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ABSTRACT

Objective: Despite increasing enthusiasm for neonatal repair, patients with ductal-dependent circulation (pul-
monary/systemic) or restrictive pulmonary blood flow still require initial palliation. Ductal stenting has emerged
as an endovascular approach whereas modified-Blalock-Taussig and central shunt remain surgical references. In
this study, we analyzed the relationship between pulmonary artery growth, sites of shunt connection, or antegrade
pulmonary blood flow in surgically placed shunts. The need for secondary catheter-based interventions or pul-
monary arterioplasty was also investigated. Methods: A retrospective single-center study analyzing 175 patients
undergoing surgery for a central or modified-Blalock-Taussig shunt. Outcome growth variables were right pul-
monary artery/left pulmonary artery diameters/Z scores, the indexed sum area (right pulmonary artery + left pul-
monary artery), and the pulmonary symmetry index. Three imaging modalities were used: angiography,
computed tomography, and echocardiography. Results: At baseline, pulmonary arteries were larger in patients
with antegrade pulmonary blood flow (Nakata index 137 vs. 114, p = 0.047) as well as in patients receiving a mod-
ified-Blalock-Taussig shunt (Nakata index 138 vs. 84, p < 0.001). At the time of shunt takedown, both the right
pulmonary artery and left pulmonary artery had normalized their diameter. The Nakata index increased from
134 to 233 mm2/m2 (p < 0.001). The pulmonary artery index remained stable (0.86) over time. During the
inter-stage period, shunt-related pulmonary artery stenosis and juxta-ductal stenosis were diagnosed in 16
(10%) and 17 patients (11%), respectively. Conclusions: Surgical shunt palliation allows normal pulmonary artery
growth. Pulmonary artery stenosis was either shunt-related (10%) or secondary to juxta-ductal stenosis (11%).
Close echographic follow-up allows early diagnosis and treatment of juxta-ductal stenosis.
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Abbreviations and Acronyms
CHD Congenital heart diseases
CPB Cardiopulmonary bypass
CT Computed tomography
DORV Double outlet right ventricle
IQR Interquartile range
LPA Left pulmonary artery
LVOTO Left ventricular outflow tract obstruction
MANOVA Multivariate analysis of variance
MBTS Modified-blalock-taussig shunt
MPA Main pulmonary artery
PA Pulmonary artery
RPA Right pulmonary artery
TGA Transposition of the great arteries
VSD Ventricular septal defect

1 Introduction

Over the last decades, neonatal repair has emerged as the gold standard for many congenital heart
diseases, reducing the scope of early palliation and staged repairs. However specific subgroups of
complex congenital heart disease such as those patients with ductal-dependent pulmonary/systemic
circulation or restrictive antegrade pulmonary blood flow still require temporary palliation to provide time
for pulmonary resistance to decrease and for pulmonary arteries to grow [1].

Surgical palliations include modified-Blalock-Taussig shunt (MBTS) and central shunts, whereas ductal
stenting has emerged lately as an attractive alternative endovascular approach [2].

Distortion of the pulmonary arteries, localized stenosis, or asymmetric growth are well-known potential
complications of surgical palliation [3–5].

For univentricular patients, optimal pulmonary artery growth and preserved single ventricle systolic and
diastolic function are paramount for long-term success. In the hypoplastic left heart syndrome subgroup,
emphasis was placed on the comparison of right ventricle-pulmonary artery conduit and MBTS [6] in
terms of early/intermediate morbidity and mortality, associated risk factors, and to a lesser extent to PA
(pulmonary artery) growth [7,8]. Briefly, MBTS was shown to result in an asymmetrical PA growth with
smaller LPA (left pulmonary artery) at the time of stage II palliation. However, previous studies on PA
growth after palliation in unselected patients had reported equivocal results, with most studies
demonstrating a balanced PA growth or a decreased distal RPA (right pulmonary artery) growth [9–11].

Finally, recent “provocative” studies could renew pediatric cardiologists and surgeons’ interest in early
palliation and staged repair for simple congenital heart diseases (CHD) such as tetralogy of Fallot [12,13].
Indeed, analyzing more than 2,300 procedures, Savla et al. reported that early repair was associated with a
51%-increased risk of death at a 2-year follow-up in comparison to a staged strategy. Similarly, Ghimire et al.
reported a 2.2-fold increase in in-hospital mortality for those patients repaired in the neonatal period.

In the context of the increasing use of ductal stenting as palliation worldwide, we reviewed our 20-year
experience of surgical shunt palliation with a specific interest in the relationship between pulmonary artery
growth and shunt origin, site of PA connection, as well as the additive effect of antegrade pulmonary blood
flow. In addition, we also analyzed the need for catheter-based pulmonary artery dilation/stenting during the
inter-stage period or the need for pulmonary arterioplasty at the time of the second surgery.
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2 Patients and Methods

This retrospective analysis was approved by our Institutional Ethical Board (Cliniques Universitaires
Saint-Luc, Brussels, Belgium, IRB 2015\11-01\ID 327).

2.1 Data Collection and Follow-Up
All data were collected from patient’s medical records, operative notes, and catheterization studies.

Among the variables of interest selected for this study (Supplementary Table 1), age and weight a) at the
time of the shunt operation and b) at the shunt take-down operation (further palliation or repair), size of
the shunt, site of proximal and distal anastomosis, presence of antegrade pulmonary blood flow, and the
use of cardiopulmonary bypass.

Echocardiography and cardiac catheterization including pulmonary angiography were systematically
performed prior to the second surgical procedure. Angio-computed tomography (CT) or angio-magnetic
resonance imaging studies were not routinely obtained during the study period.

For the purpose of this study, pulmonary artery diameter at the time of palliation as well as at the time of
subsequent procedure were recorded both in absolute size as well as Z scores which were derived from the
nomograms of PA size as previously published [14].

Pulmonary artery size was assessed just prior to definitive surgical repair by any of the following
modalities: echocardiography, CT, and/or angiography.

For patients who had pulmonary artery size assessed by different imaging modalities, prioritization was
as follows: 1) angiography, 2) CT if available, and 3) echocardiography.

We used two methods to quantify pulmonary artery size: the Nakata index [15], the summed cross-
sectional area (assuming a cylindrical vessel) of the right and left pulmonary arteries indexed to the
patient’s body surface area, and the symmetry index, a ratio of diameters of the smaller pulmonary artery
to the larger pulmonary artery. The symmetry index is always ≤1, with values closer to 1 reflecting more
symmetrical vessel size [16].

PA stenosis was either shunt-related or juxta-ductal. A significant stenosis was defined as a luminal
diameter constriction greater than 50%.

2.2 Statistical Analysis
Continuous data are presented as mean ± standard deviation, or median (interquartile range) for

nonparametric data. The normality of the distribution was assessed with the Shapiro–Wilk test.
Categorical data are presented as numbers and proportions and compared with the Chi-square test or the
Fisher’s exact test, if appropriate. Differences between means or medians were compared using unpaired
Student’s t-test or Mann–Whitney U test, according to the distribution. The statistical significance of
differences between more than two groups was tested by ANOVA (one-way analysis of variance) with a
Bonferroni post hoc test.

All data were recorded at the initial palliation surgery as well as at the second surgical procedure. We
first compared outcome variables at baseline: RPA/LPA diameters and RPA/LPA Z score, sum (RPA +
LPA) indexed to body surface area and the pulmonary symmetry index.

Secondly, we analyzed the growth differences of these outcome variables between subgroups defined by
the presence of antegrade pulmonary flow, the anatomy (uni- vs. bi-ventricular), gender, insertion and origin
of the shunt, size of the shunt, the use of cardiopulmonary bypass and the presence of juxta-ductal stenosis.

All statistical analyses were performed using the IBM SPSS Statistic version 26 (IBM Corp., Armonk,
New York, USA).
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3 Results

3.1 Demographic and Operative Details
From 1997 to 2019, 175 patients underwent a palliative shunt procedure (MBTS or central shunt) at

Cliniques Universitaires Saint-Luc.

Twenty-one patients were excluded from further analysis: in-hospital and inter-stage mortality
(19/175 or 10.8%) and lost to follow-up (2/175). Of the remaining 154 patients, 20 patients are awaiting
further surgery and 134 completed a second procedure toward single-ventricle palliation (n = 44) or bi-
ventricular repair (n = 90). Those 134 patients represent the study cohort for all morphometric analysis
(Fig. 1).

The median age and weight at shunt palliation were 24 days (IQR (Interquartile Range) 7–95) and
3.4 Kg (IQR 2.9–4.8).

Most of the patients (162/175, 93%) were either neonates or infants. Prior to surgery, median oxygen
saturation was 80% (IQR 75%–88%). Antegrade pulmonary blood flow was present in 97 patients (55%).
The commonest diagnosis were patients with uni-ventricular heart (n = 51), pulmonary atresia-ventricular
septal defect (n = 41), tetralogy of Fallot (n = 30), d-TGA (transposition of the great arteries)-VSD
(ventricular septal defect)-LVOTO (left ventricular outflow tract obstruction) (n = 20) and double outlet
right ventricle–Fallot type (n = 14) (Table 1).

Figure 1: Patient cohort flowchart
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The operation was performed by thoracotomy or sternotomy in 129 (74%) and 46 (26%) patients
respectively. Cardiopulmonary bypass was required in 23 patients (13%).

Proximal anastomosis came from the subclavian artery, the brachiocephalic trunk or the ascending aorta
in 117, 23 and 35 patients, respectively. Distal anastomosis was performed on the right PA (134 patients,
77%) or left PA (16 patients, 9%), and on the main PA in 25 patients (14%).

Goretex stretch vascular grafts were used in 171 patients, 4 patients had direct MPA (main pulmonary
artery) to aorta anastomosis without interposing graft. The most frequent shunt sizes (graft or native PA) were
3.5 mm (n = 26), 4 mm (n = 77) and 5 mm (n = 56) (Table 2). The median shunt-weight ratio was 1.25 (IQR
0.92–1.43) and the median shunt-to-PA diameter was 1 (IQR 0.9–1.2) (Table 2).

Patients were routinely placed under unfractionated heparin on arrival in the pediatric Intensive Care
Unit, and started on acetylsalicylic acid during the immediate postoperative period. Overall in-hospital
mortality was 8.6% (15/175).

The median interval time from initial palliation to shunt takedown operation was 345 days (IQR
202–755).

3.2 Pulmonary Artery Size and Growth
Comparison of morphometric measures at the time of shunt palliation shows that pulmonary arteries were

larger in patients with antegrade pulmonary blood flow (Nakata index 137+/−80 vs. 114+/−71 mm2/m2,
p = 0.047), in patients in whom the proximal and distal anastomosis were the subclavian artery (Nakata
index 138+/−83 vs. 84+/− 49 mm2/m2, p < 0.001) and the right (or left) pulmonary artery (Nakata index

Table 1: Preoperative clinical characteristics (n = 175)

Variable Median (IQR)

Male: female ratio 1.13

Age (days) 24 (7–95)

Weight at operation (kg) 3.4 (2.9–4.8)

Height (cm) 50 (49–58)

Body surface area (m²) 0.21 (0.19–0.26)

SpO2 (%) 80 (75–88)

Diagnosis N (%)

Biventricular 124 (70.9)

Pulmonary atresia VSD 41

TOF 30

d-TGA-VSD-LVOTO 20

Double outlet right ventricle-fallot type 14

Pulmonary atresia-IVS 8

Ebstein’s anomaly 2

Others 9

Single ventricle 51 (29.1)

Genetic syndrome 19 (11)
Note: IQR (Interquartile range); IVS (Interventricular septum); LVOTO (Left ventricular outflow tract obstruction); TGA (Transposition of the great
arteries); TOF (Tetralogy of fallot); VSD (Ventricular septal defect).
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136+/−77 vs. 70+/− 47 mm2/m2, p < 0.001), respectively. Gender, uni- or bi-ventricular anatomy, or the size
of the shunt did not correlate to morphometric measures (Table 3).

As illustrated in Table 4, all morphometric measures increased significantly from the time of shunt
palliation to the second surgical operation. Both RPA and LPA normalized their diameter at the time of
shunt takedown (+0.2 and +0.8 ZSc, respectively). The Nakata index increased from 134+/−80 to 233
+/−111 mm2/m2 (p < 0.001). Importantly, asymmetric growth was not observed (PA index = 0.86 at each
time point), whereas the LPA appeared to grow to a greater extent than the RPA (difference RPA-LPA:
−0.07 ZSc at shunt surgery, −0.5 Zsc at shunt take-down, p 0.02).

Table 2: Shunt procedure details

Variable N (%) or median (IQR)

Inflow

Subclavian 117 (67)

Brachiocephalic trunk 23 (13)

Aorta 37 (20)

Outflow

Right PA 134 (77)

Left PA 16 (9)

Main PA 25 (14)

Operative approach Thoracotomy 129 (74)

Sternotomy 46 (26)

Need for CPB No 152 (87)

Yes 23 (13)

Type of shunt

Native PA 4

Goretex 171

Size of the shunt

3 4 (2)

3,5 26 (15)

4 76 (44)

5 56 (32)

6 12 (7)

Absolute shunt size (mm) 4 (4–5)

Shunt size-to-PA diameter ratio 1 (0,9–1,2)

Shunt size-to-body weight ratio (mm/Kg) 1,25 (0,93–1,43)
Note: CPB (Cardio-pulmonary bypass); IQR (Interquartile range); PA (Pulmonary artery).
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As shown in Table 5, antegrade pulmonary blood flow had no influence on pulmonary artery growth
(Delta Nakata index: p = 0.30). The growth of both PA was greater in the biventricular pathway
expressed as millimeter gain (Delta RPA diam: 3.3 vs. 2.2 mm, p = 0.03, Delta LPA diam: 3.8 vs.
2.5 mm, p = 0.02) resulting in a greater Nakata index increase (Delta Nakata index: 109 vs. 78 mm2/m2,
p = 0.14) but if growth was expressed in Z-scores, the effect was lost. Importantly, the inter-stage period
was significantly shorter in the univentricular pathway (median 221 [173–363] vs. 483 [273–1058] days,
p < 0.001).

The distal site of shunt anastomosis (MPA vs. Right/(Left) PA) had no influence neither on PA growth
(Delta Nakata index: 92 vs. 99 mm2/m2, p = 0.83) nor on the difference between PA arteries (0.3 mm vs.
−0.5 mm, p = 0.35).

With similar inter-stage duration (median 316 [159–698] vs. 345 [209–811 days], p = 0.31), the LPA
growth was significantly larger in the non-CPB (cardiopulmonary bypass) group (Delta LPA diam: 3.5 vs.
2.5 mm, p = 0.03), resulting in a greater Nakata increase (Delta Nakata index: 102 vs. 61 mm2/m2, p = 0.04).

In contrast, in the presence of juxta-ductal stenosis, LPA growth was significantly smaller (Delta
LPA diam: 2 vs. 3.6 mm, p = 0.03), resulting in a smaller Nakata increase (Delta Nakata index: 49 vs.
104 mm2/m2, p = 0.08).

3.3 Inter-Stage Mortality and Shunt-Related Reinterventions
Four patients died during the inter-stage period (2.5%), two were shunt-unrelated (viral pneumonia,

n = 1 and recurrence of pulmonary vein stenosis after total anomalous pulmonary venous return repair,
n = 1) and two were shunt-related (one sudden death following shunt thrombosis and one death of
unknown cause) (1.3%).

Thirty-two patients (20.7%) developed pulmonary artery stenosis (shunt-related and/or juxta-ductal
stenosis) during the inter-stage period. Shunt-related pulmonary artery stenosis (>50%) were diagnosed in
16 patients (10.4%) and pulmonary coarctation (juxta-ductal stenosis) were diagnosed in 17 patients
(11%), respectively.

Table 4: PA growth in the entire cohort (n = 134)

Characteristic Shunt surgery mean (SD) Shunt take-down surgery mean (SD) p value

Height 52.8 (8.7) 63.8 (31) <0.001

Weight 3.8 (1.7) 8.6 (4.9) <0.001

BSA 0.22 (0.07) 0.44 (0.18) <0.001

RPA diameter 4.5 (1.4) 7.3 (2.1) <0.001

RPA Z score −0.8 (1.6) 0.2 (1.7) <0.001

LPA diameter 4.2 (1.1) 7.7 (2.4) <0.001

LPA Z score −0.9 (1.3) 0.8 (1.9) <0.001

Nakata index 134 (80) 233 (111) <0.001

PA index 0.86 (0.18) 0.86 (0.15) 1

Difference RPA-LPA (Z score) −0.07 (1.3) −0.5 (1.7) 0.02
Note: BSA (Body surface area); LPA (Left pulmonary artery); PA (Pulmonary artery); RPA (Right pulmonary artery).
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Prior to corrective surgery, catheter-based angioplasty or stenting of PAs was required in 19 patients
(12.3%). For patients with juxta-ductal stenosis, either balloon angioplasty (n = 2) or contralateral shunt
placement (n = 14) was performed. At the time of corrective surgery, for those patients with shunt-related
pulmonary artery stenosis, 11 required pulmonary arterioplasty (patch augmentation). In patients with uni-
ventricular palliation and shunt-related pulmonary artery stenosis, the bidirectional cavo-pulmonary
anastomosis allowed an easy repair without patch augmentation in all patients (n = 5).

Finally, 21 patients (13.6%) underwent elective catheterization for MBTS stenting in order to optimize
saturation prior to curative/palliative surgery.

4 Discussion

Currently, the most common indications for shunt palliation are neonates and infants with ductal-
dependent pulmonary/systemic circulation or restrictive antegrade pulmonary blood flow. Most
procedures are performed in uni-ventricular heart patients [17,18]. However, as stated earlier, the
“provocative” reports from Slava and Ghimire on short and mid-term outcomes favoring staged repair
against early primary repair in tetralogy of Fallot patients could renew pediatric cardiologist and
surgeon’s interest in early palliation even for less complex CHDs [12,13].

The field of interventional cardiology has greatly extended over the past years and neonatal ductal
stenting has emerged as an alternative to initial surgical palliation [16]. This alternative approach in
neonatal care for complex patients has stimulated our group to evaluate its own results with shunt
palliation so that it would stand as a benchmark for future comparison.

At baseline, our analysis demonstrates that pulmonary arteries were better developed in patients with
residual antegrade pulmonary blood flow (Tetralogy of Fallot, TGA-VSD-LVOTO, DORV (Double outlet
right ventricle)-pulmonary stenosis). Our primary analysis also highlights our surgical bias of performing
a central shunt when pulmonary arteries were less developed.

Our longitudinal analysis of morphometric data corroborates earlier studies and contradicts the recent
multi-centric study comparing ductal stenting and surgical shunt interposition [16].

First, analysis of PA growth in our cohort either separately (RPA or LPA) or together (Nakata index)
showed that a significant increase took place in the inter-stage period both in diameter, Z-score, and
surface area.

Indeed, our measurements at the time of shunt take-down for the RPA and LPA were 0.73cm and
0.77 cm, respectively. Using previously published nomograms [14], and based on a calculation using the
average weight and age of the cohort’s infants (8.6 Kg/64 cm), the respective dimensions of RPA and
LPA should have been 0.7 cm (0.5–0.9 cm) and 0.7 cm (0.5–0.9 cm). This underscores that both RPA
and LPA diameters and Z-scores had normalized at the time of shunt take-down.

Secondly, our data showed that the overall PA index remained unchanged over time despite shunt
interposition, confirming a symmetrical growth of PAs.

In this study, inter-stage mortality was only 2.5% with only two shunt-related deaths (1.3%), which
compares favorably to the 5%–6% interstage mortality recently reported [17,19].

The numerous patients with residual antegrade pulmonary blood flow (55%), a lower proportion of
univentricular heart diagnosis (51%), and a low threshold to stent the previously placed MBTS when
desaturation was noticed could all have contributed to those favorable results.

The shunt-related morbidity during the inter-stage period (20.7% of patients developed pulmonary
artery stenosis) was similar to previous studies [8,20]. Importantly, half of those were shunt-unrelated but
rather occurred secondary to juxta-ductal stenosis.
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In our cohort, the prevalence of severe shunt-related pulmonary artery stenosis (greater than 50%) was
only 10.4% (16 out of 154 patients). Those were addressed at the subsequent surgery either by patch
augmentation PA plasty or without patch in patients undergoing bi-directional cavopulmonary
anastomosis. These findings compare favorably to the previous studies by the Collaborative Cath Int
group [16,21] and others [9,22] in which the rate of PA plasty was 48% in the MBTS group. We
hypothesize that both surgical technique and center-dependent factors (threshold to surgically augment
PAs) could explain such differences.

Altogether, these differences in the prevalence of shunt-induced stenosis could also explain the
conflicting results on PA growth between studies.

Another important finding from our study is the 11% incidence of juxta-ductal stenosis which developed
after initial shunt surgery. Juxta-ductal stenosis has been recognized worldwide since the mid-1960s [23].

The term “juxtaductal” pulmonary coarctation has been advocated on the basis of histological
characteristics observed in pathologic specimens of patients with narrowing at the origin of the left
pulmonary artery (PA) in whom ductal tissue was observed [24].

The progression of the stenosis potentially leads to disproportionate PA growth or even to PA
discontinuity.

As described earlier [25], juxta-ductal stenosis occurred more frequently in DORV-PA stenosis (21%)
and PA-VSD (15%) patients. Patients with juxta-ductal stenosis demonstrated an impaired LPA growth
resulting in a lower Nakata index at the time of shunt take-down. While a suboptimal growth of the
pulmonary vasculature might not be too detrimental in patients contemplating biventricular repair, this
point could be critical in univentricular palliation.

5 Study Limitations

The limited number of patients, the extensive period of recruitment and shunt palliation being performed
by two experienced surgeons may not allow to extrapolate our results.

Our longitudinal comparative analysis included only 77% of the initial cohort (134/175) and no sub-
group analysis of patients who died during index hospitalization was made. Despite the rate of patient
drop-out, each patient serving as its own control in this longitudinal comparative morphometric analysis
renders the results highly reliable.

Finally, our definition of pulmonary artery stenosis (>50%) together with the absence of clinical and
echocardiographic or angiographic follow-up after the repair (or palliation) surgery did not allow to detect
minor and/or progressively developing pulmonary artery stenosis.

6 Conclusions

Our study demonstrates that shunt palliation in neonates and infants allows well-balanced pulmonary
artery growth. Shunt-related pulmonary artery stenosis requiring intervention occurred in about 10%,
whereas a higher rate of juxta-ductal stenosis (11%) was found. In univentricular heart patients, a close
echographic follow-up is warranted to allow early diagnosis of juxta-ductal stenosis. Finally, in this
heterogeneous cohort of patients, shunt-related interstage mortality was low (1.3%).
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