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Abstract: Background/Objectives: Hybrid palliation (HP) procedures for hypoplastic left heart
syndrome (HLHS) are increasing. Our objective was to compare mortality and morbidity following
HP and NP (Norwood palliation) procedures. Methods: Systematic review and meta-analysis
of HLHS patients of peer-reviewed literature between 2000 and 2023. Mortality and/or heart
transplantation in HP versus NP in the neonatal period, interstage period, and at 1, 3 and 5 years of
age, and morbidity including completion of Stage II and Stage III palliation, unexpected interventions,
pulmonary artery pressures, right ventricle function, neurodevelopmental outcomes and length of
hospital stay were evaluated. Results: Twenty-one (meta-analysis: 16; qualitative synthesis: 5) studies
evaluating 1182 HLHS patients included. HP patients had higher interstage mortality (RR = 1.61;
95% CI: 1.10–2.33; p = 0.01) and 1-year mortality (RR = 1.22; 95% CI: 1.03–1.43; p = 0.02) compared to
NP patients without differences in 3- and 5-years mortality. HP procedure in high-risk HLHS patients
had lower mortality (RR = 0.48; 95% CI: 0.27–0.87; p = 0.01) only in the neonatal period. HP patients
underwent fewer Stage II (RR = 0.90; 95% CI: 0.81–1.00; p = 0.05) and Stage III palliation (RR = 0.78;
95% CI: 0.69–0.90; p < 0.01), had more unplanned interventions (RR = 3.38; 95% CI: 2.04–5.59; p < 0.01),
and longer hospital stay after Stage I palliation (weighted mean difference = 12.88; 95% CI: 1.15–24.62;
p = 0.03) compared to NP patients. Conclusions: Our study reveals that HP, compared to NP for
HLHS, is associated with increased morbidity risk without an improved survival rate.

Keywords: meta-analysis; hypoplastic left heart syndrome; Norwood operation; sano; BT shunt;
hybrid palliation/hybrid procedure; bilateral pulmonary artery banding; outcomes; death/mortality;
morbidity

1. Introduction

Congenital heart defects (CHD) account for approximately 20% of all major structural
birth defects and hypoplastic left heart syndrome (HLHS) comprises 8–12% of CHD [1].
HLHS is characterized by an underdevelopment of the left-sided cardiac structures, com-
promised systemic cardiac output and a single right ventricle [2]. It was first described by
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Lev in 1952 and given the name “hypoplastic left heart syndrome” by Noonan and Nadas
in 1958 [3,4].

HLHS is the most severe form of CHD, associated with significant morbidity and
mortality. It is universally fatal and 95% of untreated patients with HLHS die early [5].
Treatment options for HLHS have continued to evolve and include comfort care, cardiac
transplantation, Norwood palliation (NP) or hybrid palliation (HP) [6]. The role of com-
fort care as a treatment modality for HLHS is on the decline [7]. It remains a choice for
HLHS patients with very low birth weight, prematurity or the presence of a chromosomal
anomaly [8]. Death occurs in 92% of these infants while hospitalized and in 8% while
in hospice [8]. Cardiac transplantation is another treatment modality for neonatal HLHS
patients with the possibility of an ABO-incompatible transplantation [9]. Outcomes fol-
lowing cardiac transplantation in neonatal HLHS patients are excellent when they receive
it in early life and avoid clinical decline or mortality while awaiting transplantation [10].
Cardiac transplantation in the neonatal period remains limited due to the scarcity of a
donor pool [11].

The introduction of NP in the 1980s has made the three-stage palliative surgical
approach the most common treatment option for HLHS management [12,13]. It is the
preferred operative choice in 80–90% of HLHS neonates in the USA and Europe [14–16].
NP or Stage 1 palliation takes place in the first few days of life with the pulmonary blood
flow established either by a modified Blalock–Taussig shunt (BT) or right ventricle to
pulmonary artery shunt (Sano shunt). The Glenn procedure, or the second stage (Stage
II), is performed at 4–6 months of age, and the Fontan operation, or the third and final
stage (Stage III), is performed around 18–24 months of age. Advancements in perioperative
care of HLHS have improved the survival rate in HLHS [17]. HLHS outcomes in the
neonatal period, however, continue to remain poor compared to those in patients with
less severe CHD [18]. Mortality following NP remains at 15–17% in high-volume centers
and 20–40% in combined pediatric heart programs [19–23]. The longer-term survival rates
after Stage III palliation have also plateaued at 54–60% [24–26]. The lack of a reduction
in mortality following NP has been attributed to numerous high-risk factors, including
low birth weight, prematurity, genetic abnormalities, cardiac conditions like intact atrial
septum, severe atrioventricular valve insufficiency or noncardiac conditions [27,28]. There
has been an increasing concern about the impact of the NP and its consequences on late
neurodevelopmental outcomes in surviving patients [17,29].

A lack of further reduction in HLHS mortality following NP initiated a search for
newer surgical techniques to treat HLHS. HP was initially described in the 1990s by Gibbs
et al. and subsequently modified by Akintuerk et al. as an alternative palliative approach
for HLHS [30,31]. There has been an increasing trend toward HP procedures in the past
decade, with approximately 13–20% of pediatric heart centers in the USA and Europe and
>50% of heart programs in Japan performing it [8,14,15,32,33]. It is the primary treatment
modality for all HLHS patients at some centers, while in other centers, it is being offered to
high-risk HLHS patients [5,34,35]. The technique of HP has evolved, including placement
of bilateral pulmonary artery (PA) bands, stenting of the ductus arteriosus (or prostaglandin
infusion), and/or atrial septostomy in the neonatal period, followed by arch reconstruction
and a bidirectional cavo-pulmonary shunt as Stage II palliation at 4–6 months and Fontan
operation at 18–24 months of age. Avoidance of cardiopulmonary bypass (CPB) and deep
hypothermic circulatory arrest (DHCA) or antegrade cerebral perfusion (ACP) during the
HP have been proposed to be beneficial for HLHS outcomes.

Studies from pediatric cardiac programs that perform NP and HP for HLHS patients
are mostly retrospective and observational in nature, reporting outcomes in a small number
of patients [36–56]. Large databases and multicentric studies have revealed mixed results
for short-term and long-term outcomes for NP versus HP in the neonatal period [14–16,57].
A comparison of these results has limitations such as institutional differences, dissimilar
methods of classifying patient risk factors, different learning and team experiences and
additional medical or surgical problems. We thus undertook a systematic review and
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meta-analysis of studies that have reported both NP and HP procedures in the HLHS
patient population to compare morbidity and mortality. We assessed mortality and/or
transplantation following NP or HP in the neonatal and interstage periods and at 1 year,
3 years and 5 years of age. We also assessed mortality and/or transplantation in high-risk
HLHS patients for these palliative procedures in the same period. We studied morbidity,
including successful completion of Stage II and Stage III palliation, number of unplanned
interventions, pulmonary artery pressures and right ventricular function at Stage II and
Stage III palliation, neurodevelopmental outcomes and utilization of hospital resources,
including length of intensive care unit (ICU) and hospital stay, for HLHS patients who
underwent NP or HP.

2. Materials and Methods
2.1. Search Strategy

The systematic review and meta-analysis were conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [58].
A comprehensive literature search was carried out with the assistance of an information
specialist at the Saint Louis University Medical Library (Saint Louis, MO, USA). A Medical
Subject Headings (MeSH) search for hypoplastic left heart syndrome, Norwood, Sano, or
Blalock shunt, or hybrid palliation or pulmonary artery banding was performed in the
publication databases PubMed, ProQuest, Google Scholar, and EBSCO (CINAHL, CINAHL
Plus, Medline) for citations between 2000 and 2023. A manual search of reference lists of
each included article was carried out for additional studies.

2.2. Search Selection

We used the PICO (Patient/Population, Intervention, Comparison and Outcomes)
framework to establish the inclusion criteria for all relevant original articles: (1) Population:
patients with HLHS; (2) Intervention: HP; (3) Comparison: NP: Sano shunt or BT shunt;
(4) Outcome: primary outcome of death and/or heart transplantation. Case reports, opinion
articles, experimental studies, and case series with less than 10 patients were excluded.
Conference abstracts, studies with mixed/non-HLHS lesions, review articles, guidelines,
non-English language papers and animal studies were also excluded. The following steps
were taken for study selection: (1) identification of titles of studies through database
searches; (2) exclusion of duplicates; (3) abstracts screening and selection; (4) assessment
for eligibility through full-text articles; and (5) final inclusion in the study. Initially, titles
and abstracts of the retrieved studies were screened independently by three reviewers (C.I.,
N.U. and H.S.A.). The full text of all the potentially eligible studies was retrieved and
independently assessed for eligibility by the same three investigators. Any disagreement
between the investigators over the eligibility of a specific study was resolved through
consensus and discussion. For multiple studies with overlapping cohorts, each study was
critically appraised, and only the one with the largest sample size and complete available
data was used for analysis.

2.3. Data Extraction

All included studies were reviewed for study design, number of patients undergoing
HP or NP, demographics, a primary outcome of either death or heart transplant. The
primary outcome was assessed at hospital discharge following HP or NP, interstage period,
at 1 year, 3 years and 5 years of age. Death and/or heart transplantation were also assessed
for high-risk patients for similar periods. Low birth weight (<2.5 kg), prematurity, genetic
abnormalities, cardiac conditions like intact atrial septum, severe atrioventricular valve
insufficiency or noncardiac conditions were included as high-risk factors [27,28]. Secondary
outcomes reviewed were number of patients undergoing Stage II (bidirectional Glenn or
comprehensive Stage II) palliation and Stage III (Fontan) palliation, number of unplanned
interventions, pulmonary artery pressures at Stage II and Stage III palliation, right ven-
tricular function at Stage II and Stage III palliation, intensive care unit (ICU) and hospital
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length of stay after Stage I and Stage II palliation and neurodevelopmental outcomes at
1 year, 3 years and 5 years of age.

2.4. Risk of Bias and Quality Assessment

The Risk of Bias in Non-Randomized Studies of Interventions (ROBINS-1) tool was
systematically used to assess the included studies for risk of bias [59]. The studies and their
characteristics were classified into low, moderate, serious and critical risk of bias.

2.5. Statistical Analysis

The meta-analysis was conducted with R Statistical Software (version 4.2.1, Foun-
dation for Statistical Computing) using the random-effects model. The risk ratio and its
95% confidence interval (CI) were used to measure the risk of events between the two
palliative procedures and were depicted using forest plots. Weighted mean difference and
its 95% CI was used when the results were continuous. Hazard ratios were calculated from
time to event data. In articles where the hazard ratio was not reported, it was derived from
the Kaplan–Meier curves [60]. A meta-analysis was conducted if at least 3 studies met the
criteria for assessing the relationship between the 2 different procedures and the mortality
and/or morbidity outcomes. An I2 statistic was generated to determine the inconsistencies
in effect size across studies and describe heterogeneity [61]. For the purposes of this meta-
analysis, we considered I2 < 25% as having a consistent effect on the outcome variable and
low heterogeneity, >50% as highly varied effects and with high heterogeneity and 25% to
50% as moderate heterogeneity. The random effects model was then applied to combine
the estimated effects with the assumption that actual effect sizes varied among studies.
Funnel plots were generated and statistically assessed by the Begg test and the Egger test
for publication bias [62,63].

3. Results
3.1. Study Selection and Characteristics

A total of 1856 studies were screened based on their titles and abstracts. Full-text
screening was performed on 74 articles. Nine additional articles were found on the itera-
tion of references. Four studies were eliminated for overlapping cohorts, and data from
one study was merged with another study from the same center [52–56]. Twenty-one
studies met the inclusion criteria for meta-analysis and systematic review (Figure 1). Of
these, 16 studies were included for meta-analysis, and five were included for qualitative
analysis [36–51,64–68] (Table 1). All included studies were conducted in America, Europe,
and Japan (Table 1).

Table 1. Summary of studies included in the meta-analysis.

Study Publication Year Study Period Study Location HLHS
(n)

HP
(n)

NP
(n)

Lim et al. [36] 2006 2002–2005 Virginia, USA 22 5 17

Pizzaro et al. [37] 2008 2001–2006 Nemours, Wilmington,
DE, USA 33 14 19

Sakurai et al. [38] 2009 2004–2007 Fukuoka, Japan 43 18 25
Baba et al. [39] * 2012 2004–2010 Toronto, ON, Canada 110 47 63
Brescia et al. [40] 2013 2007–2012 Saint Louis, MO, USA 40 24 16

Davies et al. [41] # 2014 2001–2013 Nemours, USA 104 50 54
Lloyd et al. [42] 2014 2005–2011 London, UK 138 27 111

Knirsch et al. [43] § 2014 2008–2011 Zurich, Switzerland 26 14 12
DiBardino et al. [44] 2015 2007–2012 San Diego, CA, USA 68 26 42
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Table 1. Cont.

Study Publication Year Study Period Study Location HLHS
(n)

HP
(n)

NP
(n)

Dodge-Khatami et al. [45] 2015 2010–2014 Jackson, MS, USA 47 17 30
Nwankwo et al. [46] 2018 2004–2015 Pittsburgh, PA, USA 40 24 16

Latus et al. [47] 2018 2008–2015 Giessen, Germany and
London, UK 86 44 42

Sower et al. [48] 2019 2000–2016 Michigan, USA 96 35 61
Erek et al. [49] 2020 2011–2018 Istanbul, Turkey 97 65 32

Ho et al. [50] 2021 2013–2020
Southampton, Leeds,

Sheffield, Great Ormond
Street, Bristol, UK

186 46 140

Matsunaga et al. [51] 2023 2004–2022 Kitasato, Gunma,
Juichi, Japan 46 23 23

* Data collated with Grotenhuis et al. [53], Chetan et al. [54], Honjo et al. [55]; # Data collated with Davies et al. [52];
§ Data collated with Knisch et al. [56]; HLHS: Hypoplastic Left Heart Syndrome; HP: Hybrid Palliation, NP:
Norwood Palliation.
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3.2. Risk of Bias and Quality Assessment

The studies included in our meta-analysis and systematic review were retrospective,
observational studies (Table 1). The risk of bias was moderate in five, serious in nine and
critical in two studies per the ROBINS-1 tool (Figure 2). Publication bias assessed using
a funnel plot and Egger’s test disclosed no asymmetry around the axis for all measured
proportions (Figures S1–S3).
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3.3. Baseline Patient Demographics

The studies included 1182 HLHS patients. Of these, 479 (41%) patients underwent HP,
and 703 (59%) underwent NP in the neonatal period. There was no significant difference in
the day of life when these patients were operated on or the presence of low birth weight
(<2.5 kg) between the HP and NP cohorts (Figure 3).

3.4. Primary Outcomes: Mortality

Twelve studies evaluating 860 HLHS patients reported an in-hospital mortality and
transplantation rate of 21% (70/333) for the HP cohort and 20.8% (110/527) for the NP
cohort without any significant difference (RR = 0.88; 95% CI: 0.61–1.28, p = 0.56) (Figure 4).
Ten studies evaluating 623 HLHS patients reported an interstage mortality and transplan-
tation rate ofs 23.7% (55/232) for the HP cohort and 14.06% (55/391) for the NP cohort,
which was statistically significant (RR = 1.61; 95% CI:1.10–2.33; p = 0.01) (Figure 5). Thirteen
studies evaluating 1041 HLHS patients reported a one-year mortality and transplantation
rate of 43.99% for the HP cohort and 30.72% (192/625) for the NP cohort, which was statis-
tically significant (RR = 1.22; 95% CI: 1.03–1.43; p = 0.02) (Figure 6). Five studies evaluating
330 HLHS patients (HP cohort n = 180 and NP cohort n = 150) reported mortality and need
for transplantation at 3 years and 5 years of age. There was no significant difference for
mortality and/or transplantation at 3 years (Hazard Ratio (HR) = 0.92; 95% CI: 0.59–1.45;
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p = 0.73) and 5 years of age (HR = 1.02; 95% CI: 0.63–1.66; p = 0. 92) among the HP cohort
and the NP cohort patients (Figure 7).
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Five studies evaluating 141 high-risk HLHS patients (low birth weight (<2.5 kg),
prematurity < 37 weeks of gestation, genetic abnormalities, cardiac conditions such as
an intact atrial septum or severe valve insufficiency, noncardiac conditions) reported an
in-hospital mortality and/or transplantation rate of 19.5% (16/82) for the HP cohort and
35.59% (21/59) for the NP cohort. The in-hospital mortality and/or transplantation rate
was significantly lower for the HP cohort as compared to the NP cohort (RR = 0.48; 95% CI:
0.27–0.87; p = 0.01) (Figure 8). However, there was no significant difference in the mortality
and/or transplantation rate during the interstage period (RR = 1.63; 95% CI: 0.41–6.50;
p = 0.49) and at 1 year of age between the HP cohort and the NP cohort (RR = 0.83; 95% CI:
0.61–1.14; p-value = 0.25) (Figure 9).
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3.5. Secondary Outcomes: Morbidity

Twelve studies evaluating 1054 HLHS patients revealed that a greater number of
patients in the NP cohort (429/625, 68%) underwent Stage II palliation as compared to the
HP cohort (248/429, 58%), although this was not statistically significant (RR = 0.90; 95% CI:
0.81–1.00; p = 0.05) (Figure 11). Nine studies evaluating 732 HLHS patients revealed that
31% of patients in the HP cohort underwent Stage III (Fontan procedure) palliation as
compared to 45% in the NP cohort, which was statistically significant (RR = 0.78; 95% CI:
0.69–0.90; p < 0.01) (Figure 12).

Eight studies evaluating 632 HLHS patients revealed a significantly increased number
of unexpected interventions (cardiac catheter intervention and surgical) following Stage
1 palliation in the HP cohort as compared to the NP cohort (RR = 3.38; 95% CI: 2.04–5.59;
p < 0.01) (Figure 13).

Five studies evaluating pulmonary artery pressures in 396 HLHS patients at Stage II
palliation revealed mean pulmonary artery pressures (mPAP): 12.46 ± 3.66 mm Hg in the
HP cohort as compared to 12.66 ± 2.06 mm Hg in the NP cohort without any significant
difference (RR = −0.15; 95% CI: −0.67–0.38; p = 0.58) (Figure 10). Three studies evaluating
pulmonary artery pressures in 257 HLHS patients at Stage III palliation revealed mPAP:
10.5 ± 2.33 mm Hg in the HP cohort as compared to 10.46 ± 2.9 mm Hg in the NP cohort
without any significant difference (RR = 0.05; 95% CI: −0.46–0.56; p = 0.84) (Figure 10).
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Three studies evaluating 157 HLHS patients revealed ventricular dysfunction (mild/
moderate/severe) by echocardiography in 16% (10/62) of patients in the HP cohort as
compared to 21% (20/95) of patients in the NP cohort at Stage II palliation. There was
no significant difference between the two cohorts (RR = 0.87; 95% CI: 0.43–1.74; p = 0.69)
(Figure 14). A meta-analysis for the presence of ventricular dysfunction at Stage III pallia-
tion could not be undertaken due to the lack of enough studies.
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Three studies evaluating 183 HLHS patients revealed a longer ICU stay for the HP
cohort as compared to the NP cohort (mean: 24 ± 23.76 days versus 19.6 ± 20.63 days,
respectively) and statistically significant longer hospital stay for the HP cohort as compared
to the NP cohort following Stage I palliation (weighted mean difference = 12.88; 95% CI:
1.15–24.62; p = 0.03) (Figure 15). A meta-analysis for the length of ICU stay, and hospital
stay following Stage II palliation could not be undertaken due to the lack of enough studies.
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A meta-analysis of neurodevelopmental outcomes at 1 year, 3 years and 5 years for
the HP and NP cohort patients could not be undertaken due to the lack of enough studies.

3.6. Qualitative Analysis
3.6.1. Ventricular Dysfunction at Stage III Palliation

There was no significant difference in the number of patients having ventricular
dysfunction by echocardiography at Stage III palliation in two studies [39,51]. A single-
center study of 39 HLHS patients between 2004 and 2010 evaluating ventricular function
by echocardiography at Stage III (Fontan) palliation revealed that 4% (1/25) of patients in
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the NP cohort had mild ventricular dysfunction as compared to 7% (1/14) of patients in
the HP cohort [39]. Another study evaluating 31 HLHS patients at Stage III palliation at
three centers between 2004 and 2022 revealed that 6% (1/17) of patients in the NP cohort
had ventricular dysfunction by echocardiography as compared to 14% (2/14) in the HP
cohort [51].

3.6.2. Length of ICU and Hospital Stays after Stage II Palliation

A significantly shorter hospital stay was reported at Stage II palliation for patients
undergoing NP as compared to HP [39,40,56]. A single-center study of 22 HLHS patients
undergoing Stage II palliation between 2004 and 2008 revealed a similar duration of ICU
stay (NP (n = 12): mean of 5 days versus HP (n = 10): 5 days; p = 0.45) and a shorter hospital
stay (NP: mean of 14 days versus HP: 30 days; p = 0.06) [56]. Another single-center study of
75 HLHS patients undergoing Stage II palliation between 2004 and 2010 revealed a similar
length of ICU stay (NP (n = 43): mean of 5 days versus HP (n = 32): 7 days; p = 0.145) and a
significantly shorter hospital stay (NP: mean of 9 days versus HP: 16 days; p = 0.041) [40].
Lastly, a single-center study of 32 HLHS patients undergoing Stage II palliation revealed
a significantly shorter ICU stay [NP (n = 15): mean of 5 days versus HP (n = 17): 16 days;
p = 0.001] and hospital length of stay (NP: mean of 8 days versus HP: 24 days; p = 0.01) [40].

3.7. Neurodevelopmental Outcomes

Although there were limited studies evaluating neurodevelopmental outcomes in
HLHS patients undergoing HP versus NP in the neonatal period, they revealed no signifi-
cant difference at 1 year, 2 years and 4 years between the two palliative procedures [64,66,68].
Assessment of 20 HLHS (NP (n = 11), HP (n = 9) patients) between 2004 and 2008 at 1 year
of age using the Bayley Scales of Infant Development II revealed a significantly lower
psychomotor development index (PDI) and mental development index (MDI) outcome in
these patients compared to the norm (median PDI 57 (49–99), p < 0.001; median MDI 91
(65–109), p = 0.002). These indexes were, however, independent of the type of surgical pal-
liative procedure undertaken in the neonatal period (PDI: NP 56.5 (49–81) vs. HP 65 (50–99),
p = 0.18; MDI: NP 93 (65–109) vs. HP 88 (71–102), p = 1.0) [64]. The neurodevelopmental as-
sessment of 44 single ventricle physiology patients at 2 years of age undergoing HP and NP
between 2010 and 2015 with the Bayley Scales of Infant and Toddler Development, Third
Version (Bayley-III) revealed median cognitive, language, and motor composite scores of
100 (range 65–120), 97 (68–124), and 97 (55–124), respectively [66]. The language composite
score was significantly below the norm (p = 0.025). There was no significant difference
in the Bayley-III scores between NP and HP patients (cognitive score, p = 0.91; language
score, p = 0.58; motor score, p = 0.99) [67]. A neurodevelopmental assessment of 16 HLHS
patients at 4 years of age undergoing HP and NP between 2004 and 2008 by the Wechsler
Primary Preschool Intelligence Scale–III and the Movement-ABC revealed significantly
lower cognitive and motor performance than the norm (median IQ: 89 (76–116), p = 0.02;
total motor score: p = 0.002), and was not related to the type of surgical intervention in the
neonatal period (IQ: NP 92 (80–104) vs. HP 88 (76–116), p = 1.0; motor outcome: p > 0.8) [64].
Neuroimaging, including cerebral magnetic resonance, at 2 years of age for 29 HLHS pa-
tients undergoing HP and NP between 2012 and 2015 revealed that the total brain volumes
in patients with HLHS were significantly smaller compared to controls (HLHS: 893 ± 76 mL
vs. control: 1015 ± 148 mL, p = 0.005). All three brain compartments (total gray matter, deep
gray matter and white matter) were significantly smaller in patients who underwent NP,
whereas patients after HP had total and deep gray volumes comparable to controls. Deep
grey matter reduction was more pronounced (NP: 38.4 ± 4.1 mL vs. HP: 44.4 ± 3.9 mL,
p = 0.005) than white matter reduction (NP: 255 ± 19 mL vs. HP: 285 ± 31 mL, p = 0.032)
among patients undergoing NP versus HP [68].
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4. Discussion

Our meta-analysis and systematic review revealed that HLHS patients undergoing
HP did not have any improved survival benefit as compared to patients undergoing NP at
1, 3 and 5 years of age. HLHS patients with high-risk factors undergoing HP also did not
have an improved survival rate at 1 year of age. HLHS patients undergoing HP have an
increased risk of morbidity as compared to HP, with a smaller number of patients in the
HP cohort undergoing Stage II and Stage III palliation, increased number of unexpected
interventions and increased utilization of hospital resources, including prolonged length
of hospital stay following Stage I and Stage II palliation. Likewise, there was a lack of
improved neurodevelopmental outcomes for the HP cohort patients as compared to NP
cohort patients at 1, 2 and 4 years of age.

Our meta-analysis revealed no significant difference in in-hospital mortality following
the Norwood palliative procedure versus the hybrid procedure in the neonatal period.
Previous studies of HLHS patients undergoing HP and NP from The Society of Thoracic Sur-
geons Congenital Heart Surgery Database (STS CHSD) between 2010 to 2012 and between
2012 and 2017, the European Congenital Heart Surgeons Association (ECHSA) Congenital
Database between 2013 and 2017 and the Pediatric Health Information System database
between 1998 and 2012 have reported variable results for in-hospital mortality [13,15,57].
Numerous factors, including patient selection, risk factors, institutional differences, initial
learning curve, database limitations and additional medical or surgical issues, may be
responsible for these variable results [69].

Our meta-analysis results revealed a significantly increased interstage mortality rate
for the HP cohort as compared to the NP cohort. Previous studies of patients undergoing
HP and NP have reported a higher interstage mortality rate of 13–23% for the HP cohort as
compared to 2–14% for the NP cohort [32,70,71]. Numerous risk factors in HP, including
diastolic run-off away from the systemic and coronary beds, difficulties in adjusting proper
pulmonary artery band size and need for reoperation for re-banding, potential restriction
of the atrial septal communication requiring reintervention and coronary malperfusion
secondary to obstruction to retrograde arch flow, have been associated with increased inter-
stage mortality [32,72,73]. The presence of ventricular dysfunction, restriction of the atrial
septum, coronary circulation disorders and stenosis or systemic-pulmonary obstruction
in the NP cohort have been associated with interstage mortality [71]. Implementation
of parental education and home monitoring programs have improved outcomes in the
interstage period for NP cohort patients [74].

Our meta-analysis results revealed a significantly increased mortality rate at 1 year of
age for the HP cohort as compared to the NP cohort. A study of HLHS patients from the
Pediatric Health Information System has reported increased odds of survival at 1 year for
HP as compared to NP [57]. They, however, defined survival in their study as readmission
to the hospital at 1 year [57]. The potential advantage of improved survival for the HP
cohort in the neonatal period does not seem to be sustained beyond that time. The increased
mortality rate at 1 year for the HP cohort may be related to increased interstage mortal-
ity [32], an increased need for re-interventions [72], a more tenuous physiologic state [75]
and an increased risk of mortality following the comprehensive Stage 2 repair [76,77].

Our meta-analysis revealed a similar risk of mortality at 3 and 5 years in HLHS patients
undergoing HP or NP. A risk-adjusted 4-year survival of critical left ventricular outflow
tract obstruction patients between 2005 and 2014 in the Congenital Heart Surgeons’ Society
revealed significantly better outcomes for patients undergoing NP with a Sano shunt as
compared to NP with a BT shunt or HP (76% vs. 60% vs. 61%; p < 0.001). The 4-year
survival for propensity-matched neonates between HP and NP with a BT shunt, however,
was similar (62% vs. 57%; p = 0.58) [15]. Likewise, the 5-year survival of HLHS between 2008
and 2012 in the Japan Congenital Cardiovascular Surgery Database reported significantly
better outcomes for NP as compared to HP (75.5 vs. 54.0%, log–rank p < 0.001) [32]. Studies
included in our meta-analysis had the limitation of specifying the type of shunt (Sano
shunt or BT shunt) undertaken in the NP cohort patients [36,38,40,41,43–46,49,51]. The
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arterial source of pulmonary blood flow in HP and NP with a BT shunt had the potential
risk of diastolic runoff leading to compromised coronary perfusion or coronary steal in
early life that may be associated with decreased myocardial reserve and hemodynamic
compromise [2,78]. A lack of difference in 3-year and 6-year transplant-free survival,
however, has been demonstrated in NP undergoing a Sano or BT shunt in the Single
Ventricle Reconstruction trial [18,79]

Our meta-analysis revealed high-risk neonates undergoing HP had significantly in-
creased survival rates or need for transplantation as compared to NP following Stage I
palliation. Numerous factors, including low birth weight (<2.5 kg), prematurity < 37 weeks
of gestation, genetic abnormalities, cardiac conditions such as an intact atrial septum or se-
vere valve insufficiency and noncardiac conditions, have been associated with an increased
risk of mortality following Stage 1 palliation in patients undergoing NP [22,80,81]. A delay
in the operative procedure or attempts to increase preoperative weight has not demon-
strated improved outcomes [82]. Improved outcomes for Stage I HP in these high-risk
patients may be related to the avoidance of CPB, cardioplegia and DHCA that mitigate
CPB-associated postoperative systemic inflammatory response, varying degrees of ischemic
and inflammatory injury to the neonatal myocardium that may or may not be reversible
and surgical alterations in cerebral blood flow in the neonatal period when the brain may
be more susceptible to neurologic injury [54]. Recent guidelines from the European Associ-
ation for Cardio-Thoracic Surgery (EACTS) and the Association for European Paediatric
and Congenital Cardiology (AEPC) Hypoplastic Left Heart Syndrome Guidelines task
force recommend HP for high-risk HLHS patients, including weight < 2.0 kg, the pres-
ence of necrotizing enterocolitis, cerebral injury, restrictive foramen ovale, or intact atrial
septum [16].

Our meta-analysis revealed a lack of significant differences in risks for interstage
mortality or 1-year mortality or need for transplantation among high-risk HLHS patients
undergoing HP or NP. The improved survival for the HP cohort in the early period was
not sustained in our study. Technical issues of ductal stenting and tightness of pulmonary
artery band in HP, frequent re-interventions and an increased risk of mortality following
Stage II palliation may be responsible for some of the increased risk of mortality in high-risk
patients undergoing HP [29,35,39]. The lack of significant improvement in outcomes in
these HLHS patients, however, may be more related to inherent high-risk factors rather
than the technical issues related to the surgical procedures [8,15,83]. Analysis of HLHS
neonates with birth weight < 2500 g or gestational age < 36 weeks undergoing Norwood
and hybrid procedures between 2012 and 2020 revealed birth weight and gestational age to
be the most important factors for determining outcomes [8]. Likewise, lower birth weight
had a strong association with poor outcomes for the entire cohort as well as for matched-
pair comparisons in neonates with critical left ventricular outflow tract obstruction that
underwent either NP with Sano shunt, Norwood with a BT shunt or hybrid procedure
between 2005 and 2014 at 21 institutions in Congenital Heart Surgeons’ Society (CHSS) [15].

Our meta-analysis revealed an increased risk for morbidity in patients undergoing HP
as compared to NP. There was a decrease in the number of HLHS patients undergoing Stage
II and Stage III palliation following HP as compared to NP. Factors, including an increased
risk of interstage mortality for HP and an increased mortality following comprehensive
Stage II repair in HP, may be responsible for this decrease [76,84]. Operative mortality of
11–12.4% has been reported after comprehensive Stage II repair after HP as compared to the
mortality of 2.5% for the bidirectional Glen procedure for NP [76,77,84]. In addition, factors
such as low birth weight, prematurity, a pre-operative need for mechanical ventilation, a
preoperative history of infection or an abnormal neurological condition that are associated
with the failure of the successful completion of the Stage III repair may be more prevalent
in the HP cohort patients [84].

Our meta-analysis revealed that patients undergoing HP had a significantly increased
number of unexpected interventions as compared to NP cohort patients. Pulmonary
artery reintervention rates after comprehensive Stage II repair ranged from 46% to 50%
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at experienced hybrid centers and can be as high as 86% in low-volume centers [5,35,72].
The presence of bilateral pulmonary artery bands in small pulmonary arteries and the
duration of the band being more than 90 days are risk factors for multiple interventions [41].
Pulmonary artery interventions include catheter-based balloon dilation with or without
pulmonary artery stent placement [35,73,85,86]. In addition, reinterventions for obstruction
of the stented arterial duct and repeated percutaneous atrial septostomy for unobstructed
interatrial communication are more prevalent in HP cohort patients [47]. Unexpected
interventions in NP patients are higher in the Sano shunt cohort as compared to the BT
shunt cohort [2,79]. This difference is largely attributable to the higher balloon dilation
or stent placement rate in the shunt or a branch of the pulmonary artery and the greater
incidence of aorto-pulmonary collateral coiling in the Sano shunt cohort [2,79].

Our meta-analysis revealed a lack of significant difference in the mean pulmonary
artery pressures at Stage II and Stage III palliation among patients undergoing HP or
NP. The size and the quality of branch pulmonary arteries and their arborization are
important for the long-term outcome of the Fontan circulation. All surgical procedures
on the pulmonary arteries try to focus on promoting growth and avoidance of distortion
and scar tissue. In HP, pulmonary arterial banding induces regional inflammation within
the vascular wall and ischemic injury, resulting in the loss of cells in the media that
may have important long-term consequences [87]. Technical modifications, including
avoidance of tight bands or asymmetrical pulmonary artery bands or longer duration of
pulmonary artery bands, may partly overcome issues related to pulmonary arterial growth
potential [39,41]. In NP, left pulmonary artery stenosis and central branch pulmonary artery
stenosis have been partly overcome by technical modifications [88–90]. The Single Ventricle
Reconstruction trial did not reveal significant differences in mean left and right branch
pulmonary artery pressures at Stage III between the NP Sano shunt and BT shunt [26].

Our metanalysis did not reveal any significant difference in right ventricular dys-
function by echocardiography between HP and NP at Stage II palliation. Preservation
of single right ventricular function is a key factor during staged palliation of children
with HLHS [18]. Ventricular function in HP patients can be compromised due to the pre-
dominantly retrograde perfusion of the ascending aorta and coronary circulation through
a small isthmus that limits coronary blood flow reserve [54]. The right ventricle in HP
patients, as compared to NP patients, has decreased mechanical efficiency with a higher
myocardial oxygen demand [91]. Ventricular function after NP can be affected by myocar-
dial ischemia–reperfusion injury after cardioplegic arrest at Norwood Stage I palliation,
ventriculotomy at the site of the construction of RV-PA conduits and volume overloading
of the systemic ventricle during the interstage period [2,18]. Serial assessment of quali-
tative and quantitative right ventricular function by echocardiography can be beneficial
to prognosticate outcomes in HLHS patients [92]. In the Single Ventricle Reconstruction
trial, the right ventricle ejection fraction was similar in NP between the Sano shunt and
BT shunt at Stage II palliation, reduced at Stage III and similar at 12 years of age [2,18,79].
Likewise, quantitative assessment of right ventricular function by echocardiography or by
cardiac magnetic resonance at different stages of repair did not reveal significant differences
between NP and HP patients [47,53].

Our systemic analysis of studies evaluating neurodevelopmental outcomes in HLHS
patients undergoing HP or NP did not reveal significant differences at 1, 2 and 4 years
of age. The advantage of HP in the early neonatal period by avoiding neurological risks
associated with CPB, DHCA and ACP may be counterbalanced by abnormal cerebral blood
flow due to prolonged retrograde perfusion of the aortic arch, the need for more reinter-
ventions and the risk for acquired cerebral abnormalities at a later age of surgery [93–95].
Neurodevelopmental outcomes in HLHS patients have been associated with the length
of mechanical ventilation, ICU and hospital stays, which tend to be longer for HP pa-
tients [65,67]. Neurocognitive deficiency in HLHS may also be related to the presence of
pre-existing structural abnormalities in their brain tissue [96–98].
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Our meta-analysis revealed a significantly longer ICU and hospital stay following
Stage I palliation in the neonatal period for HP as compared to NP, although the ICU stay
was not significantly different. Previous studies have revealed a variable length of hospital
stay following Stage I palliation for the HP and NP cohorts [14,57]. Patients undergoing
HP can have prolonged ICU and hospital stays due to an increased number of planned and
unplanned interventions, salvage Norwood operation during the same stay, or maintenance
on prostaglandin therapy [48]. In addition, HP patients tended to have more high-risk
factors that are associated with longer stays [8,99].

Our meta-analysis and scientific review have numerous limitations. First, the analysis
is subject to the limitations of publication bias, as in all meta-analyses. The majority of in-
cluded studies were observational and retrospective, with a small sample size [36–56]. They
are subject to confounding and additional risks of recall bias, selective outcome reporting
and selective analysis reporting biases. Our assessment, however, did not reveal indications
of potential publication bias. Second, patient selection and criteria for HP or NP in the
neonatal period were subjective in most of the studies [36–51]. Some of the studies included
only high-risk patients for HP. However, there were multiple high-risk factors included in
the criteria for comparison. We thus chose to include HLHS patients who underwent HP or
NP at the same center/centers that had similar criteria for selection in our analysis to avoid
variability in patient selection and type of procedure across different institutions. Third,
there was heterogeneity in the HP procedure in different studies. Some underwent ductal
stenting versus prostaglandin infusion for maintaining patency of the ductus arteriosus;
atrial septostomy was part of the HP in some studies, whereas it was undertaken in the
presence of restrictive atrial septum in other studies; the criteria for the tightness of the
pulmonary artery band varied and was not well defined in most of the studies, and lastly,
some of the centers offered emergent NP or elective NP procedure after 4–6 weeks of age as
compared to comprehensive Stage II repair. Fourth, there was a lack of clarity of indication
and the number of NP patients that underwent a Sano or BT shunt. Thus, we were unable to
compare outcomes in the HP cohort versus NP Sano shunt or BT shunt cohorts, separately.
Fifth, there was a lack of studies comparing near-infrared spectroscopy (NIRS) between
NP and HP patients. Continuous noninvasive measurement of regional cerebral and so-
matic NIRS saturations in the early postoperative period can predict outcomes, including
early mortality, extracorporeal membrane oxygenation use and cardiac arrest, in HLHS
patients [100,101]. Sixth, significant advances and technical innovations have been made
in single ventricle palliation surgery, pediatric cardiac anesthesia and intensive care unit
management in the past decade that have significantly improved the outcomes in HLHS
patients [102–104]. It is difficult to delineate their contributory roles in the outcomes of
NP and HP patients due to a lack of studies. HLHS patients with preoperative high-risk
factors, however, continue to have higher mortality, and standardization of management
after NP has not shown improved 1-year outcomes [23,27]. Seventh, the follow-up of HLHS
patients after the neonatal period was variable, with missing data over the period, and
most of them reported outcomes until 1 year of age. Lastly, one of the major reasons for
undertaking HP in the neonatal period is to avoid the risk of exposure to CPB, DHCA, and
ACP, which have been associated with poor neurological outcomes. There was a paucity of
studies that reported neurodevelopmental outcomes among HP and NP cohorts to see any
beneficial value of undertaking HP in the neonatal period. Nevertheless, our metanalysis
and scientific review aimed to overcome the small sample sizes, heterogeneity, and limited
follow-up in previous studies to offer a more generalizable overview of the available data.

Future Directions

Prospective, randomized multicenter studies with well-defined selection criteria for
HP versus NP and long-term follow-up are required to be undertaken to delineate any
beneficial role of HP over NP.
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5. Conclusions

Outcomes following NP in the neonatal period have reached a plateau in the past
decade. HP has been introduced as an alternative procedure to NP to facilitate better
outcomes as it limits exposure to CPB, DHCA and altered cerebral perfusion in the fragile
neonatal period. Our results, however, reveal an increased risk of mortality and/or trans-
plantation in the interstage period and at 1 year in patients in the HP cohort with a similar
risk of mortality and/or transplantation at 3 and 5 years as compared to patients in the
NP cohort. In the high-risk neonates, the initial reduction in mortality and/or transplan-
tation in the HP cohort in the neonatal period was not sustained in the interstage period
and at 1 year of age. HLHS patients in the HP cohort had more morbidity with a higher
number of unexpected interventions, fewer Stage II and Stage III palliation procedures
undertaken, longer hospitalization after Stage I and Stage II palliation, and lack of better
neurodevelopmental outcomes as compared to patients in the NP cohort.
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//www.mdpi.com/article/10.3390/jcm13144244/s1, Figure S1: Funnel plot for studies evaluated
for mortality in neonatal period; Figure S2: Funnel plot for studies evaluating interstage mortality:
Figure S3: Funnel plot for studies evaluating 1-year mortality.

Author Contributions: Conceptualization, H.S.A. and S.C.; methodology, C.I., U.N. and H.S.A.;
validation, C.I., U.N. and H.S.A.; formal analysis, K.K.K.; data curation, C.I., H.S.A. and K.K.K.;
writing—original draft preparation, C.I. and H.S.A.; writing—review and editing, S.C., C.T. and L.L.
and V.E.; supervision, V.E., L.L. and C.H. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. van der Linde, D.; Konings, E.E.; Slager, M.A.; Witsenburg, M.; Helbing, W.A.; Takkenberg, J.J.; Roos-Hesselink, J.W. Birth

prevalence of congenital heart disease worldwide: A systematic review and meta-analysis. J. Am. Coll. Cardiol. 2011, 58, 2241–2247.
[CrossRef]

2. Ohye, R.G.; Sleeper, L.A.; Mahony, L.; Newburger, J.W.; Pearson, G.D.; Lu, M.; Goldberg, C.S.; Tabbutt, S.; Frommelt, P.C.;
Ghanayem, N.S.; et al. Comparison of shunt types in the Norwood procedure for single-ventricle lesions. N. Engl. J. Med. 2010,
362, 1980–1992. [CrossRef]

3. Lev, M. Pathologic anatomy and interrelationship of hypoplasia of the aortic tract complexes. Lab. Investig. 1952, 1, 61–70.
4. Noonan, J.A.; Nadas, A.S. The hypoplastic left heart syndrome; an analysis of 101 cases. Pediatr. Clin. N. Am. 1958, 5, 1029–1056.

[CrossRef]
5. Dave, H.; Rosser, B.; Knirsch, W.; Hubler, M.; Pretre, R.; Kretschmar, O. Hybrid approach for hypoplastic left heart syndrome and

its variants: The fate of the pulmonary arteries. Eur. J. Cardiothorac. Surg. 2014, 46, 14–19. [CrossRef]
6. Rai, V.; Gładki, M.; Dudynska, M.; Skalski, J. Hypoplastic left heart syndrome [HLHS]: Treatment options in present era. Indian J.

Thorac. Cardiovasc. Surg. 2019, 35, 196–202. [CrossRef]
7. Karamlou, T.; Diggs, B.S.; Ungerleider, R.M.; Welke, K.F. Evolution of treatment options and outcomes for hypoplastic left heart

syndrome over an 18-year period. J. Thorac. Cardiovasc. Surg. 2010, 139, 119–126. [CrossRef]
8. Carvajal, H.; Canter, M.W.; Wan, F.; Eghtesady, P. Hypoplastic left heart syndrome with low birth weight or prematurity: What is

the optimal approach? Ann. Thorac. Surg. 2023, 116, 988–995. [CrossRef]
9. West, L.J.; Pollock-Barziv, S.M.; Dipchand, A.I.; Lee, K.J.; Cardella, C.J.; Benson, L.N.; Rebeyka, I.M.; Coles, J.G. ABO-incompatible

heart transplantation in infants. N. Engl. J. Med. 2001, 344, 793–800. [CrossRef]
10. Gandhi, R.; Almond, C.; Singh, T.P.; Gauvreau, K.; Piercey, G.; Thiagarajan, R.R. Factors associated with in-hospital mortality in

infants undergoing heart transplantation in the United States. J. Thorac. Cardiovasc. Surg. 2011, 141, 531–536. [CrossRef]
11. Chiavarelli, M.; Gundry, S.R.; Razzouk, A.J.; Bailey, L.L. Cardiac transplantation for infants with hypoplastic left-heart syndrome.

JAMA 1993, 270, 2944–2947.
12. Norwood, W.I.; Kirklin, J.K.; Sanders, S.P. Hypoplastic left heart syndrome: Experience with palliative surgery. Am. J. Cardiol.

1980, 45, 87–91. [CrossRef]

https://www.mdpi.com/article/10.3390/jcm13144244/s1
https://www.mdpi.com/article/10.3390/jcm13144244/s1
https://doi.org/10.1016/j.jacc.2011.08.025
https://doi.org/10.1056/NEJMoa0912461
https://doi.org/10.1016/S0031-3955(16)30727-1
https://doi.org/10.1093/ejcts/ezt604
https://doi.org/10.1007/s12055-018-0742-z
https://doi.org/10.1016/j.jtcvs.2009.04.061
https://doi.org/10.1016/j.athoracsur.2023.06.025
https://doi.org/10.1056/NEJM200103153441102
https://doi.org/10.1016/j.jtcvs.2010.10.025
https://doi.org/10.1016/0002-9149(80)90224-6


J. Clin. Med. 2024, 13, 4244 20 of 24

13. Norwood, W.I.; Lang, P.; Hansen, D.D. Physiologic repair of aortic atresia-hypoplastic left heart syndrome. N. Engl. J. Med. 1983,
308, 23–26. [PubMed]

14. Karamlou, T.; Overman, D.; Hill, K.D.; Wallace, A.; Pasquali, S.K.; Jacobs, J.P.; Jacobs, M.L.; Caldarone, C.A. Stage 1 hybrid
palliation for hypoplastic left heart syndrome-assessment of contemporary patterns of use: An analysis of The Society of Thoracic
Surgeons Congenital Heart Surgery Database. J. Thorac. Cardiovasc. Surg. 2015, 149, 195–201. [CrossRef]

15. Wilder, T.J.; McCrindle, B.W.; Hickey, E.J.; Ziemer, G.; Tchervenkov, C.I.; Jacobs, M.L.; Gruber, P.J.; Blackstone, E.H.; Williams,
W.G.; DeCampli, W.M.; et al. Is a hybrid strategy a lower-risk alternative to stage 1 Norwood operation? J. Thorac. Cardiovasc.
Surg. 2017, 153, 163–172.

16. Alphonso, N.; Angelini, A.; Barron, D.J.; Bellsham-Revell, H.; Blom, N.A.; Brown, K.; Davis, D.; Duncan, D.; Fedrigo, M.;
Galletti, L.; et al. Guidelines for the management of neonates and infants with hypoplastic left heart syndrome: The European
Association for Cardio-Thoracic Surgery (EACTS) and the Association for European Paediatric and Congenital Cardiology (AEPC)
Hypoplastic Left Heart Syndrome Guidelines Task Force. Eur. J. Cardiothorac. Surg. 2020, 58, 416–499.

17. Mahle, W.T.; Spray, T.L.; Wernovsky, G.; Gaynor, J.W.; Clark, B.J., III. Survival after reconstructive surgery for hypoplastic left
heart syndrome: A 15-year experience from a single institution. Circulation 2000, 102, III136–III141. [PubMed]

18. Newburger, J.W.; Sleeper, L.A.; Frommelt, P.C.; Pearson, G.D.; Mahle, W.T.; Chen, S.; Dunbar-Masterson, C.; Mital, S.; Williams,
I.A.; Ghanayem, N.S.; et al. Transplantation-free survival and interventions at 3 years in the single ventricle reconstruction trial.
Circulation 2014, 129, 2013–2020. [PubMed]

19. Hirsch, J.C.; Copeland, G.; Donohue, J.E.; Kirby, R.S.; Grigorescu, V.; Gurney, J.G. Population-based analysis of survival for
hypoplastic left heart syndrome. J. Pediatr. 2011, 159, 57–63.

20. Roeleveld, P.P.; Axelrod, D.M.; Klugman, D.; Jones, M.B.; Chanani, N.K.; Rossano, J.W.; Costello, J.M. Hypoplastic left heart
syndrome: From fetus to fontan. Cardiol. Young 2018, 28, 1275–1288.

21. Ohye, R.G.; Schranz, D.; D’Udekem, Y. Current therapy for hypoplastic left heart syndrome and related single ventricle lesions.
Circulation 2016, 134, 1265–1279. [CrossRef] [PubMed]

22. Mascio, C.E.; Irons, M.L.; Ittenbach, R.F.; Gaynor, J.W.; Fuller, S.M.; Kaplinski, M.; Kennedy, A.T.; Steven, J.M.; Nicolson, S.C.;
Spray, T.L. Thirty years and 1663 consecutive Norwood procedures: Has survival plateaued? J. Thorac. Cardiovasc. Surg. 2019, 158,
220–229. [CrossRef]

23. Pisesky, A.; Shah, S.; Seed, M.; Schwartz, S.M.; Russell, J.; Pereira-Solomos, P.; Thomas, J.; van Arsdell, G.; Floh, A. Standardisation
of management after Norwood operation has not improved 1-year outcomes. Cardiol. Young 2021, 3, 105–113. [CrossRef]
[PubMed]

24. Mayer, J.E., Jr.; Hill, K.; Jacobs, J.P.; Overman, D.M.; Kumar, S.R. The Society of Thoracic Surgeons Congenital Heart Surgery
Database: 2020 Update on outcomes and research. Ann. Thorac. Surg. 2020, 110, 1809–1818. [PubMed]

25. Iyengar, A.J.; Winlaw, D.S.; Galati, J.C.; Wheaton, G.R.; Gentles, T.L.; Grigg, L.E.; Justo, R.N.; Radford, D.J.; Weintraub, R.G.;
Bullock, A.; et al. The extracardiac conduit Fontan procedure in Australia and New Zealand: Hypoplastic left heart syndrome
predicts worse early and late outcomes. Eur. J. Cardiothorac. Surg. 2014, 46, 465–473. [CrossRef]

26. Goldberg, C.S.; Trachtenberg, F.; William, G.J.; Mahle, W.T.; Ravishankar, C.; Schwartz, S.M.; Cnota, J.F.; Ohye, R.G.; Gongwer, R.;
Taylor, M.; et al. Longitudinal follow-up of children With HLHS and association between Norwood shunt type and long-term
outcomes: The SVR III study. Circulation 2023, 148, 1330–1339.

27. Tanem, J.; Rudd, N.; Rauscher, J.; Scott, A.; Frommelt, M.A.; Hill, G.D. Survival after Norwood procedure in high-risk patients.
Ann. Thorac. Surg. 2020, 109, 828–833.

28. Tabbutt, S.; Dominguez, T.E.; Ravishankar, C.; Marino, B.S.; Gruber, P.J.; Wernovsky, G.; Gaynor, J.W.; Nicolson, S.C.; Spray, T.L.
Outcomes after the stage I reconstruction comparing the right ventricular to pulmonary artery conduit with the modified Blalock
Taussig shunt. Ann. Thorac. Surg. 2005, 80, 1582–1590.

29. Mahle, W.T.; Wernovsky, G. Neurodevelopmental outcomes in hypoplastic left heart syndrome. Semin. Thorac. Cardiovasc. Surg.
Pediatr. Card. Surg. Annu. 2004, 7, 39–47.

30. Gibbs, J.L.; Wren, C.; Watterson, K.G.; Hunter, S.; Hamilton, J.R. Stenting of the arterial duct combined with banding of the
pulmonary arteries and atrial septectomy or septostomy: A new approach to palliation for the hypoplastic left heart syndrome.
Br. Heart J. 1993, 69, 551–555. [CrossRef]

31. Akintuerk, H.; Michel-Behnke, I.; Valeske, K.; Mueller, M.; Thul, J.; Bauer, J.; Hagel, K.J.; Kreuder, J.; Vogt, P.; Schranz, D. Stenting
of the arterial duct and banding of the pulmonary arteries: Basis for combined Norwood stage I and II repair in hypoplastic left
heart. Circulation 2002, 105, 1099–1103. [CrossRef] [PubMed]

32. Hirata, Y.; Miyata, H.; Hirahara, N.; Murakami, A.; Kado, H.; Sakamoto, K.; Sano, S.; Takamoto, S. Long-term results of bilateral
pulmonary artery banding versus primary Norwood procedure. Pediatr. Cardiol. 2018, 39, 111–119. [CrossRef] [PubMed]

33. Yoshimura, N.; Hirata, Y.; Inuzuka, R.; Tachimori, H.; Hirano, A.; Sakurai, T.; Shiraishi, S.; Matsui, H.; Ayusawa, M.; Nakano, T.;
et al. Effect of procedural volume on the outcomes of congenital heart surgery in Japan. J. Thorac. Cardiovasc. Surg. 2023, 165,
1541–1550. [CrossRef]

34. Galantowicz, M.; Yates, A.R. Improved outcomes with the comprehensive stage 2 procedure after an initial hybrid stage 1.
J. Thorac. Cardiovasc. Surg. 2016, 151, 424–429. [CrossRef] [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/6847920
https://doi.org/10.1016/j.jtcvs.2014.08.020
https://www.ncbi.nlm.nih.gov/pubmed/11082376
https://www.ncbi.nlm.nih.gov/pubmed/24705119
https://doi.org/10.1161/CIRCULATIONAHA.116.022816
https://www.ncbi.nlm.nih.gov/pubmed/27777296
https://doi.org/10.1016/j.jtcvs.2018.12.117
https://doi.org/10.1017/S1047951120003376
https://www.ncbi.nlm.nih.gov/pubmed/33103643
https://www.ncbi.nlm.nih.gov/pubmed/33075320
https://doi.org/10.1093/ejcts/ezu015
https://doi.org/10.1136/hrt.69.6.551
https://doi.org/10.1161/hc0902.104709
https://www.ncbi.nlm.nih.gov/pubmed/11877362
https://doi.org/10.1007/s00246-017-1735-1
https://www.ncbi.nlm.nih.gov/pubmed/28936753
https://doi.org/10.1016/j.jtcvs.2022.06.009
https://doi.org/10.1016/j.jtcvs.2015.10.023
https://www.ncbi.nlm.nih.gov/pubmed/26651955


J. Clin. Med. 2024, 13, 4244 21 of 24

35. Yerebakan, C.; Valeske, K.; Elmontaser, H.; Yoruker, U.; Mueller, M.; Thul, J.; Mann, V.; Latus, H.; Villanueva, A.; Hofmann, K.;
et al. Hybrid therapy for hypoplastic left heart syndrome: Myth, alternative, or standard? J. Thorac. Cardiovasc. Surg. 2016, 15,
1112–1121. [CrossRef]

36. Lim, D.S.; Peeler, B.B.; Matherne, G.P.; Kron, I.L.; Gutgesell, H.P. Risk-stratified approach to hybrid transcatheter-surgical
palliation of hypoplastic left heart syndrome. Pediatr. Cardiol. 2006, 27, 91–95. [CrossRef] [PubMed]

37. Pizarro, C.; Derby, C.D.; Baffa, J.M.; Murdison, K.A.; Radtke, W.A. Improving the outcome of high-risk neonates with hypoplastic
left heart syndrome: Hybrid procedure or conventional surgical palliation? Eur. J. Cardiothorac. Surg. 2008, 33, 613–618. [CrossRef]

38. Sakurai, T.; Kado, H.; Nakano, T.; Hinokiyama, K.; Shiose, A.; Kajimoto, M.; Joo, K.; Ueda, Y. Early results of bilateral pulmonary
artery banding for hypoplastic left heart syndrome. Eur. J. Cardiothorac. Surg. 2009, 36, 973–979. [CrossRef] [PubMed]

39. Baba, K.; Kotani, Y.; Chetan, D.; Chaturvedi, R.R.; Lee, K.J.; Benson, L.N.; Grosse-Wortmann, L.; van Arsdell, G.S.; Caldarone,
C.A.; Honjo, O. Hybrid versus Norwood strategies for single-ventricle palliation. Circulation 2012, 126, S123–S131.

40. Brescia, A.A.; Jureidini, S.; Danon, S.; Armbrecht, E.; Fiore, A.C.; Huddleston, C.B. Hybrid versus Norwood procedure for
hypoplastic left heart syndrome: Contemporary series from a single center. J. Thorac. Cardiovasc. Surg. 2014, 147, 1777–1782.

41. Davies, R.R.; Radtke, W.A.; Klenk, D.; Pizarro, C. Bilateral pulmonary arterial banding results in an increased need for subsequent
pulmonary artery interventions. J. Thorac. Cardiovasc. Surg. 2014, 147, 706–712. [CrossRef]

42. Lloyd, D.F.; Cutler, L.; Tibby, S.M.; Vimalesvaran, S.; Qureshi, S.A.; Rosenthal, E.; Anderson, D.; Austin, C.; Bellsham-Revell, H.;
Krasemann, T. Analysis of preoperative condition and interstage mortality in Norwood and hybrid procedures for hypoplastic
left heart syndrome using the Aristotle scoring system. Heart 2014, 100, 775–780. [CrossRef]

43. Knirsch, W.; Bertholdt, S.; Stoffel, G.; Stiasny, B.; Weber, R.; Dave, H.; Pretre, R.; von Rhein, M.; Kretschmar, O. Clinical course and
interstage monitoring after the Norwood and hybrid procedures for hypoplastic left heart syndrome. Pediatr. Cardiol. 2014, 35,
851–856. [CrossRef]

44. DiBardino, D.J.; Gomez-Arostegui, J.; Kemp, A.; Raviendran, R.; Hegde, S.; Devaney, E.J.; Lamberti, J.J.; El-Said, H. Intermediate
results of hybrid versus primary Norwood operation. Ann. Thorac. Surg. 2015, 99, 2141–2147. [CrossRef]

45. Dodge-Khatami, A.; Chancellor, W.Z.; Gupta, B.; Seals, S.R.; Ebeid, M.R.; Batlivala, S.P.; Taylor, M.B.; Salazar, J.D. Achieving
benchmark results for neonatal palliation of hypoplastic left heart syndrome and related anomalies in an emerging program.
World. J. Pediatr. Congenit. Heart Surg. 2015, 6, 393–400. [CrossRef]

46. Nwankwo, U.T.; Morell, E.M.; Trucco, S.M.; Morell, V.O.; Kreutzer, J. Hybrid strategy for neonates with ductal-dependent
systemic circulation at high risk for Norwood. Ann. Thorac. Surg. 2018, 106, 595–601. [CrossRef]

47. Latus, H.; Nassar, M.S.; Wong, J.; Hachmann, P.; Bellsham-Revell, H.; Hussain, T.; Apitz, C.; Salih, C.; Austin, C.; Anderson, D.;
et al. Ventricular function and vascular dimensions after Norwood and hybrid palliation of hypoplastic left heart syndrome.
Heart 2018, 104, 244–252. [CrossRef]

48. Sower, C.T.; Romano, J.C.; Yu, S.; Lowery, R.; Pasquali, S.K.; Zampi, J.D. Early and midterm outcomes in high-risk single-ventricle
patients: Hybrid Vs Norwood palliation. Ann. Thorac. Surg. 2019, 108, 1849–1855. [CrossRef]

49. Erek, E.; Aydin, S.; Temur, B.; Onalan, M.A.; Suzan, D.; Iyigun, M.; Demir, I.H.; Odemiş, E. Outcomes of hybrid and Norwood
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