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Aortopulmonary Window for Pulmonary Atresia/
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Background. Pulmonary atresia with ventricular septal
defect (PA/VSD) and major aortopulmonary collateral
arteries (MAPCAs) is a complex form of congenital heart
defect. One identifiable subset has small (<2.5 mm)
intrapericardial branch pulmonary arteries that are (1)
confluent, (2) have normal arborization, and (3) have
dual-supplied collateral vessels. When this anatomy is
associated with limited pulmonary blood flow, the pa-
tients are candidates for creation of an aortopulmonary
window to stimulate growth of the pulmonary arteries.
The purpose of this study was to review our experience
with creation of an aortopulmonary window as the initial
palliative procedure.

Methods. This was a retrospective review of our surgi-
cal experience with 35 children undergoing aortopulmo-
nary window creation from 2002 to 2011. Patients were
identified by preoperative cardiac catheterization to de-
fine the cardiac and pulmonary artery anatomy.

ulmonary atresia with ventricular septal defect (PA/

VSD) and major aortopulmonary collateral arteries
(MAPCAs) is a highly variable form of congenital heart
disease [1]. The majority of patients with MAPCAs have
abnormal arborization of the pulmonary arteries or a
complete absence of intrapericardial pulmonary arteries
[2]. These patients are managed surgically through the
“unifocalization” of MAPCAs into a central confluence to
serve as the predominant source of pulmonary blood
flow [3]. The mid- and late-term outcomes for patients
undergoing a midline unifocalization approach for PA/
VSD MAPCAs have improved significantly over the past
15 years [4], and these favorable results have been
confirmed by multiple groups [5-9]. There is now a
majority consensus that this approach improves the
prognosis for patients with PA/VSD MAPCAs compared
with the untreated “natural history” [10, 11].

Accepted for publication March 19, 2012.

Presented at the Poster Session of the Forty-eighth Annual Meeting of
The Society of Thoracic Surgeons, Fort Lauderdale, FL, Jan 28-Feb 1, 2012.

Address correspondence to Dr Mainwaring, Stanford University School
of Medicine, 300 Pasteur Dr, Falk CVRC Stanford, CA 94305; e-mail:
mainwaring@stanford.edu.

© 2012 by The Society of Thoracic Surgeons
Published by Elsevier Inc

Results. There was no mortality in 35 patients under-
going aortopulmonary window creation. These patients
have subsequently undergone 78 cardiac procedures
(with 2 operative mortalities). Eighteen of these patients
have achieved complete repair, 4 patients in a second
procedure, 6 patients in a third procedure, 5 patients in a
fourth procedure, and 3 patients in a fifth procedure.

Conclusions. The data demonstrate that patients can
undergo creation of an aortopulmonary window with
excellent early results. Few patients were amenable to
complete repair at the second operation, and most re-
quired multiple reoperations to recruit sufficient ar-
borization. We interpret these counterintuitive results to
suggest that hypoplastic central pulmonary arteries and
diminished pulmonary blood flow are markers for a less
well developed pulmonary vascular bed.

(Ann Thorac Surg 2012;94:842-9)
© 2012 by The Society of Thoracic Surgeons

There exists a smaller subset of patients with MAPCAs
who have diminutive intrapericardial pulmonary arteries
that are confluent, have normal arborization, and provide
“dual blood supply” with pulmonary segments that have
blood flow from MAPCAs. In the clinical setting of
cyanosis, this group of patients is amenable to the cre-
ation of an aortopulmonary window. This initial pallia-
tive approach frequently leads to growth of the entire
native pulmonary artery system and may obviate the
need for unifocalization of the MAPCAs. Although our
group has championed the midline unifocalization strat-
egy for the majority of patients with MAPCAs, we also
recognize that there is a small subset of patients amena-
ble to creation of an aortopulmonary window. We have
previously outlined our guidelines and results for this
specific group [12].

There is currently a paucity of data regarding the
influence of specific anatomic features on outcomes.
Several recent publications have found conflicting results
with regard to the importance of pulmonary artery anat-
omy [6-8]. In addition, these studies did not evaluate the
subgroup of patients with confluent pulmonary arteries
and normal arborization. The purpose of the present
study was to review our mid- to late-term outcomes with
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aortopulmonary window creation as the initial palliative
procedure.

Material and Methods

This study was approved by the Institutional Review
Board at Stanford University. Patients undergoing cre-
ation of an aortopulmonary window were identified
through the cardiac database. A questionnaire and
Health Insurance Portability and Accountability Act au-
thorization form were sent to the families. A returned
questionnaire signified consent by the parents for review
of the medical records.

The current study summarizes our surgical experience
with 35 patients undergoing creation of an aortopulmo-
nary window from April 2002 through December 2011.
There were 19 boys and 16 girls included in this study.
The median age at the time of operation was 5 weeks
(range, 4 days—4 weeks). The median weight at operation
was 4.4 kg (range, 2.1-5.6 kg).

A prerequisite for this procedure was cyanosis in
conjunction with the anatomy of small (<2.5 mm) intra-
pericardial branch pulmonary arteries that were docu-
mented by cardiac catheterization to (1) be confluent, (2)
have normal arborization, and (3) have dual-supplied
multiple collateral arteries. This anatomy is demon-
strated in the angiogram shown in Fig 1.

Detailed angiography was performed preoperatively in
all patients to delineate the anatomy of the central branch
pulmonary arteries and major aortopulmonary collater-
als. Sixteen of the 35 patients had pulmonary atresia with
dual supply to all lung segments. Nine patients had some
antegrade flow through the pulmonary valve, and thus
would be categorized anatomically as pulmonary steno-
sis. However, the amount of pulmonary blood flow was
so minimal that these patients still fulfilled the criteria
that we utilize for aortopulmonary window (ie, cyanosis,
branch pulmonary arteries <2.5 mm, dual supply collat-
erals), and thus physiologically had “near-atresia” of the
pulmonary valve. There were six patients who had pul-
monary atresia with dual supply to most (between 13-17)
but not all segments, and thus by definition had some
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Fig 1. (A) Angiogram demonstrating diminu-
tive branch pulmonary arteries that are con-
fluent, have normal arborization, and share
dual blood supply with the aortopulmonary
collateral arteries. (B) Postoperative angiogram
of same patient shown in A, demonstrating
growth of the native pulmonary arterial
system.

segments with single supply MAPCAs. Finally, there
were four patients who had PA/VSD/MAPCAs in con-
junction with other complex anatomy such as corrected
transposition.

The surgical technique for creation of an aortopulmo-
nary window is through a median sternotomy with car-
diopulmonary bypass on standby. The intraoperative
anatomy is inspected to corroborate the data obtained
from the preoperative cardiac catheterization (Fig 2). The
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Fig 2. Anatomy in pulmonary atresia with confluent but hypoplastic
pulmonary arteries. The branch pulmonary arteries measure 1 to 2
mm in diameter in this subgroup of patients.
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Fig 3. Illustration of surgical technique used
in creating an aortopulmonary window. The
right and left branch pulmonary arteries have
been fully mobilized and the atretic main pul-
monary artery divided in preparation for the
anastomosis. The site for reimplantation of the
main pulmonary artery is denoted by the
dashed oval along the leftward and posterior
aspect of the aorta. The inset demonstrates the
correct positioning of this site, which is at the
5 o’clock position to avoid kinking of the
branch pulmonary arteries. (LMCA = left )
main coronary artery; RCA = right coronary

artery.)

77

right and left branch pulmonary arteries are mobilized
and occluded, and the atretic main pulmonary artery is
divided. The location for the anastomosis on the aorta is
quite posterior and is marked in advance with a suture
(as illustrated in Fig 3). This posterior location is impor-
tant to avoid potential kinking or stretching of the right
branch pulmonary artery. A side-biting clamp is then
placed on the left posterolateral aspect of the ascending
aorta, and a small button of aorta is removed with a No.
11 blade (Fig 4). The main pulmonary artery segment is
incised for a distance of 3 mm, and the anastomosis is
performed with 7-0 or 8-0 polypropylene suture. It is
important to maintain proper alignment of the diminu-
tive main pulmonary artery, as shown in Fig 5. After
completion of the aortopulmonary anastomosis, the side-
biting clamp is removed. The observation of significant
distention of the central branch pulmonary arteries,
along with an increase in oxygen saturation, provides
confirmation of a well-functioning aortopulmonary win-
dow. Direct stick pressures can be performed as further
confirmation of a satisfactory anastomosis.

The advantages of the aortopulmonary window tech-
nique compared with a standard systemic-to-pulmonary
artery shunt are numerous. First, the tissue-to-tissue
anastomosis greatly reduces the risk of thrombosis. Sec-
ond, the aortopulmonary window is less likely to result in
distortion of the branch pulmonary arteries, which by
definition are markedly diminutive at the time of this
operation. Finally, the central location of the aortopulmo-
nary window usually results in balanced blood flow
distribution to the right and left branch pulmonary
arteries. However there are rare patients who have con-
fluent central branch pulmonary arteries exceeding our
size limit of 2.5 mm, and under these circumstances we
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would advocate using a central polytetrafluoroethylene
shunt. This prosthetic shunt will regulate flow and pres-
sure and lessen the possibility of excessive pulmonary
blood flow or a reperfusion injury to the lung, or both.
We do not have any experience with right ventricular
outflow tract reconstruction in this setting as advocated
by some [8] and thus cannot comment on the relative

RN

W

Fig 4. Preparations for the aortopulmonary window. A side-biting
clamp has been placed on the posterolateral aspect of aorta, and a
small button of the aortic wall (toward posterior aspect) is removed.
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Fig 5. Anastomosis between diminutive main
pulmonary artery and ascending aorta. It
should be noted that correct positioning of
“heel” of main pulmonary artery is at the 2
o’clock position on the aortotomy (as shown in
the figure) and not top of the aortotomy.
Anastomosis is performed with 7-0 or 8-0

monofilament absorbable suture.

merits of this approach. However our preference is to
avoid conduits or outflow patches when they will be
exposed to systemic pressure because of a significant
incidence of false aneurysms in this circumstance.

Statistical analysis was performed using Fisher’s exact
test. The results of this study were compared with pre-
viously published data for patients undergoing a stan-
dard unifocalization approach. A p value less than 0.05
was considered statistically significant.

Results

There was no surgical mortality in this cohort of 35
patients undergoing creation of an aortopulmonary win-
dow. There were 3 major complications, including sepsis
in 2 patients and a cardiac arrest requiring cardiopulmo-
nary resuscitation in 1 patient. There were 8 minor
complications, including wound infection in 3 patients,
respiratory complications requiring reintubation in 2
patients, prolonged pleural effusions in 2 patients, and
transient renal failure in 1 patient. The median duration
of hospital stay after operation was 16 days (range, 7-64
days).

The patients have been followed for a median of 49
months (range 1-114 months). The 2 most recent patients

Table 1. Summary of the 33 Procedures Performed as the
Second Operation After Initial Aortopulmonary Window
Creation

Complete single-stage repair n=4
Complete unifocalization + shunt n=9
Unilateral unifocalization n =16
Augmentation of central confluence n=3
Repair of TAPVC/repair of AV valve n=1

AV = atrioventricular;
connection.

TAPVC = total anomalous pulmonary venous

in this series did not have any further treatment after
creation of the aortopulmonary window. The remaining
33 patients underwent cardiac catheterization at 4
months after the initial operation, demonstrating growth
of the branch pulmonary arteries in all patients, with a
mean pulmonary artery pressure of 53 mm Hg (median
range, 38-72 mm Hg). These 33 patients underwent the
second cardiac procedure at an average of 55 * 1.0
months after creation of the aortopulmonary window,
and these procedures are summarized in Table 1. There
was 1 operative mortality among the 33 patients under-
going the second cardiac procedure. This occurred in an
infant who had concomitant repair of both total anoma-
lous pulmonary venous connection and moderate to
severe atrioventricular valve regurgitation.

A summary of the subsequent 45 cardiac procedures in
the 32 surviving patients is shown in Table 2. There was
1 operative mortality in a patient undergoing the third
cardiac procedure, which was a revision of the previous
unifocalization procedure plus a central shunt. There
have been 3 late deaths unrelated to surgical procedures.
The actuarial survival curve for the 35 patients undergo-
ing creation of an aortopulmonary window is shown in
Fig 6. The survival was 87% at the 4-year mark after
creation of the aortopulmonary window.

A total of 18 of the 33 eligible patients (55%) have
achieved complete repair, including closure of all intra-

Table 2. Summary of the 45 Cardiac Procedures Performed
as the Third (or Greater) Operation Performed in the 32
Surviving Patients

Complete repair n =14
Bilateral unifocalization revision n =13
Unilateral unifocalization revision n =11
Conduit change n=7

Downloaded from ClinicalKey.com at Stanford University January 20, 2017.
For personal use only. No other uses without permission. Copyright ©2017. Elsevier Inc. All rights reserved.

9}
=
A
~
<
o
=
-
=
=
a
=)
A



=g
ea}
I
>
-
=
A
0
>
~
=
>
o

846 MAINWARING ET AL
AORTOPULMONARY WINDOW

1% \\‘\‘—.
80

60

Survival
(%)

(35) (25) (17 (1) (6)

0 T

0 1 2 3 4 5 6 7 8

Duration of Follow-up (Years)

Fig 6. Actuarial analysis of 35 patients undergoing aortopulmonary
window.

cardiac shunts and placement of a conduit from the right
ventricle to the pulmonary artery. Four of the 33 patients
were able to achieve complete repair at the second
procedure. An additional 6 patients had complete repair
at the third procedure, 5 patients at the fourth procedure,
and 3 patients at the fifth procedure. There are 2 patients
who have not undergone their second surgical procedure
yet, and 7 additional patients who have not undergone
repair but may be eligible for repair sometime in the
future.

There were 5 patients (14%) who underwent ligation of
MAPCAs at the time of creation of the aortopulmonary
window. Ligation was performed on the basis of a large
MAPCA identified by catheterization that potentially
would provide excessive competitive pulmonary blood
flow. There were also 16 patients (49%) who subse-
quently had incorporation of MAPCAs through standard
unifocalization techniques. This was performed in the
presence of important peripheral stenoses in the native
pulmonary arterial system. By definition, these segments
derived dual blood supply through MAPCAs, and under
these circumstances it was technically easier to perform

Fig 7. Algorithm for surgical management of

patients with pulmonary atresia (PA), ventric-
ular septal defect (VSD), and major aortopul-

monary collateral arteries (MAPCAs). Percent-
ages shown are the proportion of total patients
in the authors’ experience. (AP = aortopulmo-
nary.) (Reprinted from Malhotra SP and Han-
ley FL, Semin Thorac Cardiovasc Surg Pediatr

/““'\
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unifocalization on the MAPCA than to repair the periph-
eral pulmonary artery stenoses. Twelve patients had
ligation of MAPCAs that provided competitive flow to
segments of the lung that were already supplied by
unobstructed branches of the native pulmonary arterial
system.

Seven patients have subsequently undergone conduit
replacement after complete repair. All 7 of these patients
had cardiac catheterization performed before conduit
change. This cardiac catheterization provided an oppor-
tunity to assess complete hemodynamics in this limited
subset of patients. The median pulmonary artery—to-
aorta systolic pressure ratio was 0.39, with a range of 0.30
to 0.54.

Comment

This article summarizes our surgical experience with 35
patients who underwent creation of an aortopulmonary
window as their initial palliation for PA/VSD and MAP-
CAs. There was no surgical mortality at the time of
aortopulmonary window creation. These patients have
subsequently undergone 78 additional cardiac proce-
dures (for a total of 113 procedures), with 2 operative and
3 late nonoperative mortalities. Twelve percent of the
patients were amenable for complete repair at the second
surgery, and 55% of the patients have ultimately
achieved complete repair. These results indicate that
creation of an aortopulmonary window is a very safe
early approach but typically requires multiple operations
to recruit sufficient pulmonary arborization to allow sep-
tation of the heart.

We have previously published our institutional expe-
rience demonstrating that 88% of patients with PA/VSD
MAPCAs derive the majority of their pulmonary blood
flood from MAPCAs (Fig 7). These patients have either

VSD/PA/MAPCAS
I

Cardiac
Catheterization

Card Surg Ann 2009;12:145-51 [3], with per-
mission from Elsevier.)

Hypoplastic PAs,
Normal arborization I

Abnormally arborizing o
12% or absent PAs 88%

Surgical

AP Window

MAPCAs have
segmental level stenosis

13% .

Midline Complete
Staged Unifocalization
Unifocalization

56% 18%
| Low PA Frossure
Staged

Intracardiac Simultaneous Staged
Repair Intracardiac Repair Intracardiac Repair
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Table 3. Comparison of Group Undergoing Aortopulmonary
Window Creation to Previously Published Series of Patients
Undergoing Unifocalization of MAPCAs

AP Window Published
Study Parameter (n = 33) Series (n = 462)
Single-stage complete repair 12%* 64%
Ultimate complete repair 55%? 90%
Alive at 4 years’ follow-up 87% 92%

2 p < 0.005 compared with previously published series, including 88% of
patients undergoing unifocalization of major aortopulmonary collateral
arteries (MAPCAs) and 12% of patients undergoing creation of an
aortopulmonary (AP) window.

abnormal arborization of the pulmonary arteries or com-
plete absence of the intrapericardial pulmonary arteries
(encountered in 23% of the patients). The management of
these patients has evolved to a midline unifocalization
strategy incorporating as many of the MAPCAs as feasi-
ble into a central confluence. In this subgroup of patients,
64% are able to undergo a single-stage repair [3]. Ulti-
mately, 90% of the patients have been able to undergo
successful septation of the heart, with an RV/LV pressure
ratio of 0.41 * 0.12 immediately postoperatively and 0.36 +
0.11 at 7 years. Actuarial survival at 5 years for this group
was nearly 90%.

The results for patients undergoing creation of an
aortopulmonary window can be contrasted with patients
undergoing unifocalization as the primary method of
treatment (Table 3). This comparison demonstrates that
the rate of single-stage repair at the next operation after
creation of the aortopulmonary window was only one-
fifth (12% versus 64%; p < 0.002) that for patients under-
going unifocalization for MAPCAs. The rate of eventual
achievement of successful septation (either single stage
or multistage) was 55% versus 90%, respectively (p <
0.004). We interpret these results to suggest that hyp-
oplastic pulmonary arteries and diminished pulmonary
blood flow are markers for a less well developed pulmo-
nary vascular bed, and we would hypothesize that the
competitive flow associated with a “dual supply system”
may have adverse effects on the development of the
distal vascularity.

Rodefeld and associates [12] previously published an
article from our surgical group summarizing the experi-
ence in the 1990s with the surgical creation of an aorto-
pulmonary window. There was no operative mortality
encountered in that series of 18 patients, as was seen in
the current series as well. The early success of this
approach may be related to the strict adherence of
performing this procedure exclusively in patients with
diminutive pulmonary arteries, thus circumventing the
potential problems of pulmonary overcirculation or rep-
erfusion lung injury, or both. The study by Rodefeld and
associates documented a doubling of the diameter of the
central pulmonary arteries during an average of 3.7
months after creation of the aortopulmonary window.
This increase in pulmonary artery size documents the
potential for growth of these vessels when supplied with
an additional source of pulmonary blood flow.
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One significant disparity between the data from Rode-
feld and colleagues and the current study was the single-
stage complete repair rate, which was 53% compared
with 12%, respectively. The process that our group has
used in selecting patients for the aortopulmonary win-
dow procedure has not changed during the interval of
both studies. Specifically, the patients must have small
(<2.5 mm) intrapericardial branch pulmonary arteries
that are confluent, have normal arborization, and share
dual supply to areas supplied by MAPCAs. However 1
aspect of our approach that we did change between
studies was our standard for selecting which patients can
proceed to complete repair based on the results of the
intraoperative flow study. In the 1990s, we used a flow
rate of 2.5 L/min/m? to the pulmonary arteries, accepting
a mean pulmonary artery pressure less than 30 mm Hg.
Our experience indicated that we were proceeding with
VSD closure in some patients with higher pulmonary
artery pressures by flow study who subsequently had
unacceptably high right ventricle/left ventricle (RV/LV)
pressures. As a consequence of this experience, we
increased our threshold for VSD closure to a maximal
flow rate of 3.0 L/min/m® and reduced the acceptable
pulmonary artery pressure to 25 mm Hg. Rodefeld and
colleagues documented a mean pulmonary artery pres-
sure of 57 mm Hg at cardiac catheterization, which was
similar to the mean of 53 mm Hg in the current study.
These pulmonary artery pressures are essentially equiv-
alent to systemic pressures, as expected with a direct
communication between the aorta and pulmonary artery.
Neither set of data was adjusted for pulmonic blood
flow—systemic blood flow (Qp:Qs), which in theory could
be calculated because the source of pulmonary blood
flow for the aortopulmonary window and the MAPCAs is
from the aorta. However in practice, the calculation of
Qp:Qs would not be particularly meaningful because it
would include both sources of pulmonary flow, and only
flow from the aortopulmonary window will contribute to
antegrade flow during an intraoperative flow study or
after complete repair (in the absence of incorporation of
MAPCAs during the repair). The relatively high mean
pulmonary artery pressures would need to be associated
with Qp:Qs values of approximately 2:1 in the earlier
study and nearly 3:1 in the latter series to result in
satisfactory values for the intraoperative flow study. It is
likely that the major difference in single-stage complete
repair rate observed between studies would be ac-
counted for by the difference in intraoperative flow study
criteria. It is also worth commenting that the ultimate
success of any given strategy must be judged in the
context of mid- to late-term outcomes and this will be
strongly influenced by the relative pressure ratio of
RV/LV pressure.

In a recently published series from the surgical group
in Rome, Carotti and colleagues [8] found that the ab-
sence of confluent intrapericardial pulmonary arteries
was associated with significantly better ratios of RV/LV
pressure after complete repair (the mean RV/LV pres-
sure was 0.48 * 0.14, with univariate analysis demon-
strating that patients with confluent intrapericardial pul-
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monary arteries had worse hemodynamics). These
results are consistent with the findings in our current
study that the presence of confluent, intrapericardial
pulmonary arteries was associated with a lower chance of
complete repair. In contrast to these findings, Davies and
associates [7] found that patients with confluent intra-
pericardial pulmonary arteries had a higher chance of
achieving complete repair. It is difficult to reconcile these
contradictory results because they may reflect more of
the institutional variations as opposed to an analysis of
the underlying physiologic principles.

An alternative approach for the treatment of PA/VSD
MAPCAs has been proposed by a group in Melbourne,
Australia, which has advocated repair without incorpo-
ration of MAPCAs [13, 14]. This approach is based on the
fundamental premise that MAPCAs are dilatated bron-
chial arteries that may have limited growth potential and
preclude any long-term beneficial effects. As a conse-
quence, this group has relied exclusively on the “Mel-
bourne shunt” approach, and this is applied to all pa-
tients who present with intrapericardial pulmonary
arteries. The results of their “repair without unifocaliza-
tion” strategy demonstrate that 58% of patients achieved
complete repair. However the mean RV/LV pressure
ratio was 0.62, meaning that nearly half of all patients had
pressure values on the border of what would be consid-
ered unacceptable hemodynamics (RV/LV ratio > 0.67).
It is conceivable that the application of this approach to
all patients results in pulmonary overcirculation, with the
eventual development of pulmonary vascular obstructive
disease in some patients.

In summary, the results of this study demonstrate that
the early outcomes for the surgical creation of an aorto-
pulmonary window in patients with small intrapericar-
dial pulmonary arteries are excellent. However very few
of these patients were amenable to complete repair at the
second stage. Most of the patients required multiple
reoperations to recruit sufficient pulmonary arborization
to allow septation of the heart. We interpret these coun-
terintuitive results to suggest that hypoplastic central
pulmonary arteries and diminished pulmonary blood
flow are markers for a less well developed pulmonary
vascular bed.

Ilustrations for this manuscript (Fig 2 through Fig 5) were
created by Erin Anne Mainwaring.
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INVITED COMMENTARY

Mainwaring and colleagues [1] report on a challenging
subgroup of patients with pulmonary atresia/ventricular
septal defect and major aortopulmonary collaterals (ie,
those having confluent diminutive intrapericardial
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branch pulmonary arteries, normal arborization, and
dual pulmonary blood supply (12% of their series). When
presenting with cyanosis, a sign of scanty collateral circu-
lation, patients received construction of an aortopulmonary

0003-4975/$36.00
http://dx.doi.org/10.1016/j.athoracsur.2012.04.017

Downloaded from ClinicalKey.com at Stanford University January 20, 2017.
For personal use only. No other uses without permission. Copyright ©2017. Elsevier Inc. All rights reserved.


http://dx.doi.org/10.1016/j.athoracsur.2012.04.017

	Late Outcomes in Patients Undergoing Aortopulmonary Window for Pulmonary Atresia/Stenosis and Ma ...
	Material and Methods
	Results
	Comment
	References




