular obstructive disease [11,18] It has
been suggested that the earlier in infancy the operation
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is done the better the long term may be, the shear stress in
MAPCAS and pulmonary vascular obstructive disease
being possibly avoided. However, in a recent publication
of this approach [19], the angiogams obtained post-
operatively revealed enormous and tortuous pulmonary
vessels, some parts looking even aneurysmal so that the
future of this vascular supply appears to be very uncer-
tain.

5. A totally different concept has been advocated, using the
pulmonary arteries. The concept is to try to promote flow
in the true hypoplastic pulmonary arteries the obtain
growth of these pulmonary arteries. It had been reported
long ago by the Mayo Clinic group but in larger arteries
and older patients [1]. The promotion of flow to the
pulmonary arteries with a systemic to pulmonary artery
shunt (classical or modified Blalock-Taussig shunt) has
been particularly disappointing, leading to uneven
growth, severe stenosis and severely compromised hypo-
plastic PA [10,15]. In addition, with PA diameter as in
our group of patients, the systemopulmonary shunt
appears impossible.

This is why Mee et al. [9,10] have promoted the direct
anastomosis of the small main PA in the ascending aorta, or
through a small prosthetic conduit. It has led, reportedly, in
28 patients (among 54 patients undergoing other strategies.
30 of them being older than 2 years) to complete repair.
During the aorto—pulmonary anastomosis, MAPCAS were
ligated or transplanted through additional lateral thoraco-
tomies.

However in the study presented the true size of the hypo-
plastic PA is not determined and the result of correction is
the sub-group of direct aorto—-pulmonary anastomosis is not
precise.

The approach we report here was reported by the Boston
group in 1993 [11] and coined ‘rehabilitation’ of pulmonary
arteries. The basic concept is that with the RV-PA connec-
tion, the flow is increased to the native pulmonary arteries,
exactly as reported earlier by the Mayo Clinic group and
others but in older children.

In our group of patients the age at this operation was even
lower than in the Boston series (3.5 months versus 8.7
months).

Despite a very small size of main PA trunk, always
present in the sea-gull aspect of PA, this was possible and
we have used a beating heart procedure with normothermic
cardiopulmonary by pass, rendering easy this RV-PA
connection.

Subsequently, diagnostic and interventional catheteriza-
tions have been performed showing decrease in the size of
MAPCAS, so that some did not need subsequent coil occlu-
sion. Coil occlusion was performed when the MAPCAS
were vascularizing the same territories as the true pulmon-
ary arteries (communicating MAPCAS).

The indication of complete correction is taken on the
analysis of the pulmonary artery size during echocardiogra-

phy and catheterization when they are considered large
enough.

The result of complete correction in this rehabilitation
strategy has been evaluated by the Boston group [11] as
favourable when three criteria were achieved (i) mean
pulmonary artery pressure below 25 mmHg, (ii) RV/LV
pressure ratio below 0.8, (iii) absence of significant residual
shunt. These criteria were achieved in our patients that
underwent the complete connection.

This rehabilitation approach relies on three findings [1,9-
11]. (i) The increase of flow in the PA favours their growth.
The angiogenesis of distal vessels is however still hypo-
thetic; (ii) These favourable phenomena would be more
important in the first months of life favouring earlier
surgery; (iii) the MAPCAS are not a reliable source of
pulmonary flow, being frequently tortuous and stenosed or
on the opposite evolving towards obstructive vascular
disease [18].

Despite theoretical advantages of this staged approach,
several issues remain uncertain [11], as the precise quanti-
fication of pulmonary arteries, the optimum timing for
outflow patch creation, pulmonary artery catheterization
dilations, MAPCAS embolizations, the role of unifocaliza-
tions.

It remains that a strategy aiming at the development of
these pulmonary arteries and a biventricular repair is feasi-
ble in most cases of pulmonary atresia, VSD, MAPCAS and
severely hypoplastic pulmonary arteries and that this strat-
egy should be undergone early in life, since long term future
of true pulmonary arteries may possibly be better than flow
through the collaterals.

S. Addendum

Since this paper was written, the two patients waiting for
correction were operated after a catheterization study with-
out the need for intervention except a major collateral coil
embolization.

S.1. Patient 9

RV-PA connection was done 4 months of age with a very
easy post-op case course and a hospital stay of 11 days.
Post-operative cardiac catheterization was done at age 8
months. No intervention was done during the catheteriza-
tion, O, saturation was 98%. The collaterals had sponta-
neously decreased (see Fig. 1).

Complete correction was done at age 9 months, VSD
closure, reconstruction of the RV-PA connection with a
mono cusp homograft patch.

Relatively easy post-op course, with delayed sternal
closure (day 2) and a total hospital stay of 12 days.

Post-operative evaluation: Sao2 100 %, RV/LV pressure
by echo 40 %, excellent clinical condition.
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5.2. Patient 10

RV-PA connection at age 1 month. Very easy post-op
course, hospital stay of 10 days. Post-operative cardiac
catheterization at 5 months of age, O, saturation 84%, coil
embolization of a main collateral.

Complete correction at age 8 months, with ligation of a
collateral, reconstruction of PA bifurcation, VSD closure,
RV-PA connection with a 20 mm diameter pulmonary
homograft. Delayed sternal closure at day 2, easy post-op
course, hospital stay 15 days. At follow up, O, saturation
100%, RV-LYV pressures by echo 60% and excellent clinical
condition.
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Appendix A. Conference discussion

Dr R. DiDonato (Rome, ltaly): This is a beautiful series with excellent
results.

We in Rome have a series of over 30 patients and we basically follow Dr
Hanley's approach of single-stage unifocalization and repair. However, our
approach differs a little bit in those cases in whom we have severely hypo-
plastic pulmonary arteries, although confluent, and small MAPCAS. These
patients we treat exactly the way you do. We do a staged approach with an
outflow patch. We obtain beautiful growth of the pulmonary arteries to the
point that when we do the repair we may not even need to unifocalize all the
MAPCAS.

I have three questions. Do you use this approach in all the patients with
this disease, even those with good MAPCAS? Second, what do you mean
by Nakata index? Is this just applied as it traditionally is to the pulmonary
artery size or to the measurement of pulmonary arteries plus MAPCAS?
That is what we call neopulmonary artery index, because it’s not exactly
the Nakata index. And the third question is, how do you decide to close
the VSD during the operation? Do you do an intraoperative flow study the
way Dr Hanley suggested and that we also use as an intraoperative test?

Dr Metras: Of course I'm perfectly aware of your beautiful work on the
Frank Hanley approach. we have tried to go opposite and promote the
pulmonary artery bed growth and hope to avoid late development of
pulmonary artery vascular disease,

Now, to answer your questions, the last question, if | remember well, was
the VSD closure. Well, the VSD closure, once we go ahead to do the total
correction is when we think that the pulmonary artery is developed enough,
and it’s just intraoperatively that we see at the end of bypass if it is tolerated
well.

Concerning the Nakata index, the Nakata index, of course, is calculated
on the true pulmonary arteries. It’s not the corrected Nakata index since we
don’t use the collaterals. So there is no use of calculating this Nakata index
adding pulmonary artery and collaterals.

And your first question?

Dr DiDonato: Do you use this approach in all the patients?

Dr Metras: No. We use the approach only in extremely hypoplastic
pulmonary arteries with collaterals.

Dr DiDonato: You end up occluding these MAPCAS?

Dr Metras: Absolutely. When we do this correction, if the pulmonary
bed has developed enough, the MAPCAS either have closed spontaneously
or have been coil-occluded.

DrT. Tlaskal (Prague, Czech Republic): In Kardiocentrum of the Univer-
sity Hospital Motol in Prague we have got experience with the surgical
treatment of more than 40 patients with pulmonary atresia and MAPCAS.
Several different approaches were used for unifocalisation and rehabilitation



