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ABSTRACT: Background: Construction of a central shunt by connection of hypoplastic true pulmonary arteries to the
ascending aorta (AO) can be performed as a first step in staged repair of pulmonary atresia with ventricular septal defect
and major aorto-pulmonary collateral arteries (PA-VSD-MAPCAs) intended to promote growth and development of
the central pulmonary arteries. Methods: To determine early and intermediate-term growth of true pulmonary arteries
after their connection to the AO as a first step in staged repair of PA-VSD-MAPCAs, we reviewed all angiographic
studies and CT imaging of patients, treated in our tertiary referral center in the last 26 years (1991 until 2017) for PA-
VSD-MAPCAs with such a shunt. Results: A total of 13 patients (6 male) underwent direct end-to-side connection of
the true pulmonary artery with the AO.). The absolute median size of both PAs showed statistically significant absolute
growth over time. The absolute LPA growth was estimated to be 0.013 mm/day (p < 0.001). The absolute RPA growth
was estimated to be 0.010 mm/day (p = 0.001). In total 9/13 (69%) reached total repair and 4 were considered not suitable
for final repair. Conclusions: Creation of a central shunt by connection of true pulmonary arteries to the AO promotes
their growth in patients with PA-VSD-MAPCAs, particular the LPA, although not reaching normal size. Patients with
pulmonary atresia, and diminutive pulmonary arteries are a high-risk group, with a lower complete repair rate compared
to those with better sized PAs. Alternative techniques or interventions should be explored in these patients to augment
the size of the pulmonary arteries.
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1 Introduction
In patients with pulmonary atresia with ventricular septal defect and major aorto-pulmonary collateral

arteries (PA-VSD-MAPCAs), natural history studies showed very limited survival. Therefore several different
strategies were described to achieve a normal biventricular situation with correction of the anomalies [1].
Successful complete repair in these patients depends on an adequate size of the central pulmonary arterial
system [2–6]. The patients with diminutive pulmonary arteries may benefit from rehabilitation of those
true pulmonary arteries (tPAs) as a first step in surgical management (Fig. 1) [2,6]. Tiny tPAs are typically
connected to a normal pulmonary vascular bed with possibly potential for full growth [3,4]. In this regard,
earlier surgical approaches included initial palliative surgical procedures to increase pulmonary blood flow
and stimulate growth of the tPAS.
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Figure 1: (A). The hypoplastic pulmonary trunk is detached from the heart as proximal as possible. (B). The pulmonary
trunk is incised on the right lateral side. As posterior as possible a side-biting clamp is placed on the left dorsal side of the
ascending aorta. A transverse incision is made in the aorta. (C). A direct end-to-side anastomosis between pulmonary
trunk and ascending aorta is made with 7-0 Prolene

R©

Several surgical methods to connect the tPAs with the aorta have been described [5]. It was shown that
direct end-to-side anastomosis of the main PA in the lateral wall of the aorta, also termed the Melbourne
shunt [7] led to better growth of the true pulmonary arteries and to less thrombotic occlusion than
connection of the tPAs with the aorta using a Gore-Tex central shunt [8,9].

In addition to complexity of the cardiac defect, co-morbidity due to concomitant genetic disorders
[10–12] is associated with a high mortality as well, both in untreated [13] as well as in surgically treated
patients [8,14].

To evaluate the growth of the tPAs in PA-VSD-MAPCAs after the Melbourne shunt, we reviewed all
patients with diminutive PAs treated with this shunt in the Erasmus MC in Rotterdam, a tertiary referral
center. The relation between genetic abnormalities on growth to the tPA and mortality was studied as this
was described in other studies as a risk factor for unfavorable outcome [12,15].

2 Patients and Methods

2.1 Patient Selection
All patients with PA-VSD-MAPCAs with diminuitive tPA’s were treated with construction of a central

shunt (all Melbourne shunts) from January 1991 to December 2017. Thirteen patients were included in this
study. Six of these patients were described before [16]. All patients were followed in the Erasmus MC Sophia
Childrens Hospital, The Netherlands. The local Medical Ethical Committee approved this study with no need
for informed consent (MEC 12-477).
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2.2 Surgical Procedure
Through median sternotomy the aorta and pulmonary artery were approached. The diminutive main

pulmonary trunk and left and right PAs were mobilized. After heparinization the main pulmonary artery was
transected as proximal as possible and the cardiac end was oversewn. The right lateral side of the pulmonary
artery mainstem was incised into the origin of the right pulmonary artery. A side-biting clamp was positioned
on the left lateral side of the ascending aorta and a lateral transverse incision is made. A direct anastomosis
between pulmonary artery and aorta was made with 7.0 polypropylene. After declamping the aorta, antegrade
flow in the pulmonary arterial system was checked by inspection and by perioperative TEE. Heparin was
not antagonized.

2.3 Data Collection
Demographic and medical data were collected retrospectively from medical records. Follow up was

complete. Angiographic studies and CT imaging (in 4 patients) were used to measure the size of right (RPA)
and left pulmonary artery (LPA) just proximal to the origin of the first branch, see Fig. 2 [17]. Since 2015
(the last four patients in this cohort), we routinely applied CT imaging as first diagnostic tool instead of
angiography in these patients, often in the newborn period. Measurements were done prior to the Melbourne
shunt and prior to further unifocalization. The measurements at the two time-points were related to body size
by calculating maximum pulmonary artery branch diameter in mm/body surface area in m2. Also z-scores
were calculated before and after shunt surgery.

Figure 2: CT image with measurement of RPA

3 Statistical Analyses
Continuous data were presented as median and range. Comparisons of continuous data were done

with Student t-test (Gaussian) or Wilcoxon rank-sum (non-Gaussian). Categorical data are presented as
counts with percentage. Comparisons were done with the chi-squared test or Fisher exact test, as appropriate.
Pulmonary artery growth was modeled using a linear mixed-effect model, with random intercept and
slope over time for patients, and time and other risk factors (if applicable) as fixed effects. Normality of
residuals was assed using qqplots. Complete case analyses were utilized. A p-value of <0.05 was considered
statistically significant.
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4 Results
Thirteen patients were included in the study. Table 1 provides individual details of included patients.

Four patients (31%) had associated genetic defects, being 22q11 deletion in all. There were 6 boys and 7 girls
with a median weight at first study of 3.3 kg. Almost half of the patients (5/13) had a right sided aortic arch.
The median age at first evaluation, prior to surgery, was 27 days (range 2–1126). The median age at time of the
Melbourne shunt was 84 days (range 17–1187 days). Median time difference between the two measurements
of the pulmonary arteries was 235 days (range 39–593 days). Patients with 22q11 had smaller BSA-indexed
RPA (median: 1.45 vs. 2.8, p = 0.019) and LPA, but the latter did not reach statistical significance (median: 1.6
vs. 2.8, p = 0.07).

There was no early mortality after the shunt procedures.

Table 1: Patient characteristics

Patient Sex Syndrome MAPCAs# Arch Angio/CT$ Age at
shunt*
(days)

Total repair Time between
total repair and
shunt (years)

Age at last
follow up

(years)
1 F 3 Right Angio 277 No – 33
2 M 4 Left Angio 180 Yes 2.1 32
3 F 2 Right Angio 96 Yes 3.6 16
4 M 5 Left Angio 359 Yes 4.5 33
5 F 2 Left Angio 684 Unsuccessful – 34
6 F 22q11 4 Right Angio 1187 Yes 3.1 35
7 F 22q11 5 Right Angio 30 Yes 6.8 †

8 M 3 Left Angio 57 Yes 1.6 14
9 F 4 Left Angio 40 No – 14
10 M 22q11 5 Left CT 32 No – †

11 F 3 Left CT 84 Yes 1.8 8
12 M 2 Left CT 13 Yes 1.9 8
13 M 22q11 3 Right CT 17 Yes 3.6 8

Note: #Number of MAPCAs; $Investigation (Angiography or CT scan) used for measurement of Pas; *Age at
Melbourne shunt operation (OR); †Number of unifocalization procedures after shunt OR.

4.1 Pulmonary Artery Absolute Growth
For the analyses of the pulmonary artery growth, in one patient with an absent left pulmonary artery

was excluded from LPA analyses. Table 2 shows detailed PA measurements of all patients. Fig. 3A,B presents
the individual growth and average absolute growth trajectories of the LPA (A) and the RPA (B). The absolute
median size of both PAs showed statistically significant absolute growth over time. The absolute LPA growth
was estimated to be 0.013 mm/day (CI: 0.006 to 0.016, p < 0.001), with a median LPA start diameter of 2.6 mm
(range 1.4–8 mm) and 6.1 mm (range 1.3–12.2) at last measurement (Fig. 3A). The absolute RPA growth was
estimated to be 0.010 mm/day (CI: 0.005 to 0.015, p = 0.001), with a median RPA start diameter of 2.5 mm
(range 1.4–6 mm) and 4.4 mm (range 1.3–10.1) at last measurement (Fig. 3B). Absolute growth did not differ
significantly between patients with and without 22q11 syndrome in both LPA (no syndrome: 0.015 mm/day
vs. 22q11: 0.013 mm/day, Pinteraction = 0.80) and RPA (no syndrome: 0.014 mm/day vs. 22q11: 0.006 mm/day,
Pinteraction = 0.14).
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Table 2: Measurements of pulmonary artery diameters

Patient Age 1st
HC/CT

Weight 1 LPA 1 LPA 1
z-score

RPA 1 RPA 1
z-score

Time
interval

Weight 2 LPA 2 LPA 2
z-score

RPA 2 RPA 2
z-score

1 204 6 4.9 −1.41 3.2 −2.87 311 9.4 6.1 −1.13 3.4 −3.17
2 12 3.8 2.9 −2.76 2.9 −2.59 201 9.5 5.0 −1.98 4.4 −2.31
3 60 4.2 2.5 −3.34 2.5 −3.17 391 8.0 6.5 −0.48 6.5 −0.31
4 30 3.1 3.2 −2.10 2.2 −3.18 593 11.6 5.4 −1.96 4.1 −2.80
5 508 11.5 6 −1.34 266 14.3 10.1 1.20
6 1126 12.3 8 −0.18 6 −1.50 450 14.4 12.2 1.67 7.4 −0.80
7 15 3.3 1.7 −4.10 1.5 −4.14 343 6.0 8.6 2.00 2.9 −3.21
8 14 3.1 2.7 −2.87 2.8 −2.58 188 7.0 7.0 0.25 6.8 0.23
9 27 3.5 2.5 −3.22 2.4 −3.17 150 5.6 6.0 −0.23 7.0 0.92
10 2 3.3 1.5 −4.32 1.2 −4.51 39 3.9 1.3 −4.64 1.3 −4.47
11 31 2.8 3.5 −1.75 3.5 −1.59 139 6.0 7.0 0.65 6.0 −0.15
12 2 2.3 2 −3.46 2 −3.29 114 5.1 5.0 −0.89 3.0 −2.81
13 3 3.3 1.4 −4.43 1.4 −4.26 235 7.4 4.0 −2.47 4.0 −2.30

Note: Age at 1st Heartcatheterisation (HC)/CT in days; Weight 1/2: weight at 1st/second HC/CT in kg; LPA 1/2/RPA 1/2:
diameter of the left/right pulmonary artery (PA) at 1st/second measurement in mm; LPA 1 z-score: Indexed diameter of
the LPA before shunt, other indexed measuments likewise; Time interval: time between shunt OR and second HC/CT
in days.

Figure 3: Growth of the LPA (A) and RPA (B) as estimated by the linear mixed model (black line). Colored lines depict
individual patient trajectories

4.2 Pulmonary Artery BSA-Indexed Growth
Related to body size there was still growth of LPA estimated as 0.017 mm/m2/day (95% CI: (0.003 to

0.032), p = 0.024, with a median at last measurement of 16.9 mm/m2 (range 5.4–24.6 mm/m2), compared to
12.2 mm/m2 (range 6.7–17.5 mm/m2). For the RPA no significant indexed growth was observed with estimated
log-transformed growth of 0.001 mm/m2/day (95% CI: −0.0003 to 0.001), p = 0.20, with at last measurement
a median of 10.8 mm/m2 (range 5.4–21.9 mm/m2), compared to 10.7 mm/m2 (range 5.7–17.5 mm/m2) (Fig.
S1A,B). Related to body surface area, median growth after Melbourne shunt was 28% and 1% for the LPA and
RPA, respectively.
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4.3 Pulmonary Artery Z-Score Growth
Compared to normal z-scores for LPA and RPA indexed to body size [17], most of the PAs (7/12 for LPA

and 9/13 for RPA) did not reach normal size at last measurement (Table 2). Yet, both the z-scores of the LPA
(0.009 z-score/day CI: 0.004 to 0.014, p = 0.002) and RPA (0.007 z-score/day CI: 0.002 to 0.011, p = 0.008)
increased significantly over time (Fig. S2A,B).

4.4 Mortality
There was no early mortality. Two patients, both with 22q11 deletion died during follow up. One patient

developed a major cerebral bleeding the day after correction. The other patient died at age 2.5 years, being
not suitable for correction based on his diminutive pulmonary vascular bed and pulmonary hypertension.
He died from respiratory failure during a severe pneumonia.

4.5 Follow Up and Complete Repair
During follow up complete records of all patients were available. All patients received (bilateral)

unifocalization and subsequent evaluation. During the study period 4 were deemed unrepairable, one of
them had 22q11 deletion. These patients occurred throughout the study period. Nine patients (9/13, 69%) have
undergone complete repair with implantation of a right ventricular to pulmonary artery (RV-PA) conduit
including closure of the VSD.

5 Discussion
Depending on the source of pulmonary circulation, PA-VSD- has a wide range of clinical presenta-

tions and treatment strategies. In the subgroup of patients with PA-VSD-MAPCAs and diminutive PAs,
augmentation of pulmonary blood flow to promote pulmonary artery growth can lead to complete repair in
42%–60% [14,18,19]. In our small series 69% of the patients reached corrective surgery. This is comparable
with the study of Mumtaz et al. in which the correction rate after Melbourne shunt was 63% [5].

The concept of creating antegrade flow in the native, even diminutive, true pulmonary arteries was
first described in the 1990s [4]. By creating an end-to side connection between the ascending aorta and
the diminutive tPAs, rehabilitation of these arteries, with distribution to most of the pulmonary segments,
can develop adequately sized Pas [14]. The avoidance of a tube prosthesis in these small patients can have
a potential benefit in promoting outgrowth of the tiny PAs without risk of distortion and no need for
anticoagulation [9]. In this study, promotion of growth of tPAs was established in the majority of patients,
particularly for the LPA, but growth did not result in a normal pulmonary artery size for either RPA or LPA.
A study from Simsek et al. where tube prosthesis were used they reported adequate blood flow and growth
in all but two patients and thrombosis in one patient [20].

The syndromic group, with less pronounced PA growth and complex collateral anatomy may have
contributed to the higher incidence of not reaching complete repair. This underdevelopment and inability of
adequate growth of PAs has been previously described by Mastromoro et al. [15]. and observational studies
have shown more complex MAPCA anatomy in 22q11 patients compared with non-syndromic patients
in the PA-VSD-MAPCA group [12]. The effect of underdeveloped bronchopulmonary arterial supply as
an important determinant of mortality, achievement of definitive repair, and post-repair reoperation was
previously described by Amark et al. [21].

In this study a significant difference in absolute PA growth could be demonstrated in the period between
the preoperative imaging of the Melbourne shunt and the second evaluation before unifocalization. Although
promotion of tPA growth (appearing better for the left PA than for the right PA) was demonstrated in this
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patient group, the rate of successful repair is lower compared to our previously published full cohort of
patients of the spectrum of PA/VSD/MAPCAs, including those with better sized pulmonary arteries [22]. The
difference between outgrowth of the left and right PA is still unclear but one aspect could be outgrowth of the
aorta with compression on the right PA. Because of the small size of our series no (negative) relation between
22q11.2-deletion and the surgical outcome could be demonstrated. In the four patients who not achieved final
correction we could speculate that a lack of sufficient antegrade blood flow may have contributed to this but
in this study, we were not able to demonstrate this relationship.

Given the current high rate of prenatal diagnosis of congenital heart defects (CHDs), including of
PA-VSD-MAPCAs, prenatal genetic diagnosis can improve prenatal counseling in cases with this severe
CHD [23].

6 Conclusions
Application of a Melbourne shunt can promote growth of the PA branches in patients with PA-VSD-

MAPCAs, although not providing a normal size of the RPA and LPA, despite a better growth for the left
PA then the right PA. The correction rate in our series was 69%, in comparison with other series, patients
with diminutive tPA’s have a lower correction rate compared to those with better sized PAs. Alternative
techniques or interventions should be explored in these patients with diminutive Pas to augment the size of
the pulmonary arteries.
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