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Early and Intermediate Outcomes After Repair of
Pulmonary Atresia With Ventricular Septal Defect and
Major Aortopulmonary Collateral Arteries
Experience With 85 Patients

V. Mohan Reddy, MD; Doff B. McElhinney, MD; Zahid Amin, MD; Phillip Moore, MD;
Andrew J. Parry, MD; David F. Teitel, MD; Frank L. Hanley, MD

Background—Pulmonary atresia with ventricular septal defect (VSD) and major aortopulmonary collaterals (MAPC/
is a complex lesion with marked heterogeneity of pulmonary blood supply. Traditional management has involved stz
unifocalization of pulmonary blood supply. Our approach has been to perform early 1-stage complete unifocaliza
in almost all patients.

Methods and Results—Since 1992, 85 patients with pulmonary atresia, VSD, and MAPCAs have undergone unifo
ization (median age, 7 months). Complete 1-stage unifocalization and intracardiac repair were performed throu
midline approach in 56 patients, whereas 23 underwent unifocalization in a single stage with the VSD left open, al
underwent staged unifocalization through sequential thoracotomies. There were 9 early deaths. During follow-up |
69 months), there were 7 late deaths. Actuarial survival was 80% at 3 years. Among early survivors, actuarial sun
with complete repair was 88% at 2 years. Reintervention on the neo—pulmonary arteries was performed in 24 pati

Conclusions—Early 1-stage complete unifocalization can be performeeliolo of patients with pulmonary atresia and
MAPCAs, even those with absent true pulmonary arteries, and yields good functional results. Complete repair du
the same operation is achieved in two thirds of patients. There remains room for improvement; actuarial survival 3y
after surgery is 80%, and there is a significant rate of reintervention. These results must be appreciated within the co
of the natural history of this lesion: 65% of patients survive to 1 year of age and slight§o survive to 2 years even
with surgical intervention(Circulation. 2000;101:1826-1832.)

Key words: survivalm surgerym heart defects, congenital

Imonary atresia with ventricular septal defect (VSD) In an attempt to improve the prospects for patients with

and major aortopulmonary collateral arteries (MAPCAS) pulmonary atresia, VSD, and MAPCAs, we initiated in
is a complex congenital anomaly characterized by heteroge-1992 a program of 1-stage unifocalization and repair for this
neous and frequently severe anomalies of pulmonary blood lesion. In our initial report, we described our experience with
supply. The complexity of this lesion is such that, until the 11 patients managed with this approathSeventy-four
mid-1970s, most patients were managed medically, with additional patients with pulmonary atresia and MAPCAs
surgical palliation, or with right ventricular (RV) outflow  have since undergone surgery at our institution. We present
reconstruction and ligation of MAPCAs? Since the detailed  our experience with these 85 patients.
characterization of MAPCAS;° several investigators have
developed programs to manage this anomaly. These have Methods
typically incorporated a strategy of staged unifocalization,
with the initial operation designed to increase flow to the true Patients
pulmonary arteries (PAs) in an effort to stimulate grom-h'i_o From. July 1992 thrOUgh Aprll 1998, 89 patients with pUImOnary
Although these various strategies have contributed to our 2résia, VSD, and MAPCAs were referred for surgery. Of these, 4

d di f this lesi dh ided isf patients (3 infants), all of whom had been referred from out of state,
understanding of this lesion and have provided satistactory ieq pefore the scheduled date of surgery. No referred patients were

results for a select group of patients, most leave a substantialiefused as surgical candidates. The remaining 85 patients underwen
proportion of patients without complete repair. surgery and constitute the study group for this report. Age at surgery
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Figure 1. Flow diagram demonstrating treatment method and
outcomes in 85 patients with pulmonary atresia, VSD, and
MAPCAs managed at our institution between July 1992 and
April 1998.

ranged from 10 days to 37 years (median, 7 months), and 57 patients
(67%) were<1 year of age. Previous operations had been performed
in 14 patients, including systemic-to-PA shunts=({1), partial
unifocalization (n=2), and banding of a large collatera({). All

these surgeries were performed at other institutions, except for the
collateral banding, which we performed in a neonate who developed
necrotizing enterocolitis as a result of severe pulmonary overcircu-
lation. The total number of MAPCAs was 322, with a median &f%4.
Almost 90% arose from the descending aorta, whereas 34 originated
from the brachiocephalic vessels or their branches (n=14), the aortic
arch (n=4), or the coronary arteries (n=6). Fourteen patients had
absent true PAs as determined by intraoperative inspection. Twelve
patients (14%) were known to have microdeletions of chromosome
22911, although this was not assessed in all patients.

Operative Treatment

Patients were divided into 3 groups on the basis of operative strategy
(Figure 1). Group 1 patients (n=56, 66%) underwent complete Figure 2. Aortic arch angiogram before (A) and main pulmonary
unifocalization of pulmonary blood supply and intracardiac repair in arteriogram after (B) 1-stage complete unifocalization in

a Sing|e Stage through a midline approach. Group 2 paneﬁ;tg:{lq 2-month-old infant with 5 MAPCAS and 1.5-mm confluent true

27%) underwent complete unifocalization through the midline, but PAs. VSD was left open in patient after mean PA pressure dur-

the VSD was left open. Group 3 patients (n=6, 7%) underwent g‘g] '”tra:pe?t've pulmonary Iflow study was meadsured at

staged unifocalization through sequential thoracotomies, often dur- mrln t 9. r;)st_oper?tg/ eﬂ?llj monary angiogram demonstrates

ing the same hospitalization. The decision to leave the VSD open complete pertusion of both Ungs.

after complete unifocalization was generally based on clinical

assessment of the pulmonary circulation (discussed elsewhere) but inspaces were opened widely anterior to the phrenic nerves, and the lung
2 patients was done to avoid prolonged CPB in a patient with chronic were lifted out of their pleural cavities, facilitating identification of
lung disease or aortic cross-clamping in a severely cyanotic patient collaterals at their origins. MAPCAs from the upper descending aorta
who had been on neosynephrine infusion for 2 weeks. Patients whoere identified and mobilized in the subcarinal space by dissecting
underwent staged unifocalization had severe distal segmental hetween the right superior vena cava and the ascending aorta through th
MAPCA stenoses (n=3), a diffusely scarred mediastinum after floor of the pericardial reflection in the transverse sinus and the posterior
previous bilateral thoracotomies (n=1), or significant comorbid mediastinal soft tissues. MAPCAs arising from the aortic arch, brachio-
conditions, such as biliary atresia (n=1) or severe cyanotic spells cephalic vessels, or coronary arteries were also exposed and dissecte
with multiple preoperative cardiac arrests (n=1). Of the patients who |mmediately before CPB was initiated, all MAPCAs were ligated at
had undergone prior palliation, 6 were in group 1, 7 were in group 2, their origin to achieve controlled perfusion.

and 1 was in group 3. As many MAPCAs as possible were ligated, mobilized, and
unifocalized without CPB. With the ligation of each MAPCA, the
Unifocalization of Pulmonary Blood Supply decrease in arterial oxygen saturation was assessed by pulse
We have described our approach to 1-stage unifocalization of oximetry, so it was possible to unifocalize MAPCAs without
pulmonary blood supply in a previous rep@¥ilthough the surgical bypass until desaturation approached a compromising level. At

procedure varies from patient to patient because of the heterogeneitythis point, partial CPB was instituted at moderate hypothermia
of pulmonary blood supply, our approach is based on the importance with the heart beating, and the unifocalization was completed. A
of controlling all MAPCAs before commencing CPB and performing calcium-supplemented blood prime was used to maintain normal
native tissue-to-tissue reconstruction whenever possible. A number cardiac function. Unifocalization was performed with an empha-
of techniques helped us achieve these goals, as described elsewheresis on native tissue-to-tissue anastomosis, which required being
The mediastinum was entered through an extended median sternotaggressive in mobilizing MAPCAs with maximum length, cre-
omy, which was retracted widely to improve exposure. Other investi- ative in rerouting MAPCAs, and flexible in reconstruction of the
gators have used a bilateral transsternal thoracotdmAPCAs were neo-PA system. Avenues for collateral rerouting were developed
identified and dissected by use of a variety of techniques. The pleural as necessary by opening the pleurae posterior to the phrenic
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Demographic, Diagnostic, and Outcome Data in the 3 Clinical Groups

Total Group 1 Group 2 Group 3

Patients, n 85 56 23 6
Age

Median 7 mo 6.5 mo 7 mo 8.7 mo

Range 10d-37y 10d-37y 1.5 mo-12y 2 mo-2y
Infants, n 57 36 16 5
Previous palliative operations,* n 14 6 7 1
MAPCAs, n

Median 4 4 4 4

Range 1-7 1-7 1-6 3-6
Absent true PAs,* n 14 8 3 3
Early deaths, n 9 5 4 0
Late deaths, n 7 7 0 0

*Number of patients.

nerves in the hilar regions and the subcarinal space through the hypertrophied muscle bundles were resected. In group 1 patients, the
transverse sinus. A variety of peripheral and central reconstruc- VSD was closed with an autologous pericardial patch. If an inter-
tive techniques were used, including side-to-side or oblique atrial communication was present, it was closed partially through a
end-to-side anastomosis of MAPCAs to other MAPCAs or to right atriotomy to leave a small unidirectional communication for
peripheral true PAs, anastomosis of true PAs to an aortic button decompression of the right side of the heart. In some cases with
giving off multiple unobstructed MAPCAs, extended onlay or intact atrial septum, a small 1-way interatrial communication was
side-to-side anastomosis of MAPCAs to the central PAs, end-to- created. RV outflow tract reconstruction was completed by anasto-
end or end-to-side anastomosis of MAPCAs to a central conduit, mosing the conduit to the infundibulotomy.

allograft patch augmentation of distal MAPCA stenoses or of the

reconstructed central PAs, and in rare cases reconstruction of Statistical Analysis

central PAs with an _allograftt_ cotnduclit.fThese ttlechnlqg_es ‘(’j\’e&e Useg Perioperative and follow-up data were collected retrospectively by
ﬁ]s nggetsr?:r};rlgt%%lve%ﬁ'g(;te%sz:e-trc?gilézgeygr?argtcl)r:r?oéespvsgrére\/iew of hospital records and contact with the referring cardiologist.
acghieve d by brin iny. MAPCAs throuah the transverse sinus. or Cross-sectional follow-up was performed in early 1998. Data are
below or agove t%e ghilum with as m%ch of the MAPCA len ‘th presented as median and range unless otherwise specified. Statisticz
used as possible. All I\/iAPCAs were incorporated into gzhe ane_llysis yvashpedr_f;rmed to assess fdorfde;‘nographic di;‘fgrencgshbet\/\;ee\
: ; : : ; atients in the different groups and for factors correlating with earl
&ec?nstrutlztlon Wllth these methO(ljs, mcluﬁmg those that provided Enortality poor survival oger tiFr)ne and distribution of pulmc?nary bloody
t t itl t PA, t t ! - ! -
thueanselé?g Xs (\)Nﬁhugsg;ﬁg? ﬁgti\?eotr;gsme ag prcl)JsesibIe (gigﬂgemgn flow on follow-up perfusion scan. Independent variables analyzed
706179 gtoup 1 and 2 patens, o fow o e unicealzed (L0 200 P obersore, (e o P senes o e
PAs was provided via a valved allograft conduit from the RV to the ! ; -4 ) ge syl L
group, CPB time, aortic cross-clamp time, postoperative RV-to-LV

central PAs. In 5 patients (4 in group 2), a transannular outflow tract ) ’ B .
patch was performed instead, and in 4 others (all group 2), a central Pressure ratio (group 1), and early reoperation. Dichotomous variables

systemic-to-PA shunt was used to supply the unifocalized PAs to Were analyzed by use of the test. Comparison of mean values of
avoid aortic cross-clamping. After unifocalization, the distal end of Ccontinuous variables between 2 groups was performed by independent
the conduit was anastomosed to the central PAs. If necessary,Samplest test. Actuarial survival analysis was performed by the
allograft tissue from the conduit was extended distally to augment Kaplan-Meier product-limit method. Cox proportional-hazards regres-
the central PAs. Before completion of the proximal anastomosis, Sion was used for analysis of factors correlating with poorer survival
intracardiac repair was performed. over time.

Intracardiac Repair Results

The issue of whether to close the VSD at the time of unifocalization Patients in group 2 or 3 (combined) were significantly more
is critical to successful repair. When 1-stage unifocalization is [ikely to have undergone previous interventions than patients
performed, it may be difficult to assess whether the VSD should be in group 1 (P=0.05). Age, number of MAPCAs, and fre-

closed or left open, as we have discussed in a separate fepdet. . .
have found the most useful approach to be an intraoperative AU€NCY of absent true PAs did not differ between groups.

pulmonary flow study that we developed to estimate the resistance of

the unifocalized PA bee? After completion of the unifocalization,a  Early Results

press_ure-monitoring catheter and p_erfusion cannula were placed intoThe intraoperative pulmonary flow study was used in 37
the distally attached valved conduit, and the cannula was Snared'patients, 30 of whom had the VSD closed on the basis of the

While the left atrium was vented vigorously, the lungs were perfused . .
from the pump with gradually increasing flow equivalent #dl data obtained. In the 30 patients who had the VSD closed, the

estimated cardiac index (2.5 Lmin! - m?). If the mean PA mean PA pressure after bypass ranged from 15 to 30 mm Hg
pressure was<30 mm Hg, the VSD was closed. Otherwise, it was  (median, 21 mm Hg). In 28 of these 30 patients, the mean PA
typically left open. pressure measured after closure of the VSD and separatior

After completion of the unifocalization and flow study in patients s 0
who underwent RV outflow tract reconstruction with a valved from bypass was within 20% and 5 mmHg of the PA

conduit, the aorta was cross-clamped, and cardioplegia was admin-Pressure measured during the flow study. In the other 2
istered. A longitudinal infundibulotomy was performed, and the patients, in whom pressures during the flow study were 15
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and 17 mm Hg, postbypass mean PA pressures were 21 and A

25 mm Hg, respectively. In group 1 patients, the ratio of RV 100
to left ventricular (LV) pressure in the operating room ranged 90
from 0.25 to 0.8 (median, 0.44) in all but 1 patient, who 35 16 12
underwent fenestration of the VSD patch during the same
operation after the ratio was measured at 1.2. The duration of
cardiopulmonary bypass (CPB) ranged from 142 to 489
minutes (median, 265 minutes) in group 1 patients and from
126 to 350 minutes (median, 266 minutes) in group 2
patients. Cardioplegic arrest in group 1 patients ranged from
19 to 165 minutes (median, 58 minutes).

Outcomes by treatment group are summarized in the Table
and Figure 1. There were 9 perioperative deaths (10.6%), 12 24 36 48 60 72
including 6 infants (10.5% of infants). Of the deaths, 5 Months
occurred in group 1 patients and the remaining 4 in group 2
patients. Causes of death were multiorgan failure in 5 51
patients, sepsis in 1, coagulopathy in 1, pacemaker failure in
1, and ventricular arrhythmia in 1. The only independent
variable to correlate significantly with perioperative mortality
was duration of CPB, which was longer in patients who died
than in survivors (389+82 versus 25670 minut€ss
0.003). Reoperation in the early postoperative period was
performed in 18 patients. Four patients required reoperation
for an incorrect decision about VSD closure: 3 patients in
group 2 underwent VSD closure within 16 days of unifocal-
ization, and 1 patient in group 1 required takedown of the
VSD patch on the first postoperative day. Since adoption of
the intraoperative PA flow study, no patients have required 12 24 36 48 60 72
early reoperation to close/open the VSD. Exploration for Months
postoperative bleeding was performed in 7 patients. Five Figure 3. A, Actuarial survival after initial surgical procedure at
patients underwent unilateral diaphragmatic plication. Two our institution in 85 patients with pulmonary atresia, VSD, and

. . . MAPCAs managed between July 1992 and April 1998. B, Actu-
patients required aortopexy for postoperative tracheal com- arial freedom from reintervention (catheter or surgical) on neo-
pression. Two patients required reoperation for persistent PAs (does not include isolated conduit changes or pulmonary
chylothorax. Other early complications in survivors included aneurysmorrhaphy) among early survivors (n=76) after initial uni-
transient liver failure in 4 patients, cardiac tamponade in 2, focalization procedure at our institution.-
sepsis in 1,Pseudomonapneumonia in 1, intraventricular
hemorrhage in 1, and unilateral vocal cord paralysis in 1. There
were no other clinically evident neurological complications. o .

Median duration of ventilatory support was 5 days (range, Of thg 19 surviving  group 2 patients, 13 un_derwent
1 to 33 days). One patient required tracheostomy after failure COMPIetion of the repair, with VSD closure a median of 8
to wean from mechanical ventilation as a result of bronchial MONths (range, 6 days to 24 months) after unifocalization. Al
compression and persistent bronchomalacia. Postoperatively® Patients in group 3 underwent complete unifocalization of
patients remained in the intensive care unit for a median of 6 P0th lungs, and 2 received complete repair, with VSD closure
days (range, 2 to 90 days) and in hospital for a median of 15 8 and 11 months, respectively, after the initial unifocalization
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some 2211 deletion (P=0.05). None of the other factors
analyzed were significant predictors of poor survival.

days (range, 5 to 100 days). procedure. At the time of cross-sectional follow-up, 10
patients in groups 2 and 3 were awaiting closure of the VSD
Follow-Up at a median of 15 months after the initial unifocalization

Cross-sectional follow-up ranged from 1 to 69 months (me- Procedure. Among early survivors, actuarial survival with
dian, 22 months). During the follow-up period, there were 7 complete repair was 83% at 1 year and 88% at 2 years.
late deaths, all in group 1 patients, 6 of whom weré Three patients had the RV-PA conduit replaced between 18
months of age at the time of repair. Death was due to sepsisand 20 months after unifocalization, 1 at the time of VSD
in 4 patients and unknown causes in 2 (referred from foreign closure in a group 2 patient. Two other patients had resection
countries) and occurred after reoperation for conduit replace- of a pseudoaneurysm of the RV outflow tract and placement
ment in 1. Actuarial survival was 84% at 1 year and 74% at of an RV-PA conduit 3 and 9 months, respectively, after
4 years (Figure 3A). Factors that correlated with poorer initial outflow tract reconstruction with a transannular patch.
survival over time included longer duration of CPB (groups 1 Of early survivors, 24 (32%) underwent a total of 36 neo-PA
and 2,P<0.001), higher RV-to-LV pressure ratio in the early reinterventions. Of these patients, 6 were in group 1, 14 in
postoperative period (group 1 onlp=0.005), and chromo-  group 2, and 4 in group 3. Of the 24 patients, 11 wefeyear
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89%). None of the factors analyzed were found to correlate
with distribution of pulmonary blood flow.

Discussion
In 1995, we reported our initial experience with 1-stage
unifocalization of MAPCASs through a midline approach in 11
patients?* We have subsequently performed unifocalization
procedures in 74 additional patients with pulmonary atresia,
VSD, and MAPCAs. Since our initial report, in which all 11
patients had complete unifocalization and repair performed in
a single stage, our strategy has matured, and we currently use
3 primary approaches. Complete 1-stage unifocalization is
still performed in almost all patients (93%), and most (66%)
undergo complete repair in a single stage. However, in 29%
of patients who were unifocalized in a single stage, VSD
closure was postponed to a second operation. The third
approach, in which sequential unilateral unifocalization pro-
cedures are performed, followed later by intracardiac repair,
is reserved for patients with multiple significant distal
MAPCA stenoses or with significant comorbid factors that
contraindicate CPB.

Outcomes with these strategies have been good, with
10.6% early mortality and 80% actuarial survival at 3 years in
an unselected cohort of patients. Among early survivors,
actuarial survival with complete repair was 88% at 2 years.
Although all 7 late deaths were in group 1 patients, RV
hypertension was not a contributing factor in any of these
deaths. Early and intermediate outcomes have been almos
identical among infants, who constitute 67% of our patients.
Although early and intermediate survival has been favorable,
reinterventions on the neo-PAs are frequently necessary.
During follow-up, 24 patients underwent 36 reinterventions
on the neo-PAs, with 8 patients undergoing multiple reinter-
ventions. Actuarial reintervention-free survival was 42% at 5

Figure 4. Pulmonary arteriograms before (A) and after (B) bal-
loon dilatation of stenoses in unifocalized right PA (arrows) 2 years.

years after surgery in patient who underwent complete unifocal-
ization without VSD closure at 1.5 months of age. Stenoses in
right middle and lower lobe branches were both dilated
successfully.

The integrity of the pulmonary vascular bed is a major
issue in the management of pulmonary atresia with MAPCAs.
Most staged approaches use circumferential nonviable con-
duits in the central and peripheral pulmonary circulation,
. . . which limits growth potential and the ability to perform
of age at repair. Of the 11 infants who underwent reinterven- complete repair in early infancy. Our approach to 1-stage
tion, 4 were in group 1, 6 in group 2, and 1 in group 3. Eight nitocalization depends on aggressive and creative recon-
patients, including 6 in groups 2 and 3, had multiple reinter- gctive techniques to maximize native tissue-to-tissue con-
ventions. Transcatheter dilatation procedures were performed;,qctions and avoid nonviable conduits. Thus, it is important
in 22 patients, and surgical pulmonary arterioplasty was done {5 emphasize some of the technical measures described in th
in 11 (Figure 4). The median duration from unifocalization to  pethods section. Most MAPCAS originate from the descend-
reintervention on the PAs was 8 months (range, 3 to 55 ing thoracic aorta, often in the subcarinal space. An important
months). In 6 group 2 patients, reintervention on the neo-PAs approach for accessing and rerouting such MAPCAs to
was performed at the time of VSD closure and/or the facilitate tissue-to-tissue anastomoses is to dissect betweer
catheterization performed immediately before reoperation for the right superior vena cava and the ascending aorta, ther
VSD closure. Actuarial freedom from neo-PA reintervention through the floor of the pericardial reflection in the transverse
among early survivors was 75% at 1 year and 42% at 5 yearssinus and the posterior mediastinal soft tissues. In addition,
(Figure 3B) and was significantly higher over time in group the pleurae are opened widely both anterior and posterior to

1 than group 2 or 3 patients (P<<0.001).
Among the 76 early survivors, 60 h&iTc lung perfusion

the phrenic nerves, allowing flexibility in perihilar rerouting
of MAPCAs. Although it is occasionally necessary to aug-

scans performed after complete unifocalization. Median per- ment the neo-PAs peripherally with allograft patches, these

cent of pulmonary blood flow to the right lung was 58%
(range, 11% to 88%) and to the left lung was 42% (12% to

techniques have helped us avoid circumferential conduits in
the periphery in all patients.
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There has been limited experience with unifocalization provides the best chance for survival with a normalized
techniques based on the principle of maximizing native circulation. Nonetheless, there is likely a subset of patients
tissue-to-tissue anastomoses. Thus, it is not known how who will not survive beyond infancy even with surgery,
reconstructed neo-PAs, consisting of unifocalized native PAs and they may appear in our series as early or late mortality.
and MAPCAs, will develop, given the variable morphology In conclusion, our approach to the management of pulmo-
of the vessels before unifocalization and the tendency for nary atresia with VSD and MAPCAs is applicable90%
MAPCAs to become stenotic in the nonunifocalized state. of patients, even those with absent true PAs, and yields good
The fact that one third of survivors have required some form functional results. Two thirds of patients undergo complete
of neo-PA reintervention concerns us somewhat. However, repair during the same operation. There nevertheless remain:
18 of the 24 patients who underwent reintervention were in room for improvement; actuarial survival at 4 years is 74%,
groups 2 and 3. These patients did not all necessarily requireand there has been a significant rate of neo-PA reintervention.

reintervention but sometimes had procedures performed toThese results must be appreciated within the natural history
correct minor stenoses at the time of VSD closure, a secondof this lesion, according to which an estimated 65% of

unifocalization, or catheterization before such reoperations. patients survive to 1 year of age and 50% to 2 years,

Another important aspect of our approach is the issue of regardiess of surgical interventiéhAs our experience with
when to close the VSD. Since initiating the 1-stage approach, this approach increases, we are improving our understanding
we have improved our ability to determine whether VSD  of how to manage these patients better and anticipate tha
closure should be performed at the time of unifocalization, an 5tcomes will continue to improve. Several centers have

improvement that has had clear clinical consequences. SinCerecently reported their initial experience with 1-stage unifo-

early 1996, 37 patients have undergone the intraoperative cjizationz224 which will stimulate further progress in the

pulmonary flow study that we initially described in & previous  yeaiment of this difficult lesion. Results with staged repair

report?? In addition to these patients, the decision was ,rq gis0 improving, which may bode well for an integrated

made to leave the VSD open in certain group 2 patients approach in certain complex patients

without the flow study, either because of extenuating
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