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ABSTRACT

Objectives: Limited data on performing bilateral pulmonary artery banding (BPAB)
before stage 1 Norwood procedure suggest that some patients may benefit through
the postponement of the major cardiopulmonary bypass procedure. The objective
of this study was to evaluate the effectiveness of BPAB in the surgical management
of high-risk patients with hypoplastic left heart syndrome (HLHS).

Methods: A retrospective review of all high-risk neonates with HLHS who under-
went BPAB at our institution was performed. No patients, including those with
intact or highly restrictive atrial septum (IAS), were excluded.

Results: Between October 2015 and April 2021, 49 neonates with HLHS (including 6
with IAS) underwent BPAB, 40 of whom progressed to the Norwood procedure.
Risk factors for not progressing to the Norwood procedure after BPAP include
low birth weight (P ¼ .043), the presence of multiple extracardiac anomalies
(P ¼ .005), and the presence of genetic disorders (P ¼ .028). Operative mortality
was 7.5% (3/40). IAS was associated with operative mortality (P ¼ .022).

Conclusions: The strategy of BPAB prestage 1 Norwood procedure was successful
in identifying at-risk patients and improving Norwood survival. Although not all pa-
tients will need this hybrid approach, a significant number can be expected to
benefit from this tactic. These results support the need for a substantial
hybrid strategy, in addition to a primary stage 1 Norwood surgical strategy, in the
management of HLHS. (JTCVS Open 2023;16:689-97)
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Intraoperative photo showing left pulmonary ar-
tery being banded over a 2.5-mm probe.
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CENTRAL MESSAGE

High-risk neonates may benefit
from staging with bilateral pul-
monary artery banding before
Norwood.
PERSPECTIVE
High-risk neonates with hypoplastic left heart syn-
drome have substantial operative risk undergoing
Norwood operation. Staging greater-risk patients
with a BPAB before the Norwood procedure may
improve survival by making them better candi-
dates for the major cardiac procedure.
ding cardiopulmonary bypass and a com-
The successful surgical management of hypoplastic left heart
syndrome (HLHS) remains a challenge to cardiac surgeons
and multidisciplinary care teams, with stage 1 Norwood mor-
tality ranging from 7% to 39%.1,2 Multiple innovations
including the right ventricle-to-pulmonary artery (RV-PA)
shunt, aortic arch reconstruction techniques, as well as the
hybrid palliative approach have been developed, all aimed
at improving HLHS outcomes.3-5 Recently, Ota and
colleagues6 reported on their rapid-staged bilateral pulmonary
artery banding (BPAB) approach before Norwood palliation.
The idea of avoi
plex cardiac operation in the early neonatal period while
giving time for stabilization and the declaration of issues
not initially apparent at birth (necrotizing enterocolitis,
infection, genetic and extracardiac anomalies) suggested a
staged Norwood procedure, using BPAB, may be an appro-
priate strategy for high-risk neonates with HLHS. We hy-
pothesized that the staged Norwood approach for patients
deemed at greater risk for primary Norwood would be a
viable strategy.
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Abbreviations and Acronyms
BCPS ¼ bidirectional cavopulmonary shunt
BPAB ¼ bilateral pulmonary artery banding
CI ¼ confidence interval
DOL ¼ day of life
ECMO ¼ extracorporeal membrane oxygenation
HLHS ¼ hypoplastic left heart syndrome
IAS ¼ intact or severely restrictive atrial septum
IQR ¼ interquartile range
LBW ¼ low birth weight
PA ¼ pulmonary artery
RV-PA ¼ right ventricle-to-pulmonary artery
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METHODS
Design and Study Population

This study was approved by the institutional review board of the Univer-

sity of Oklahoma Health Sciences Center (institutional review board

11708, February 20, 2020) with a waiver of consent. The medical records

were reviewed retrospectively. Between October 2015 and April 2021, 49

patients with risk factors for the primary Norwood procedure underwent

BPAB. Both HLHS and its variants were included. No high-risk patient

was excluded. During this same time period, 11 patients without risk fac-

tors underwent primary Norwood procedure. All 11 survived the procedure

and are not included in this study. All patients were kept on prostaglandin

E1 to maintain ductal patency. No patient underwent ductal stenting. The

second-stage Norwood plus bidirectional cavopulmonary shunt (BCPS)

strategy (comprehensive stage 2) was not adopted. Note that no patients

were offered comfort care during the study period, including 6 patients

with HLHS and intact atrial septum or severely restrictive atrial septum

(IAS).

The risk factors for the primary Norwood procedure, which existed

before undergoing BPAB, were established in our program through our pre-

vious experience and literature review. They included prematurity, low

birth weight (LBW), multiple extracardiac anomalies, genetic disorders,

heterotaxy syndrome, moderate or greater atrioventricular valve regurgita-

tion, tiny ascending aorta (2 mm or smaller), moderately or severely

depressed cardiac function, coronary artery fistulas, IAS, restrictive atrial

septum, atresia of the coronary artery ostium, and pre-BPAB morbidity

(mechanical ventilation, sepsis, shock, necrotizing enterocolitis, and

neurologic issues). Prematurity was defined as a child birth less than 37

gestational weeks of age. LBW was defined as less than 2500 g. Genetic

disorders were defined as those with a known genetic syndrome or genetic

lesions detected by chromosomal microarray analysis and believed to be

highly pathogenic by a genetic consultation. All the patients except 1 pa-

tient with IAS underwent a chromosome analysis using fluorescence in

situ hybridization and chromosomal microarray analysis. Patients with

IASwere thosewho needed interventions for the atrial septum immediately

after birth. Restrictive atrial septum was defined as either IAS or the need

for a balloon atrial septostomy before BPAB. Shock was defined as hypo-

tension, hyperlactatemia, and metabolic acidosis with pH<7.2. Incidence

of the risk factors in the 49 patients are shown in Table 1. Pre-BPAB patient

demographics of the patients are shown in Table 2.

Operative mortality was per the Society of Thoracic Surgeons Congen-

ital Heart Surgery Database and included all deaths occurring during the

same hospitalization in which the operation was performed, even if after

30 days, and deaths occurring after discharge from the hospital within

30 days of the operation.

The primary outcome was outcomes toward subsequent operations in

the 49 patients under our staged Norwood strategy. The secondary outcome
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was the need of intervention on banded pulmonary arteries (PAs) up to the

time of BCPS with our staged Norwood strategy.

Bilateral Pulmonary Artery Banding
BPAB was performed through a median sternotomy using a 0.4-mm-

thick expanded polytetrafluoroethylene strip (GORE-TEX Cardiovascular

Patch; W.L. Gore & Associates, Inc) clipped over a 2.5-mm probe

(Figure 1). Epicardial or transesophageal echocardiography was performed

in the operating room to confirm appropriate banding. We typically aimed

for a relatively tight banding to reduce the chances of pulmonary overcir-

culation, providing a more stable postoperative period. The inner diameters

of the banded pulmonary arteries measured by the echocardiography were

typically 1.8 to 2.0 mm. Postoperatively, supplemental oxygen was used as

needed. Ductal patency was maintained through the use of a prostaglandin

E1 infusion.

Seven patients underwent concomitant atrial septectomy. Our approach

to HLHS/IAS has been surgical atrial septectomy and BPAB immediately

after birth. At our institution, we provide childbirth-related services in the

same building as the children’s hospital. After cesarean delivery, these pa-

tients were emergently taken to our operating room. Two dedicated pediat-

ric cardiac anesthesiologists rapidly secured the airway and obtained

arterial and central venous access. Following a limited transthoracic echo-

cardiogram to confirm the diagnosis, atrial septectomy under ventricular

fibrillation using cardiopulmonary bypass was performed. Looser banding

than the usual was applied in this setting because of elevated pulmonary

vascular resistance. After initial placement of BPAP over a 3-mm probe,

we tightened the band, aiming for an echocardiography measurement of

2.2 to 2.4 mm. Delayed sternal closure was routinely applied, and the

BPABs were tightened further if necessary. Six patients were managed

with this approach. Another patient with a mean pressure gradient of

11 mmHg through a small interatrial communication underwent atrial sep-

tectomy and BPAB on day of life (DOL) 5 after a failed catheter-based

septal intervention.

Management During the Period Between BPAB and
the Norwood Procedure

After BPAB, the patients were managed in our pediatric cardiac inten-

sive care unit with the aims of extubation and establishing enteral feeding.

The presence of significant noncardiac abnormalities discovered postoper-

atively excluded the patient from the Norwood procedure. Further, from a

cardiac standpoint, in patients with significant tricuspid valve regurgitation

after BPAB, a heart transplantation was offered as an option. Coronary ar-

tery fistulae, even significant ones, were not a contraindication to the Nor-

wood procedure. In patients who were born premature or with LBW, we

waited until they reached a corrected term gestational age or a body weight

close to 3 kg before proceeding with the Norwood procedure. In patients

with poor pulmonary status due to prematurity, infection, or HLHS/IAS,

the Norwood procedure was postponed until the lung condition improved.

The Norwood Procedure
The Norwood procedure was performed under deep hypothermia with

antegrade cerebral perfusion. The aortic arch was reconstructed using a

pulmonary homograft patch. A RV-PA conduit was used for pulmonary

blood flow in all but 2 patients with a HLHS variant requiring a modified

Blalock Taussig shunt. The RV-PA conduit was placed to the right of the

neoaorta with the proximal dunk technique using a thin-walled ringed

expanded polytetrafluoroethylene graft (GORE-TEX Vascular Graft;

W.L. Gore & Associates, Inc). For the banded branch PAs, the previous

bands were removed and surrounding scar tissue was excised. Typically,

if the bands had been in place for less than 2 weeks, vascular dilators

were used to successfully dilate the band site. Intraoperative ballooning

of the PAs under direct visualization was performed using a catheter

with a balloon diameter of 4 mm when the interval between BPAB and



FIGURE 1. Intraoperative photo showing left pulmonary artery being

banded over a 2.5-mm probe.

TABLE 1. Incidence of the risk factors in the 49 patients

Prematurity, n (%) 9 (18.4)

Low birth weight, n (%) 13 (26.5)

Multiple extracardiac anomalies, n (%) 3 (6.1)

Genetic disorders, n (%) 8 (16.3)

Heterotaxy syndrome, n (%) 1 (2)

Moderate or greater TR, n (%) 5 (10.2)

Moderately or severely depressed cardiac function 0 (0.0)

Tiny ascending aorta (�2 mm), n (%) 17 (34.7)

Coronary artery fistulas, n (%) 8 (16.3)

IAS, n (%) 6 (12.2)

Restrictive atrial septum, n (%) 17 (34.7)

Atresia of the coronary artery ostium, n (%) 1 (2)

Pre-BPAB mechanical intubation, n (%) 36 (73.5)

Pre-BPAB shock, n (%) 4 (8.2)

Pre-BPAB shock with MOF, n (%) 1 (2)

TR, Tricuspid regurgitation; IAS, intact atrial septum or severely restrictive atrial

septum; BPAB, bilateral pulmonary artery banding; MOF, multiple organ failure.
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the Norwood procedure was longer than 2 weeks. Delayed sternal closure

was routinely applied.

Statistical Analysis
Normally distributed continuous variables were expressed as mean and

standard deviation, and were analyzed using either Student t test or Welch t

test as appropriate. Variables with a non-normal distribution were ex-

pressed as median and interquartile range (IQR) and were analyzed using
TABLE 2. Pre-BPAB patient demographics

Variable

Sex, n (%)

Male 34 (69.4)

Female 15 (30.6)

Weight at birth, kg, mean � SD 2.9 � 0.5

Age at BPAB, d, median (IQR) 6.0 (4.0)

Weight at BPAB, kg, mean � SD 3 � 0.5

Anatomy, n (%)

MS/AS 16 (32.7)

MS/AA 11 (22.5)

MA/AA 10 (22.4)

MA/AS 4 (8.2)

HLHS variant 8 (16.3)

TR, n (%)

None/trivial 29 (59.2)

Mild 15 (30.6)

Moderate 5 (10.2)

Severe 0 (0.0)

Ascending aorta size, mm, mean � SD 2.8 � 2.5

Pre-BPAB balloon septostomy, n (%) 11 (22.5)

SD, Standard deviation; BPAB, bilateral pulmonary artery banding; IQR, interquartile

range; MS, mitral stenosis; AS, aortic stenosis; AA, aortic atresia; MA, mitral atresia;

HLHS, hypoplastic left heart syndrome; TR, tricuspid regurgitation.
Mann–WhitneyU test. Categorical variables were expressed as frequencies

(n) and percentages (%), and were analyzed using the Fisher exact test. In

the patients who underwent a Norwood procedure, an overall transplant-

free survival was calculated using Kaplan–Meier survival analysis with

95% equal precision confidence bands. The starting time was taken as

days of the Norwood procedure. Statistical analysis was performed using

SAS 9.4 (SAS Institute).
RESULTS
Reaching the Norwood Procedure after BPAB
Among the 49 patients with the risk factors, 40 patients

(81.6%) progressed to the Norwood procedure. Table 3 de-
scribes the risk factors in the 49 patients dichotomized into
those who reached the Norwood procedure and those who
did not. Regarding genetic disorders, only 1 patient with
Turner syndrome was diagnosed before BPAB. Seven addi-
tional patients were diagnosed as having a genetic syn-
drome after BPAB. Risk factors for failing to advance to
the Norwood procedure include LBW (P ¼ .043), the pres-
ence of multiple extracardiac anomalies (P¼ .005), and the
presence of genetic disorders (P ¼ .028).
Nine patients did not advance to Norwood procedure.

One patient had progressive tricuspid and mitral regurgita-
tion after BPAB and underwent a successful heart trans-
plantation. Two patients with HLHS/IAS who underwent
surgical atrial septostomy and BPAB at birth passed
away due to multiorgan failure secondary to cardiac fail-
ure and sepsis. Post-BPAB extracorporeal membrane
oxygenation (ECMO) support was required in 3 patients,
all of whom did not survive to Norwood. One patient
with a birth weight of 2.1 kg required ECMO support after
2 weeks of stability post-BPAB due to poor cardiac output
secondary to restriction of the patent ductus arteriosus.
The patent ductus arteriosus was stented and ECMO sup-
port was successfully discontinued. However, progressive
stenosis of the stent and continued poor cardiac function
led to the patient’s demise. Another patient had cardiac
JTCVS Open c Volume 16, Number C 691



TABLE 3. Risk factors in the 49 patients and progression to the Norwood procedure

Variable Norwood (n ¼ 40) Non-Norwood (n ¼ 9) P value

Prematurity, n (%) 9 (22.5) 0 (0.0) .179

Low birth weight, n (%) 8 (21.620.0) 5 (55.6) .043

Multiple extracardiac anomalies, n (%) 0 (0.0) 3 (33.3) .005

Genetic disorders, n (%) 4 (10.0) 4 (44.4) .028

Heterotaxy syndrome, n (%) 0 (0.0) 1 (11.1) .184

Moderate or greater TR, n (%) 5 (12.5) 0 (0.0) .569

Tiny ascending aorta (�2 mm), n (%) 15 (37.5) 2 (22.2) .467

Coronary artery fistulas, n (%) 8 (20.0) 0 (0.0) .322

IAS, n (%) 4 (10.0) 2 (22.2) .302

Restrictive atrial septum, n (%) 14 (35.0) 3 (33.3) >.999

Atresia of the coronary artery ostium, n (%) 1 (2.5) 0 (0.0) >.999

Pre-BPAB mechanical intubation, n (%) 29 (72.5) 7 (77.8) >.999

Pre-BPAB shock, n (%) 3 (7.5) 1 (11.1) .569

Pre-BPAB shock with MOF, n (%) 0 (0.0) 1 (11.1) .184

TR, Tricuspid regurgitation; IAS, intact atrial septum or severely restrictive atrial septum; BPAB, bilateral pulmonary artery banding; MOF, multiple organ failure.
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arrest several hours after BPAB, and ECMO support was
initiated. Despite successful discontinuation of ECMO
support, the patient passed away from multiple gastroin-
testinal perforations. The patient was diagnosed as having
16p11.2 deletion syndrome postmortem. The other patient
with pre-BPAB mechanical intubation needed ECMO sup-
port from left atrial rupture during an attempted catheter-
based balloon atrial septostomy 3 days after BPAB and
never recovered. The final 3 patients had multiple extrac-
ardiac anomalies and highly pathogenic genetic lesions
leading to the parental decision to transition to comfort
care.
TABLE 4. Risk factors and hospital mortality after the Norwood procedu

Variable Survival (n

Prematurity, n (%) 8 (21.6

Low birth weight, n (%) 7 (18.9

Multiple extracardiac anomalies, n (%) 0 (0.0)

Genetic disorders, n (%) 4 (10.8

Heterotaxy syndrome, n (%) 0 (0.0)

Moderate or greater TR, n (%) 5 (13.5

Tiny ascending aorta (�2 mm), n (%) 14 (37.8

Coronary artery fistulas, n (%) 8 (21.6

IAS, n (%) 2 (5.4)

Restrictive atrial septum, n (%) 12 (32.4

Atresia of the coronary artery ostium, n (%) 1 (2.7)

Pre-BPAB mechanical intubation, n (%) 27 (73.0

Pre-BPAB shock, n (%) 3 (8.1)

Pre-BPAB shock with MOF, n (%) 0 (0.0)

N/A, Not available; TR, tricuspid regurgitation; IAS, intact atrial septum or severely restri

failure.
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Early Results After the Norwood Procedure
Overall, 40 patients underwent the Norwood procedure at

median DOL 24.5 (IQR, 18.5) with a median body weight
of 3.5 (IQR, 0.7) kg. The cardiopulmonary bypass and
aortic crossclamp times were 142.6 � 20.3 and 48.7 �
9.7 minutes, respectively. Intraoperative ballooning of the
PAs was performed in 26 patients (65.0%) with older
ages at the Norwood operation (median DOL, 32.5; IQR,
19.0 vs median 14.0; IQR, 8.0, P< .001), reflecting our
strategy. Operative mortality was 7.5% (3/40). Table 4 de-
scribes the relationship between the risk factors and the hos-
pital mortality. The first mortality was a patient with
re

¼ 37) Mortality (n ¼ 3) P value

) 1 (33.3) .545

) 1 (33.3) .498

0 (0.0) N/A

) 0 (0.0) >.999

0 (0.0) N/A

) 0 (0.0) >.999

) 1 (33.3) >.999

) 0 (0.0) >.999

2 (66.7) .022

) 2 (66.7) .276

0 (0.0) >.999

) 2 (66.7) >.999

0 (0.0) >.999

0 (0.0) N/A

ctive atrial septum; BPAB, bilateral pulmonary artery banding; MOF, multiple organ
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prematurity and LBW who suffered a right coronary artery
thrombus on postoperative day one. This patient required
ECMO and passed away after surgery to remove the clot.
This was the only patient that required ECMO (2.5%) post-
operatively. The second mortality was in a patient with
HLHS/IAS who had progressive pulmonary vein stenosis
and arch obstruction 3 months after the Norwood operation
and passed away after another surgery to revise these le-
sions. The last patient, also with HLHS/IAS, underwent a
BCPS during the same hospitalization as the Norwood pro-
cedure. Takedown of BCPS was required one month after
the BCPS due to pulmonary infection resulting in death
12 days later.

Subsequent Patients’ Status After the Norwood
Procedure

Subsequent patients’ statuses after the Norwood proced-
ure in the 40 patients are shown in Figure E1. Of the 38 pa-
tients excluding 1 patient with Norwood 30-day mortality
and another patient with Norwood hospital mortality who
did not reach a BCPS, 31 patients survived to a BCPS and
1 patient reached a biventricular repair after the Norwood
procedure. (32/38, 84.2%). Table E1 shows the relationship
of the risk factors and the failure to reach a BCPS. The fail-
ure to reach a BCPS was defined as either an interstage
death (n ¼ 2) or a delay in BCPS (waiting for more than
6 months after the Norwood procedure, n¼ 4). Of the 2 pa-
tients with an interstage death, 1 patient had poor cardiac
function and was waiting for a heart transplantation. For
the other patient with a cardiac arrest at home, the cause
was unknown. BCPS has been delayed in four patients
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FIGURE 2. Bilateral pulmonary artery banding in greater-risk neonates with

with HLHS. In total, 40 patients progressed to Norwood procedure with a 30-day

LBW, extracardiac anomaly and genetic anomaly.
due to poor lung conditions, all of whom had prematurity
(P ¼ .012).

Overall Transplant-Free Survival
Figure 2 shows the overall survival curve for all 49 pa-

tients undergoing BPAP. Kaplan–Meier-estimated
transplant-free survival was 75.3% (95% confidence inter-
val [CI], 51.1-88.7) and 65.5% (95% CI, 40.6-82.0) at 1
and 2 years, respectively. Figure 3 shows the overall sur-
vival curve for the 40 patients who underwent the Norwood
procedure, with the time zero being the day of the Norwood
procedure. Kaplan–Meier estimated transplant-free sur-
vival was 87.0% (95% CI, 71.4-94.4) and 77.8% (95%
CI, 60.2-88.3) at 1 and 2 years, respectively.

Pulmonary Artery Intervention After the Staged
Norwood Procedure
Among the overall 40 patients who underwent the staged

Norwood procedure, interstage catheter interventions on
the PAs were performed in 14 patients of 39 patients
(35.9%) who had cardiac catheterizations after the Nor-
wood procedure. This was not associated with the need
for intraoperative ballooning of the PAs during the Nor-
wood procedure (11/26 among patients with PA ballooning
during the Norwood procedure vs 3/13 without PA
ballooning, P ¼ .304). Surgical interventions on the PAs
during BCPS were performed in 22.6% (7/31), which
were not associated with the need for intraoperative
ballooning of the PAs during the Norwood procedure (5/
21 among patients with PA ballooning during the Norwood
procedure vs 2/8 among the others, P>.999).
ulmonary artery banding
2 3

esented with 95% Confidence Band

22 14

HLHS. Bilateral pulmonary artery banding was performed in 49 neonates

mortality of 2.5%. Risk factors for failure to advance to Norwood include
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DISCUSSION
In an effort to improve the outcomes of patients with

HLHS in our renewed comprehensive congenital surgical
program, we instituted a policy of BPAB in greater-risk pa-
tients before the Norwood procedure. We hypothesized that
this approach would allow time for establishment of a sta-
ble, balanced circulation, the identification of undiscovered
risk factors, and offer the advantage of performing the more
complex cardiac reconstruction on a more mature neonate.

In our 49 high-risk patients with HLHS or its variants who
underwent BPAB under the staged Norwood approach, 40
patients reached the Norwood procedure. LBW, multiple ex-
tracardiac anomalies, and genetic disorders affected survival
or candidacy for the Norwood procedure, whereas prematu-
rity or IAS did not (Figure 3). Of 8 patients with genetic dis-
orders, the diagnoses were made after BPAB in 7. In 3 of the
7 patients, the diagnosis of highly pathogenic genetic lesions
or a genetic syndrome resulted in their guardian’s decision to
withdraw care. Operative mortality for the Norwood proced-
ure was 7.5%, including 1 patient who reached BCPS during
the same hospitalization as the Norwood operation. IAS was
related to the hospital operative mortality whereas prematu-
rity, LBW, or genetic disorders were not. During the Nor-
wood procedure, intraoperative ballooning of the PAs was
performed when the interval between BPAB and the Nor-
wood procedurewas longer than 2 weeks. This did not corre-
late to the need for interstage catheter interventions or
surgical interventions during BCPS on the PAs. The failure
to reach a BCPS was influenced only by prematurity. In
our staged Norwood approach, BPAB functioned to screen
extremely high-risk patients such as those with multiple
694 JTCVS Open c December 2023
extracardiac anomalies or highly pathogenic genetic disor-
ders, and to mitigate sequelae cause by prematurity or
LBW toward the Norwood procedure. This led to the low
hospital operative mortality after the Norwood procedure
even though we included patients with IAS. However, pre-
maturity still influenced interstage results after the successful
Norwood procedure. Some risk factors for the primary Nor-
wood procedure established in our program, such as tiny
ascending aorta or restrictive atrial septum, seemed to be
insignificant during a pathway toward a BCPS.

Staged Norwood in HLHS
Others have reported using this strategy for HLHS or

high-risk single-ventricle patients. Ota and colleagues6 re-
ported BPAB in 14 patients before stage 1 Norwood with
the thought that this would lessen risk factors and benefi-
cially postpone the major bypass operation beyond the
newborn period. Patients obtaining Norwood procedure af-
ter BPAP had lower lactates and improved urine output
versus patients receiving primary Norwood procedure.
They reported excellent results in this small group, with
no early deaths and one late death. This strategy has not
been limited to HLHS, with others reporting success with
various single-ventricle anomalies.7

Ceneri and colleagues8 recently reported their experience
using a hybrid strategy for high-risk neonates with HLHS or
variants. Their overall survival was 70% after a median of
9 months following the hybrid procedure. They concluded
that the hybrid strategy could be used successfully as a
bridge to either a delayed Norwood or a comprehensive
stage II operation in high-risk neonates.
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There are numerous advantages to this approach. The
obvious one is that time is given to identify and mitigate
risk factors. In addition to allowing for growth in LBW or
early gestational age newborns, time is given to identify is-
sues such as genetic or extracardiac anomalies. Certainly, in
our experience, the discovery of genetic disorders has influ-
enced the parental decision to withdraw care. Besides
avoiding a major cardiopulmonary bypass reconstructive
operation, one has to acknowledge that these risk factors
could have influenced the surgical outcome of a primary
stage 1 Norwood. Other comorbidities, such as infection,
valve insufficiency, arrythmia, or concern for necrotizing
enterocolitis, are given time for adequate treatment before
stage 1 Norwood with this strategy.We believe these infants
have a stable pulmonary to systemic flow ratio after BPAB,
which helps with lung recovery and improved systemic
perfusion, allowing for a period of somatic growth, since
feeds are tolerated with improved gut perfusion. Further-
more, patients having undergone BPAB are more stable at
the time of stage 1 Norwood, with our anesthesia colleagues
reporting a more stable intraoperative course to initiating
cardiopulmonary bypass compared with patients without
BPAB. Similar to previous reports, the low postoperative
lactate levels in our BPAB Norwood patients support this
strategy in a group that excluded no patients. Finally, it
has been suggested that avoiding cardiopulmonary bypass
and possibly deep hypothermic arrest in neonates with
LBW or lower gestational age may have benefits in neuro-
development in the long term.9,10

There are some disadvantages to this approach. First, this
approach requires a second operation, which may prolong
the hospital stay. Second, there is concern that manipulation
of the PAs will result in the need for more surgical/catheter-
based PA interventions. Our data show that the need for PA
intervention did not correlate with intraoperative PA
ballooning at the time of stage 1 Norwood with our PA
intervention rate being comparable to others.1 This is likely
due to the rapid 2-stage strategy to Norwood. A recent study
did show increased risk for PA intervention in patients with
band placement for greater than 90 days.11

Risk Factors of BPAB
The presence of extracardiac anomalies, genetic disor-

ders, or LBW was each associated with not proceeding on
to stage 1 Norwood. This is not surprising, as all are known
risk factors for the stage 1 Norwood procedure. Tabbutt and
colleagues12 reported LBW and genetic abnormality as in-
dependent risk factors for 30-day and hospital mortality in
a 15-center study of 549 patients undergoing Norwood pro-
cedure. In a single-institution study of 111 patients with
HLHS undergoing Norwood, Stasik and colleagues13 re-
ported LBW and noncardiac anomalies to be independent
risk factors of hospital mortality. Similarly, Ono and col-
leagues14 demonstrated LBW and extracardiac anomalies
being risk factors for mortality in their single-center experi-
ence of 322 neonates undergoing the Norwood procedure.
Finally, Alsoufi and colleagues15 showed that among pa-
tients who had undergone single-ventricle palliation, the
risk of hospital mortality was twice (24% vs 12%) in pa-
tients with genetic syndromes and extracardiac anomalies.
These risk factors, at the very least, need to be considered
when deciding on proceeding with BPAB much less stage
1 Norwood procedure.
Intact Atrial Septum
When looking at the high-risk patients who survived to

undergo stage 1 Norwood, the only significant risk factor
for survival was the presence of an intact atrial septum.
This is not unexpected, as it is a known risk factor for stage
1 Norwood.16,17 A recent large multicenter study assessing
all fetuses with HLHS/IAS showed that overall discharge
survival was 39%, even in patients who had undergone pre-
vious successful fetal intervention to decompress the left
atrium.18 Indeed, many institutions do not offer surgical
palliation in the presence of IAS. We have a standard
approach to these patients consisting of immediately trans-
ferring the newborn to the operating room for emergency
BPAB and surgical atrial septectomy. We have found this
to be advantageous over a catheter-based septostomy in
that we avoid time delays, the potential for inadequate sep-
tectomy or wire/balloon complications. Overall, in our
cohort, of 6 patients with HLHS/IAS, 3 survived stage 1
Norwood procedure. This survival is similar to the report
by Sood and colleagues in which they used a combined
approach consisting of surgical PAB and interventional sep-
tostomy and ductal stent.19
Study Limitations
Limitations include the single-center, retrospective na-

ture of this report with a limited number of patients and
institutional bias with respect to critical care, interventional
and surgical management.
CONCLUSIONS
The strategy of using BPAB pre-stage 1 Norwood pro-

cedure was satisfactory for high-risk patients undergoing
the Norwood. We found that LBW, the presence of multiple
extracardiac anomalies, and the presence of genetic disor-
ders were all risk factors for not moving forward with stage
1 Norwood procedure after BPAB. In addition, we noted
excellent stage 1 Norwood procedure survival in patients
transitioning via staged Norwood. Although not all patients
will need this hybrid approach, a significant number can be
expected to benefit from this tactic. These results support
the need for a substantial hybrid strategy, in addition to a
primary stage 1 Norwood surgical strategy, in all successful,
comprehensive congenital cardiac surgical programs.
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FIGURE E1. Follow-up after the Norwood procedure in 40 patients with

the risk factors. Patients’ status subsequent to the Norwood procedure in 40

patients with the risk factors is shown. The patient with ED after a BCPS

was the one who underwent a BCPS during the same hospitalization as

the Norwood procedure. ED, death at 30 days; HD, hospital death after

30 days; ID, interstage death; BVR, biventricular repair completion; LD,

late death; BCPS, bidirectional cavopulmonary shunt; OHT, orthotopic

heart transplantation.

TABLE E1. Risk factors and the failure to reach a BCPS in the Norwood survivors

Variable Success (n ¼ 32) Failure (n ¼ 6) P value

Prematurity, n (%) 4 (12.5) 4 (66.7) .012

Low birth weight, n (%) 4 (12.5) 3 (50.0) .063

Multiple extracardiac anomalies, n (%) 0 (0.0) 0 (0.0) N/A

Genetic disorders, n (%) 4 (12.5) 0 (0.0) >.999

Heterotaxy syndrome, n (%) 0 (0.0) 0 (0.0) N/A

Moderate or greater TR, n (%) 5 (15.6) 0 (0.0) .570

Tiny ascending aorta (�2 mm), n (%) 12 (37.5) 2 (33.3) >.999

Coronary artery fistulas, n (%) 6 (18.7) 2 (33.3) .587

IAS, n (%) 3 (9.4) 0 (0.0) >.999

Restrictive atrial septum, n (%) 11 (34.4) 2 (33.3) >.999

Atresia of the coronary artery ostium, n (%) 1 (3.1) 0 (0.0) >.999

Pre-BPAB mechanical intubation, n (%) 23 (71.9) 5 (83.3) >.999

Pre-BPAB shock, n (%) 3 (9.4) 0 (0.0) >.999

Pre-BPAB shock with MOF, n (%) 0 (0.0) 0 (0.0) N/A

N/A, Not available; TR, tricuspid regurgitation; IAS, intact atrial septum or severely restrictive atrial septum; BPAB, bilateral pulmonary artery banding; MOF, multiple organ

failure.
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