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Abstract: Pulmonary atresia with ventricular septal defect and major aortopulmonary collaterals is
a complex congenital heart defect that includes a heterogeneous subgroup of patients. Variation in
the sources of pulmonary blood flow contributes to the complexity of the lesion and the diversity of
approaches to its management. Unifocalization and rehabilitation focus on mobilization of collateral
arteries and growth of native pulmonary arteries, respectively, with the ultimate surgical goal of
achieving separated systemic and pulmonary circulations with the lowest possible right ventricular
pressure. Regardless of the strategy, outcomes have altered the natural history of the disease, with
a complete repair rate of approximately 80% and low early and late mortality rates. Given this
heterogeneity of pulmonary vasculature, a tailored approach should be adopted for each patient,
using all diagnostic methods currently offered by technical developments.

Keywords: Fallot’s tetralogy; pulmonary atresia with ventricular septal defect; major aortopulmonary
collateral arteries; unifocalization; rehabilitation

1. Introduction

Pulmonary atresia with ventricular septal defect and major aortopulmonary collateral
arteries (PA/VSD/MAPCAs) is a complex congenital heart defect that includes a heteroge-
neous subgroup of patients characterized by different pulmonary perfusion patterns, of
which MAPCAs are an important, although not the only source. True pulmonary arteries
may have varying degrees of hypoplasia, be absent and, more rarely, discontinuous, with
unilateral pulmonary perfusion provided by the arterial duct and contralateral by MAP-
CAs [1,2]. The variability of the pulmonary perfusion pattern is a determining factor in the
complexity of the lesion and the consequent diversity of its surgical management.

The ideal end goal of treatment is to establish pulmonary blood flow from the right
ventricle (RV) to as normal a pulmonary vascular bed as possible to allow VSD closure
with the lowest possible RV pressure after repair. In order to pursue this aim, however, a
structured approach based on a thorough understanding of the anatomical characteristics
of each patient is required.

2. Preoperative Imaging

At our center, every patient with PA/VSD/MAPCAs first receives cardiopulmonary
imaging by computed tomography (CT). Given its non-invasiveness, CT is suitable for
diagnosis in the neonatal period and allows to decide at the patient’s initial presentation
which surgical procedure should be considered, i.e., either unifocalization or pulmonary
circulation rehabilitation. In most patients, treatment of the disease in the neonatal period
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is not required, and the diagnosis is supplemented by cardiac catheterization in the vicinity
of surgery. Cardiac catheterization plays a key role in the preoperative evaluation and is
considered an essential step. The purpose of cardiac catheterization is to identify the sources
of pulmonary blood flow; the presence, size, and confluence of the central pulmonary
arteries and their branches in the lungs; areas of stenosis in the lobar or segmental branches;
and the origin and course of the MAPCAs and their connections to the true pulmonary
arteries. In particular it should be emphasized the key role of the pulmonary vein wedge
injection for the demonstration of native pulmonary arteries not detectable with other
methods and its consequent central role in the surgical planning of this peculiar disease.
In late referrals, which are common, especially in humanitarian cases, cardiac magnetic
resonance (CMR) imaging now plays an important role in the diagnosis and surgical
planning of patients with PA/VSD/MAPCAs. In addition, CT scan and CMR are the main
sources of advanced 3D technology that we are increasingly using in clinical practice.

2.1. Computed Tomography

CT is a reliable panoramic tomography modality for less invasive assessment of
comprehensive cardiothoracic anatomy in patients with PA/VSD/MAPCAs [3-7]. CT
is particularly accurate in isolating true pulmonary arteries and detecting small collat-
eral arteries. In particular, it is sometimes considered superior to cardiac catheterization
in defining the mediastinal relationship between the great vessels, airways, and esoph-
agus, and it has demonstrated accuracy in assessing complex anatomic overlaps that
would necessarily be difficult to define with conventional two-dimensional imaging tech-
niques. We use it as the second imaging technique after 2D echocardiography to determine
the type of surgical procedure the patient should undergo and as a primary source for
3D technologies.

2.2. Magnetic Resonance Imaging

CMR imaging provides also functional information for surgical decision making in
patients with PA/VSD/MAPCAs. In our practice, CMR is a particularly useful adjunct
to cardiac catheterization, either in late referrals or in staging when it is critical to assess
total pulmonary blood flow and Qp:Qs ratio in view of possible complete delayed repair
of the disease. Indeed, in this disease, systemic blood flow (Qs) can be measured as the
addition of superior venous caval flow and descending aortic flow (distal to the origin of
MAPCAs). Pulmonary blood flow (Qp) can be measured either as total pulmonary venous
return [8-10] or, in the presence of pulmonary atresia, by subtracting Qs from ascending
aortic flow [11]. The preoperative Qp:Qs ratio calculated with CMR has been shown to
correlate with RV systolic pressure after VSD closure, proving useful in selecting patients
for complete repair [11]. Finally, coronal isotropic contrast-enhanced magnetic resonance
angiography (CEMRA) with a gadolinium bolus tracking technique can be applied to
obtain a 3-dimensional angiographic dataset.

2.3. D Reconstructions of CT or CMR Images

3D technology in cardiac surgery is now a consolidated clinical practice that has proven
over the years that it can improve the surgical approach in complex clinical cases [12]. In
our center, starting from the images of CT, but also from CMR sequences when available, we
routinely use 3D technology in patients with PA/VSD/MAPCAs. In addition to traditional
3D volume rendering reconstructions, we increasingly use virtual anatomical models of
the patient’s mediastinal and pulmonary anatomy [13]. From a purely technical point of
view, the procedure for 3D reconstruction of an anatomical model of PA/VSD/ MAPCAs
is divided into 3 main phases:
(1) Acquisition of CT images;
(2) 3D image segmentation using dedicated 3D medical software;
(8) Processing and editing of the virtual three-dimensional anatomical model.
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Virtual models allow the surgeon to view and navigate the screen using a mouse,
trackball, or remote control and can be used for surgical planning both preoperatively and
intraoperatively. They allow the spatial relationship of MAPCAs to the aorta, airways,
esophagus, and pulmonary veins to be identified. In addition, they allow determination
of the exact origin and course of the collaterals in relation to the main bronchi and their
branches and precise surgical planning of unifocalization preoperatively. Such preoperative
planning can shorten surgical time and lead to improved clinical outcomes for the patient.

3. Surgical Treatment

The goals of surgical treatment are to achieve a single confluence of all sources of
pulmonary blood flow (unifocalization) and to complete the repair by closing the VSD and
creating a connection between the RV and pulmonary artery (PA). Originally, these aims
were pursued in multiple stages over years [14], but now repair can be performed even in a
single operation in infancy [15]. Both the single- and multistage approaches have resulted
in different outcomes in terms of mortality and achievement of complete repair. The
choice of surgical approach for these patients depends mainly on the institutional policy,
although unifocalization of MAPCAs appears to be somehow the best choice for recruiting
as many lung segments as possible. Initial management and timing of intervention in
infants with PA/VSD/MAPCAs is determined by the degree of pulmonary blood flow,
according to which patients can be classified into 3 groups: (1) infants with cyanosis and no
evidence of heart failure (stenotic MAPCAs or underdeveloped native pulmonary arteries);
(2) infants with heart failure with large MAPCAs; and (3) balanced circulation infants,
when pulmonary blood flow through the MAPCAs and native pulmonary arteries is just
sufficient to have mild cyanosis and no heart failure.

3.1. Rehabilitation

Pulmonary artery rehabilitation aimed at inducing native pulmonary artery growth
was the first surgical treatment described for PA/VSD/MAPCAs. Gates-Laks central
shunt [16] is probably the most commonly performed procedure, although some groups
still prefer RV connection to the pulmonary artery. The Melbourne group [17,18] advocates
a strict rehabilitation policy supporting an early approach with the central shunt, followed
by reassessment of pulmonary artery growth, conversion to an RV-to-pulmonary artery
conduit, and hopefully complete repair with or without augmentation of the pulmonary
artery branches. However, this approach relies almost exclusively on the presence of
native pulmonary arteries. Another strategy for PA rehabilitation is stenting of the ductus
arteriosus supplying a discontinuous pulmonary artery (usually the left).

Our current technique of choice for rehabilitation is the central shunt. We perform
rehabilitation not only in patients with small confluent branch pulmonary arteries with
normal arborization and dual-supply collaterals, but also in patients with prevalent nonex-
clusive distribution of native pulmonary arteries to the lungs (see Section 3.2, Figure 1), in
whom unifocalization can be performed as a second step procedure [19]. In all patients who
are clinically stable after rehabilitation, cardiac catheterization is performed several months
after the procedure, and depending on the results, we may proceed with unifocalization
alone, in the case of associated terminal MAPCAs, unifocalization and repair, or just repair.
The decision whether to perform a concomitant repair after unifocalization is based on the
intraoperative pulmonary flow study (see Section 3.3).

3.2. Unifocalization

The unifocalization technique, particularly in single-stage constitutes the approach of
choice advocated by the Stanford group [20]. Access to the mediastinum during one-stage
unifocalization is achieved via midline sternotomy. All collaterals originating from the
descending thoracic aorta and/or from the epiaortic vessels are dissected, separated from
their origin and anastomosed to each other and/or to the native pulmonary arteries to
create a new pulmonary vascular tree that is adequately expanded through the use of
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homograft tissue. At this point, possibly after pulmonary pressure testing (see Section 3.3),
the VSD is closed and the RV is connected to the unifocalized pulmonary vascular tree with
a valved homograft conduit. In a subset of patients unsuitable for VSD closure, palliation is
performed with shunt placement on the unifocalized pulmonary arteries [21]. Early removal
of MAPCAs from the systemic circulation prevents both MAPCA degeneration and native
pulmonary artery regression. Therefore, early unifocalization provides vascularization of
all healthy pulmonary segments using both native pulmonary arteries and collaterals as
source material.

[Py

Hypoplastic PAs Absent PAs
(PAI <100 mm?2/m?), Dominant MAPCAs
Confluent, Dominant PA Arborization Defects

Central shunt
(Gale-Laks shunt) | Midline Complete Unifocalization at 25 kgs body weight |

Qp:Qs > 0.8:1 with

No MAPCAs and
mean PAP £25 mmH

Unifocalization

e —>| Intraoperative Flow Study if BSA <1 m? |

' Low PA Pressure < 30 mmHgl

| RV to PA conduit with VSD open I

[ RV to PA conduit with VSD open |

Simultaneous

Qp:Qs > 1.5:1 Intracardiac Repair Qp:Qs > 1.5:1

Staged

Intracardiac Repair Intracardiac Repair

Staged

Figure 1. Childrens” Hospital Bambino Gesu algorithm for PA/VSD/MAPCAs treatment in infancy
according to the presence, size and distribution of native pulmonary arteries.

Our institutional approach for PA/VSD/MAPCAs is similar to that of the Stanford
group. Pulmonary arterial rehabilitation is performed in all patients with confluent hy-
poplastic (i.e., pulmonary arterial index less than 100 mm?/m?) [22] but dominant (i.e.,
distributed over most pulmonary segments) pulmonary arteries with eventual MAPCAs
supplying the areas not perfused by the true pulmonary arteries (Figure 1).

Unifocalization and rehabilitation focus on mobilization of collateral arteries and
growth of native pulmonary vessels, respectively. Regardless of the strategy, the results
have altered the natural history of the disease, with a complete cure rate of approximately
80% and low early and late mortality. In our experience to date, the ability to achieve
definitive intracardiac repair is the critical factor for improved survival and adequate
systolic RV performance at midterm follow-up [19]. Patients with the most unfavorable
anatomy (absent central pulmonary arteries and hypoplastic MAPCAs) remain a challenge.
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3.3. The Role of the Intraoperative Flow-Study in Assessing the Feasibility of Concomitant
VSD Closure

The use of the intraoperative flow study as a functional measure of pulmonary vascular
performance and suitability for VSD closure was first reported by Reddy and colleagues [23].
In October 1996 our group adopted the intraoperative flow study to assess the feasibility of
VSD closure at the time of unifocalization and since then it has been performed according to
an unchanged standardized protocol. The neopulmonary arterial confluence is cannulated
to be perfused via a line derived from the arterial port of the oxygenator, and a pressure
recording is placed simultaneously. The test is started with lungs deflated and the heart
beating and fully vented. By a stepwise 25% increase, a maximum flow of oxygenated
blood equal to 2.5 L - min~! - m~2 is pumped into the reconstructed pulmonary bed and
the mean pulmonary artery pressure (mPAP) is simultaneously recorded. An mPAP value
of 30 mm Hg or less is selected for VSD closure, predicting adequate postoperative RV
pressure. On the other hand, if mPAP rises above 30 mm Hg during the incremental steps
of the flow study, the test is terminated, intracardiac repair is not performed and either a
RV to PA conduit or a central shunt is placed based on individual patient assessment.

Proper performance of an intraoperative flow study can be problematic in patients with
a body surface area greater than 1 m? because excessive priming of the pump is required
and the ability of the pump oxygenator to maintain adequate both systemic and pulmonary
blood flow is compromised. Late presenting humanitarian referrals encompassing more
than 1 m? of body surface area are subject to preoperative CMR imaging with the Qp:Qs
ratio calculation and VSD closure decided accordingly if the Qp:Qs value exceeds 1.5:1.

3.4. Criteria for Delayed VSD Closure

At our institution, patients who did not receive VSD closure in the first instance are
re-evaluated, also on the basis of the individual clinical condition, 6-12 months after surgery
by cardiac catheterization, possibly associated with CMR. Intracardiac repair is indicated
in the presence of Qp:Qs greater than 1.5, if their source of pulmonary blood flow is an
RV to PA connection, or in the presence of Qp:Qs greater than 0.8 and mPAP less than
25 mmHg, if their source of pulmonary blood flow is a systemic-to-pulmonary shunt.

4. Bambino Gesu Children’s Hospital Results

Based on the above considerations and previously reported experience [24], from
January 1994 to November 2021 we treated 177 patients with PA/VSD/MAPCAs (Figure 2),
with a mean age of 12 months (range, 10 days—35 years) at the first procedure. Since
the beginning of our experience, survival has improved significantly, reflecting both the
surgical learning curve and improvement in postoperative medical care, as shown in
Figure 3 (log-rank, p = 0.001), and is close to 100% in recent years. Prior to 2005, mortality
was influenced by 22q11 deletion syndrome (hazard ratio 6.3, 95% CI 1.9-20.2), whereas
in recent years it no longer played a significant role (log-rank, p = 0.4). Based on a recent
analysis, the overall rate of complete intracardiac repair in our series was approximately
83% for all patients who underwent unifocalization, either primarily or after rehabilitation
procedures [25,26]. Survivors were followed-up for a median follow-up of 6 years (range,
0.01-30.1). Their hemodynamic outcome was shown to be stable over time, as evidenced
by a mean RVSP/SBP ratio (ratio of RV systolic pressure to systolic blood pressure) of
0.45 £ 0.14 measured in the subgroup of patients who underwent cardiac catheterization
after biventricular repair (either primary or staged) at a median interval of 95 months
after repair. The intraoperative pulmonary vascular compliance test played a key role in
selecting patients suitable for simultaneous intracardiac repair after unifocalization, using
a mean pulmonary artery pressure cutoff of 30 mm Hg.
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[ Pts with PA/VSD/MAPCAs n =177 ]

REHABILITATION STRATEGY UNIFOCALIZATION STRATEGY
Hypoplastic dominant pulmonary arteries n = 57 PA arborization defects n=4
Dominant MAPCAs n =56
Exclusive MAPCAs n=23

Complete unifocalization n =40
Complete unifocalization n=120

Simultaneous VSD closure n =23

Interstagen=7
Simultaneous VSD closure n=85

Secondary VSD closure n=10

VSD left open n= 35
Interstagen =17

Delayed VSD closure n=20

Figure 2. Surgical results of PA/VSD/MAPCAs patients treated at Bambino Gest Children Hospital.
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Figure 3. Survival by the era of all treated patients with PA/VSD/MAPCAs.
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5. Clinical Cases

Patient # 1. An 8 months/7.6 kg male with PA/VSD/MAPCAs (5 collaterals) and
confluent but hypoplastic intrapericardial pulmonary arteries underwent pulmonary artery
rehabilitation and subsequent unifocalization with a central shunt. Figure 4 shows CT
anatomy after unifocalization.

Cc D

B Aorta B Native Pulmonary Arteries

Airways I Esophagus

Figure 4. CT imaging of the patient who underwent pulmonary artery rehabilitation and subsequent
unifocalization with a central shunt. Colored rendering for Frontal (A), Posterior (B), Lateral (C), and
Top (D) views obtained from CT images with semi-automatic 3D segmentation process.

Patient # 2. A 7-year-old/15.8 kg (late referral) male underwent one-stage repair by
unifocalization of all collaterals, reconstruction of the new pulmonary confluence, and VSD
closure (intraoperative flow-study pressure of 20 mm Hg). Figure 5 shows the preoperative
CT anatomy.
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Airways ! Esophagus

Figure 5. Preoperative CT imaging of the patient who underwent one-stage unifocalization and
repair. Colored rendering for Frontal (A), Posterior (B), Lateral (C), and Top (D) views obtained from
CT images with semi-automatic 3D segmentation process.

6. Conclusions

The modern approach to PA/VSD/MAPCAs is the synthesis of decades of experience
of the world’s leading centers in the treatment of this disease. The experience gained at
our institution confirms that a structured approach to the treatment of this complex lesion
is the key to achieve optimal results. In particular, over the course of the years we have
demonstrated how staged and single-stage approaches should not be considered separate
philosophies, but should be used as part of an integrated approach, based on rigorous
patient selection. In this sense, both rehabilitation and unifocalization strategies, possibly
used in sequence where feasible, play a fundamental role. From this perspective, modern
diagnostic methods and 3D technology are an important tool for preoperative diagnosis
and surgical planning. The ultimate goal is to achieve definitive intracardiac repair which
has proved to be the main determinant of both improved survival and adequate RV systolic
performance during mid-term follow-up.
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