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The Fontan operation

Ann Chir Thorac Cardiovasc 1971;10:39-47.
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The UVH or SV

• Nearly 10% of congenital heart defects belong to the 
group of functionally univentricular hearts. 

• Heterogeneous group of cardiac malformations 
almost always determined by a dominant ventricle of 
either L or R ventricular morphology

• The natural history of the vast majority is 
characterized by a fatal course in the neonatal period 
or in early infancy. 

• Only a few patients may survive into adulthood 
without surgical intervention.



The SV anatomy

• Group 1:

– univentricular AV 

connection or two AVV 

drain into a dominant 

ventricle

• as in patients with 

double inlet ventricle

• Group 2:

– Absence or severe stenosis 

of R or L AV connection and 

hypoplasia of corresponding 

ventricle

• patients with tricuspid 

or mitral atresia, HLHS

• Group 3:

– Bilateral AV connection but either 

marked hypoplasia of the R or L 

ventricle (associated or not with 

abnormalities of AV or VA 

connection) precluding a 2V 

repair:

• unbalanced AVSD

• complex TGA / DORV



Lung maturation
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SV from anatomy to pathophysiology
Unequal distribution of conotruncus

A  pAP

• Obstruction in 
systemic or pulmonary 
circulation 

• Compensated by 
patent arterial duct 
(foetal circulation)



SV Pathophysiology

Obstruction

– Systemic circulation

– Pulmonary circulation

– Pulmonary venous
return

Clinical Picture

– Decreased PBF

– Increased PBF

– Increased PBF & 
decreased SBF

– Balanced SBF & PBF



SV ... Neonatal diagnosis

• Pressure gradients unuseful to 
assess obstruction severity

• Imaging of potential narrowing
– Aortic arch
– LVOTO
– RVOTO

• Pulmonary artery & vein anatomy

• Echocardiography

• Sometimes CT scan

• Angiography rarely

need



Pulmonary
circulation

Systemic
circulation

Precarious model

ü Single ventricle (RV)
ü Shunt dependent

ASD
PDA

ü Qtot = QP + QS 
ü  ventricular work

SV... Pathophysiology



SV... Pathophysiology



SV ... Initial medical treatment

• Diuretics – Vasodilators

• PGE

• Controlled ventilation

• Inotropic support

Avoid “Heroic Surgery”



• The goal of initial surgical palliation is to
provide
– unobstructed systemic outflow,
– restricted pulmonary blood flow to

maintain normal PAP and minimizing
PA distortion

– unobstructed systemic and pulmonary
venous return to the heart

SV initial palliation



The SV surgical pathway

Single ventricle

Palliation 
• S-P Shunt
• PAB
• Norwood - DKS

Bilateral cavopulmonary
shunt: BPCS, HemiFontan

Fontan type op.
Eur J Cardiothorac Surg 2003;24:716-722



SV & reduced PBF: initial palliation

Initial palliations to increase pulmonary blood flow in the
presence of severely reduced pulmonary perfusion
include aortopulmonary shunt procedures.

Systemic to pulmonary artery shunt



S-P shunt: technical aspect

Thoracotomy vs 
sternotomy

RPA vs LPA 

Size

When ?



Shunt ... results

Mortality around 10%

Pulmonary artery
- vessels distortion
- flow distribution

Ventricular function
- volume overload
- AVV regurgitation
- coronary perfusion



In case of unobstructed pulmonary outflow, excessive pulmonary
blood flow might occur as pulmonary resistance falls in the first weeks
of life.

In this situation restriction of pulmonary blood flow can be achieved
by surgical creation of a supravalvular stenosis ("pulmonary banding").

Pulmonary artery banding

Trusler’s formula: 24mm+ 1mm/kg

SV & increased PBF: initial palliation



When ?

Band calibration

Thoracotomy vs 
sternotomy

PAB: technical aspect



PAB ... results

Mortality more than 10%

Pulmonary artery
- vessels distortion
- flow distribution

Ventricular function
- pressure overload
- coronary perfusion

And ...



SV and subaortic obstruction

PAB could unmask
SAS

PAB make
progress SAS

SAS and Arch
obstruction

Di Donato et al, JTCVS 1993



HLHS… anatomical features

Definition
➤ Hypoplasia LV – Aorta 

complex
➤ Systemic flow 

obstruction
➤ RV dependent 

systemic perfusion 
(trough PDA)



Anatomical Variability

➤ Aortic Atresia (85%) or 
stenosis (15%) 

➤ Mitral Atresia (66%) or 
stenosis (33%)

➤ Umbalanced DORV and/or 
CAV (10%)

HLHS… anatomical features



Norwood Stage I

Objectives
1. Suppression of PDA dependent 

systemic circulation

– Unobstructed pathway RV ®
Aorta 

2. Regulate PBF

– Shunt / RVPA conduit

3. Avoid PV hypertension

– Unrestricted P venous return



Norwood Stage I

“Surgical step”

1. CPB strategy

2. ASD enlargement

3. Confluence PA Reconstruction

4. Reconstruction of neo-aorta

5. Establishment of PBF

6. CBP weaning and ICU 
management 



Norwood St I: neo-aorta reconstruction

“Our preferred technique”



AA reconstruction… modified

Ductal tissue 
resection



Aortic root reconstruction

Norwood St I: neo-aorta reconstruction



• Impact on RV function

– Ischemia
• Coronary stretching

–  Ventricular afterload
• Residual obstruction

–  Ventricular volume load
• Increased PBF

• Neo-ao regurgitation

Norwood St I: neo-aorta reconstruction



• Late 
Recoarctation
(10-40% survivors)

– technical problems
– Neo-aortic elastic 

properties
– Prosthetic material HTX ?

V function

Norwood St I: neo-aorta reconstruction



“Classical” “Modified (Sano)”VentriculotomyDiastolic steal

Norwood St I: PBF establishment



Norwood St I: PBF establishment

“special situation”
– HLHS equivalent
– 3,5mm < 3,5 Kg
– 4 mm > 3,5 kg

“first choice”
– < 2 Kg 4 mm, < 3,5 kg 5 

mm, > 4 kg 6 mm 
– “reinforced ring”
– 1V®2V conversion



Norwood St I:  S-P shunt



Norwood St I:  RV-PA conduit



§ Early survival

§ Hemodynamic
– Diastolic steal
– VO2

§ Interstage cath
– Hemodynamic
– PA development

§ Interstage 
mortality

§ RV & TV function

What’s the 
best ?

Norwood St I: shunt or RVPA conduit ?



Norwood Stage I… BTS vs RVPA



Norwood St I: SVR trial at 6 yrs



The Sano modification

M. Griselli et al. EJCTS 2006;30:930—935

Be aware of the pulmonary artery stenosis!





Norwood I… results
Risk factors

§ Preoperative shock
§ Prematurity (<36 w)
§ Low birth weight (< 2,5 kg)
§ Coexisting morbidity
§ Syndrome
§ Restrictive ASD
§ TV regurgitation
§ Anatomical subtypes

– AA/MS ® LV to coronary fistulas

§ Low volume institution



San Francisco, 2007



Stenting of the Arterial Duct and Banding of the
Pulmonary Arteries

Basis for Combined Norwood Stage I and II Repair in
Hypoplastic Left Heart

Hakan Akintuerk, MD; Ina Michel-Behnke, MD; Klaus Valeske, MD; Matthias Mueller, MD;
Josef Thul, MD; Juergen Bauer, MD; Karl-Juergen Hagel, MD; Joachim Kreuder, MD;

Paul Vogt, MD; Dietmar Schranz, MD

Background—Outcome of patients with hypoplastic left heart (HLH) is mainly influenced by the successful first-step
palliation according to the Norwood procedure. An alternative approach is heart transplantation (HTX). The feasibility
of ductal stenting in newborns with duct-dependent systemic blood flow and bilateral pulmonary artery banding has
been reported. But it remains to be elucidated whether this approach allows a new strategy for patients with HLH.

Methods and Results—In patients with various forms of HLH (n!11) and prostaglandin E-1 administration, ductal
stenting was performed with balloon expandable Jo stents or Saxx stents. Bilateral pulmonary artery banding was
surgically accomplished 1 to 3 days after the transcatheter procedure. Unrestricted blood flow through the interatrial
septum was secured by balloon dilatation atrial septotomy, as required. Interventional procedures were performed with
no mortality. Stent and ductal patency were achieved for up to 331 days. Two patients underwent HTX, and 8 patients
had a palliative 1-stage procedure with reconstruction of the aortic arch and bidirectional cavopulmonary connection at
the age of 3.5 to 6 months. There were 2 deaths. One patient with preoperative right heart failure died after the
reconstructive surgery, and 1 patient died 4 months after ductal stenting and bilateral banding awaiting HTX.

Conclusions—The present study is the first clinical trial showing that stenting the duct followed by bilateral pulmonary
artery banding in newborns with HLH allows the combination of neoaortic reconstruction, which is part of first-stage
palliation of HLH, with the establishment of a bidirectional cavopulmonary connection. Additionally, it allows the
chance for HTX after extended waiting periods. (Circulation. 2002;105:1099-1103.)

Key Words: ductus arteriosus, patent ! stents ! pediatrics ! heart defects, congenital

Newborns with congenital heart disease and duct-dependent
systemic blood flow are set on prostaglandin E-1 (PgE-1)

to reopen the constricting ductus arteriosus (DA). In some
patients, particularly those with cardiogenic shock, pharmaco-
logical treatment may be ineffective. In these patients, patency of
the DA can be achieved by stent implantation.1,2
The limited prognosis of patients with hypoplastic left

heart (HLH) is caused by a still high mortality during stage I
of the Norwood procedures.3 Additionally, a significant
number of patients die in the period between the first and
second step of the staged procedure.4,5 Patients with HLH
selected for heart transplantation (HTX) have to be with-
drawn from the waiting list because of high pulmonary artery
resistance mostly fixed after 6 months of life.
Attempts of maintaining ductal patency by placement of

balloon-expandable stents started in animal studies in 1991,6 and
the experience was transferred to human congenital heart disease

with duct-dependent pulmonary circulation.7 Recently, reports
of stenting the DA in HLH1,2 before heart transplantation proved
applicability in patients with right to left shunting for systemic
circulation.
Stenting of the DA combined with banding of the pulmonary

arteries and atrial septectomy or septostomy as a new approach
to palliation for HLH was reported for the first time by Gibbs et
al.8 This technically feasible approach offered the hope for an
effective palliation for the HLH. However, the question was
raised whether this concept is a reasonable alternative for those
patients. The present study demonstrates in a series of patients
that ductal stenting and bilateral pulmonary banding allow a new
surgical strategy in newborns with HLH.

Methods
Patients
Between May 1998 and December 2000, 11 newborns with weight
ranging from 2.6 to 3.8 kg were included. Ten had typical HLH, 1
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Background—Outcome of patients with hypoplastic left heart (HLH) is mainly influenced by the successful first-step
palliation according to the Norwood procedure. An alternative approach is heart transplantation (HTX). The feasibility
of ductal stenting in newborns with duct-dependent systemic blood flow and bilateral pulmonary artery banding has
been reported. But it remains to be elucidated whether this approach allows a new strategy for patients with HLH.

Methods and Results—In patients with various forms of HLH (n!11) and prostaglandin E-1 administration, ductal
stenting was performed with balloon expandable Jo stents or Saxx stents. Bilateral pulmonary artery banding was
surgically accomplished 1 to 3 days after the transcatheter procedure. Unrestricted blood flow through the interatrial
septum was secured by balloon dilatation atrial septotomy, as required. Interventional procedures were performed with
no mortality. Stent and ductal patency were achieved for up to 331 days. Two patients underwent HTX, and 8 patients
had a palliative 1-stage procedure with reconstruction of the aortic arch and bidirectional cavopulmonary connection at
the age of 3.5 to 6 months. There were 2 deaths. One patient with preoperative right heart failure died after the
reconstructive surgery, and 1 patient died 4 months after ductal stenting and bilateral banding awaiting HTX.

Conclusions—The present study is the first clinical trial showing that stenting the duct followed by bilateral pulmonary
artery banding in newborns with HLH allows the combination of neoaortic reconstruction, which is part of first-stage
palliation of HLH, with the establishment of a bidirectional cavopulmonary connection. Additionally, it allows the
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logical treatment may be ineffective. In these patients, patency of
the DA can be achieved by stent implantation.1,2
The limited prognosis of patients with hypoplastic left

heart (HLH) is caused by a still high mortality during stage I
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number of patients die in the period between the first and
second step of the staged procedure.4,5 Patients with HLH
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resistance mostly fixed after 6 months of life.
Attempts of maintaining ductal patency by placement of
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the experience was transferred to human congenital heart disease

with duct-dependent pulmonary circulation.7 Recently, reports
of stenting the DA in HLH1,2 before heart transplantation proved
applicability in patients with right to left shunting for systemic
circulation.
Stenting of the DA combined with banding of the pulmonary

arteries and atrial septectomy or septostomy as a new approach
to palliation for HLH was reported for the first time by Gibbs et
al.8 This technically feasible approach offered the hope for an
effective palliation for the HLH. However, the question was
raised whether this concept is a reasonable alternative for those
patients. The present study demonstrates in a series of patients
that ductal stenting and bilateral pulmonary banding allow a new
surgical strategy in newborns with HLH.

Methods
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Lessons Learned from the Development of a New Hybrid Strategy for the Management
of Hypoplastic Left Heart Syndrome

M. Galantowicz,1,2 J.P. Cheatham1,3

1The Heart Center, Columbus Children’s Hospital, Columbus, OH 43205, USA
2Division of Cardiothoracic Surgery, The Ohio State University, Columbus, OH 43205, USA
3Division of Pediatrics, The Ohio State University, Columbus, OH 43205, USA

Abstract. Despite improvements in surgical tech-
niques and perioperative management, the overall
results of traditional staged palliation for hypoplastic
left heart syndrome (HLHS) remain suboptimal. We
report the evolution of a hybrid strategy in 34 pa-
tients coupling innovative surgical and transcatheter
techniques that requires one open-heart procedure to
reach a Fontan completion. Experience has led to
modifications in technique, timing of procedures, and
follow-up. Current initial palliation is by intraoper-
ative, off-pump, placement of bilateral pulmonary
artery bands and a PDA stent. Transcatheter creation
of an unrestricted atrial septal defect is performed
when necessary. Follow-up includes weekly cardiol-
ogy assessment, including echocardiography with a
surveillance catheterization performed at 6 weeks. At
3-6 months a comprehensive stage 2 procedure (ele-
ments of traditional stages 1-3) is performed. At 2
years, transcatheter Fontan completion with a cov-
ered stent is performed. Initial hybrid stage 1 was
from August 2001 to December 2004 and included 29
newborns (1.8-4.2 kg). There were five hospital deaths
and three interstage deaths. Procedural and interstage
deaths were eliminated in the latter half of the expe-
rience. Comprehensive stage 2 included 18 patients.
There were four deaths; two patients who died were
brought urgently to operation. Transcatheter Fontan
completion included 5 patients (not from the initial
29); there were no deaths and all returned home in 24
hours. With this strategy there is one exposure to
cardiopulmonary bypass, aortic cross-clamping, and
circulatory arrest. There was a significant learning
curve, which is highlighted. This initial experience
warrants further investigation to determine whether
this hybrid strategy will yield better short- and long-
term outcomes.

Key words: Hypoplastic left heart syndrome — Hy-
brid therapy — New technology/Innovation

A collaborative interaction between pediatric cardio-
thoracic surgeons and interventional cardiologists,
coupled with new technology, has enabled the devel-
opment of new hybrid treatment strategies for pa-
tients with congenital heart disease. The short- and
long-term outcomes for children with hypoplastic left
heart syndrome (HLHS) using traditional staged
open-heart procedures remain suboptimal. Further
improvement using these traditional strategies may
not be possible given the nature of the disease, the
physiology established, and the accumulated insults.
A report from the Congenital Heart Surgeon’s Society
from 1994 to 2000 and involving 29 institutions
demonstrated only a 54% survival after 5 years using
conventional palliative techniques for HLHS [2]. In
addition, only 28% of patients underwent Fontan
completion, with another 20% as potential candidates.
This report again identifies the period around the
stage 1 Norwood operation as the greatest risk for
mortality and morbidity. Our hybrid strategy for
HLHS management involves one comprehensive
open-heart procedure, which involves a combination
of aspects of traditional stage 1, 2, and 3 operations,
flanked by two less invasive procedures to reach a
Fontan completion. Using an innovative combination
of surgical and transcatheter techniques, a new initial
hybrid palliation has been developed that controls
pulmonary blood flow, provides reliable systemic
cardiac output through the patent ductus arteriosus
(PDA), and creates unobstructed flow from the left
atrium, all performed without cardiopulmonary by-
pass. Similarly, this hybrid thinking has led to the
development of a less invasive strategy to complete the
Fontan circuit by percutaneous transcatheter therapy.
We review our initial experience with a hybrid treat-Correspondence to: M. Galantowicz, email: galantm@chi.osu.edu
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HLHS…hybrid procedure

Hybrid Stage I
§ Bilateral PA Banding

§ Ductal Stenting (simultaneous 
/successive)

§ Advantage
– avoidance of complex palliative 

operation in neonatal period
– high-risk patients  



HLHS…hybrid procedure
Comprehensive Stage II

§ Arch & AA reconstruction
§ PA reconstruction
§ BCPA

§ Advantage
– Venous rather than arterial shunt

§ Disadvantage
– ASD management in interstage
– Very complex procedure
– PA hypoplasia & distortion
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• Neurological Outcome

• Resource utilization

“Is superior to Classical /Modified Stage I ?”
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ABSTRACT

Background: For neonates with critical left ventricular outflow tract obstruction
(LVOTO), hybrid procedures are an alternative to the Norwood stage 1 procedure.
Despite perceived advantages, however, outcomes are not well defined. There-
fore, we compared outcomes after stage 1 hybrid and Norwood procedures.

Methods: In a critical LVOTO inception cohort (2005-2014; 20 institutions), a
total of 564 neonates underwent stage 1 palliation with the Norwood operation
with a modified Blalock-Taussig shunt (NW-BT; n ¼ 232; 41%), Norwood oper-
ation with a right ventricle–to–pulmonary artery conduit (NW-RVPA; n ¼ 222;
39%), or a hybrid procedure (n ¼ 110; 20%). Post–stage 1 outcomes were
analyzed via competing-risks and parametric hazard analyses and compared
among all 564 patients and between patients who underwent propensity-
matched hybrid and those who underwent NW-BT/NW-RVPA.

Results: By 6 years after the stage 1 operation, 50% " 3%, 7% " 2%, and 4%
" 1% of patients transitioned to Fontan, transplantation, and biventricular repair,
respectively, whereas 7% " 2% were alive without transition and 32% " 2%
died. Risk factors for death without transition included procedure type, smaller
ascending aorta, aortic valve atresia, and lower birth weight. Risk-adjusted
4-year survival was better after NW-RVPA than after NW-BT or hybrid (76%
vs 60% vs 61%; P<.001). Furthermore, for neonates with lower birth weight
(<#2 kg), an interaction between birth weight and hybrid resulted in a trend
toward better survival after hybrid compared with NW-BT or NW-RVPA. For
propensity-matched neonates between hybrid and NW-BT (88 pairs), 4-year
survival was similar (62% vs 57%; P ¼ .58). For propensity-matched neonates
between hybrid and NW-RVPA (81 pairs), 4-year survival was better after
NW-RVPA (59% vs 75%; P ¼ .008).

Conclusions: For neonates with critical LVOTO undergoing single-ventricle
palliation, NW-RVPA was associated with the best overall survival. Hybrid
strategies are not a lower-risk alternative to Norwood operations overall; however,
the impact of lower birth weight on survival may be mitigated after hybrid
procedures compared with Norwood operations. (J Thorac Cardiovasc Surg
2016;-:1-10)

Risk-adjusted survival for neonates with critical
LVOTO stratified by stage 1 operation.

Central Message

Overall, NW-RVPA had the best survival.
Although hybrid procedures are not a lower-
risk alternative overall compared with stage 1
Norwood operations, hybrids may improve sur-
vival in neonates with lower birth weight.

Perspective

Although the perception exists that hybrid pro-
cedures may be a lower-risk alternative to Nor-
wood procedures for neonates with critical
LVOTO who require stage 1 single-ventricle
palliation, the Congenital Heart Surgeons’ So-
ciety experience demonstrated better overall
survival after NW-RVPA. Hybrid procedures
may offer a survival advantage for neonates
with lower birth weight, however.
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For each propensity-matched subset, birth weight
remained a significant risk factor for death, again
demonstrating worse survival at an approximate threshold

of 2.5 kg. Therefore, neonates with lower birth weight are
at increased risk of death despite having otherwise similar
characteristics before stage 1 palliation. This finding further
emphasizes the important influence of birth weight on
survival for patients undergoing single-ventricle palliation.

Center and Era Effect on Survival
Among 14 centers that enrolled !10 patients, 3 were

identified as a significant risk factor for death and 1 was

FIGURE 1. Unadjusted survival for all 564 patients by type of stage 1

procedure. Unadjusted, overall, 4-year survival, irrespective of final end

state, for all 564 neonates after stage 1 palliation for NW-BT (n ¼ 232;

blue curve), NW-RVPA (n ¼ 222; green), and hybrid procedures

(n ¼ 110; red curve). Each symbol represents an event (death) positioned

on the vertical axis by the Kaplan-Meier estimator. Vertical bars are the

confidence limits equivalent to # 1 standard error. Solid lines are

parametric estimates enclosed within dashed 68% confidence bands

equivalent to # 1 standard error. Numbers in parentheses are the number

of children at risk at the associated time. NW-RVPA, Norwood operation

with a right ventricle–to–pulmonary artery conduit; NW-BT, Norwood

operation with modified Blalock-Taussig shunt.

FIGURE 2. Transition to various competing end states for all 564

neonates after stage 1 palliation. All neonates began alive immediately

after stage 1 (time 0) and thereafter remained in this state (black curve)

or entered 1 of 4 mutually exclusive end states: transition to Fontan

operation (blue curve), heart transplantation (green curve), conversion to

biventricular repair (purple curve), or death without definitive repair (red

curve). At any point in time the sum of proportions of patients in each

end state must be 100%. Solid lines represent continuous parametric

estimates, enclosed within dashed 68% confidence bands equivalent to

# 1 standard error; circles represent nonparametric point estimates with

corresponding confidence bar equivalent to # 1 standard error. HTx, Heart

transplantation; BVR, biventricular repair.

TABLE 2. Incremental risk factors for death

Risk factor

Parameter

estimate

P

value Reliability, %

All 564 neonates

Early-phase risk factors

NW-RVPA $0.85 .001 71

Hybrid procedure* 1.6 .025 —

Birth weight (inverse

transformation), kgy
7.7 <.001 67

Ascending aorta index, cm/m2 $0.29 .039 89

Aortic valve atresia 0.45 .044 58

Interaction, procedure and

birth weightz
$5.0 .01 —

Constant phase risk factors

Mitral valve z-score $0.09 .099 40

Matched hybrid and NW-BT neonates (n ¼ 176)

Early phase risk factors

Hybrid procedure* $0.63 .53 43

Birth weight (inverse

transformation), kgy
3.3 .002 60

Ascending aorta index, cm/m2 $2.6 .01 47

Matched hybrid and NW-RVPA neonates (n ¼ 162)

Early-phase risk factors

NW-RVPA $2.4 .02 70

Birth weight (inverse

transformation), kgy
3.6 .001 66

Smaller LVOT diameter z-score $1.8 .05 74

Incremental risk factors for the time-related risk of death without Fontan operation,
transplantation, or biventricular repair (competing-events concept) for all 564
neonates after stage 1 palliation, 176 propensity-matched neonates after a hybrid
procedure (n¼ 88) and NW-BT (n¼ 88), and 162 propensity-matched neonates after
a hybrid procedure (n ¼ 81) and NW-RVPA (n ¼ 81). Reliability was determined by
bootstrap resampling (n ¼ 500). NW-RVPA, Norwood operations with right ventricle
to pulmonary artery conduit; NW-BT, Norwood operation with modified
Blalock-Taussig shunt; LVOT, left ventricular outflow tract. *The hybrid procedure
variable was manually included in the final multivariable model to determine the
impact of hybrid procedures on survival relative to NW-BT and NW-RVPA. yThe
inverse transformation of birth weight was used to improve linearity; therefore, the
parameter estimate indicates that as the inverse of birth weight increases (or birth
weight decreases), the risk of death increases. zA significant interaction was
associated with procedure type and birth weight such that therewas a disproportionate
impact on survival for hybrid procedures resulting in improved survival at lower birth
weights. Parameter estimates were determined from multiphase risk hazard analysis
and represent the magnitude of a risk factor for death. The parameter estimate for each
variable is related to the hazard function, and the polarity of the estimate (negative or
positive) describes decreased (negative) or increased (positive) association with each
hazard phase (instantaneous risk of an event). In a multivariable hazard analysis, the
overall influence on the hazard function is described by the total effect of each
estimate in the model.
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Current strategies that achieve the objectives of stage 1
palliation for neonates with critical left ventricular
outflow tract obstruction (LVOTO) and right ventricle–
dependent systemic circulation include the Norwood
operation and a hybrid procedure. Although the Norwood
operation accomplishes the goals of stage 1 palliation, it
involves major surgical reconstruction and is associated
with a physiology characterized by the need for a
delicate circulatory balance and increased cardiac de-
mands.1,2 Moreover, exposure to cardiopulmonary bypass
(CPB), generally with either deep hypothermic circulatory
arrest (DHCA) or regional cerebral perfusion, during
aortic arch reconstruction can contribute to postoperative
hemodynamic instability, morbidity, and mortality.3 In
addition, the early physiological stress imposed on neonates
after Norwood operations raises concerns regarding adverse
neurodevelopment.4

The hybrid procedure has emerged as an alternative strat-
egy for stage 1 palliation.5,6 In contrast to Norwood
operations, the hybrid procedure generally does not
require CPB and DHCA or regional cerebral perfusion.
Thus, the less invasive hybrid procedure may avoid the
physiological instability associated with Norwood
operations for stage 1 palliation and may potentially
improve survival.3,5-7 In this light, hybrid palliation may
be perceived as a lower-risk alternative to Norwood
operations, especially for patients considered at high risk
for mortality. Although these perceptions exist, the impact
of the hybrid procedure on survival relative to Norwood
operations remains incompletely defined.5,7,8

The Congenital Heart Surgeons’ Society (CHSS) has one
of the largest multi-institutional inception cohorts of
neonates with critical LVOTO, in which the majority of
patients have undergone single-ventricle palliation via
either a stage 1 hybrid or Norwood operation. Given the
insufficient published evidence comparing outcomes of
these strategies,3,5,6,8-10 we sought to compare outcomes
among neonates undergoing a hybrid procedure with
either of the 2 commonly used techniques for establishing
pulmonary blood flow (systemic artery–to–pulmonary
artery shunt or right ventricle–to–pulmonary artery
conduit) and those undergoing a Norwood operation.

METHODS
Between 2005 and 2014, a total of 692 neonates with critical LVOTO

were admitted to the 21 CHSS institutions within 30 days of life
and were prospectively enrolled in a multi-institution inception cohort
(Table E1). Inclusion criteria were based on the presence of critical LVOTO
in the setting of atrioventricular and ventriculoarterial concordance, such
that the LVOTO precluded adequate systemic cardiac output through the
aortic valve, with the initial intervention performed at a CHSS institution.
The physiological criteria generally resulted in ductal-dependent systemic
circulation and the need for early intervention. For 564 neonates (20
institutions; Figure E1), the initial management strategy was the Norwood
operation with a modified Blalock-Taussig shunt (NW-BT; n¼ 232; 41%),
the Norwood operation with right ventricle–to–pulmonary artery conduit
(NW-RVPA; n ¼ 222; 39%), or a hybrid procedure (n ¼ 110; 20%).
Although the hybrid strategies lacked procedural uniformity, basic criteria
included restriction of pulmonary blood flow with pulmonary artery band-
ing and maintenance of ductus arteriosus patency with either transcatheter
stent placement or prostaglandin therapy (Table E2). The choice of man-
agement strategy (including the initial procedure) was at the discretion
of institution physicians.

The primary objectives of the present study included defining overall
survival for all 564 neonates after stage 1 single-ventricle palliation,
defining end states after stage 1 single-ventricle palliation, and comparing
the relative impact on survival between the hybrid procedure and Norwood
operation. As an initial step, overall survival was compared among neo-
nates who underwent NW-BT, NW-RVPA, or hybrid without adjusting
for additional risk factors. Competing-risks methodology was then used
to evaluate survival in the context of the various definitive end states after
stage 1 palliation.

To adjust for the potential differences in characteristics among patients
undergoing each of these operations, our analysis strategy incorporated 2
methods of risk adjustment, each of which was based on the competing-
risks survival model. First, survival was evaluated among all 564 patients
as part of a risk hazard analysis, specifically targeted at identifying whether
procedure type was a risk factor. Then survival was evaluated between
propensity-matched subsets. Neonates undergoing a stage 1 hybrid proced-
ure were matched to neonates who underwent NW-BTand also to neonates
who underwent NW-RVPA. The secondary objectives of this study were
aimed at identifying risk factors for death other than the type of stage 1
palliation, including morphologic, demographic, and center-related
factors.

Data Acquisition and Follow-up
Participation in the study and submission of patient information were

voluntary and confidential. The CHSS Data Center and all participating
institutions obtained Ethics Board approval, and parental consent was ob-
tained for all neonates before enrollment. The Data Center contacted the

Abbreviations and Acronyms
BSA ¼ body surface area
CHSS ¼ Congenital Heart Surgeons’ Society
CPB ¼ cardiopulmonary bypass
DHCA ¼ deep hypothermic circulatory arrest
KM ¼ Kaplan-Meier
LVOTO ¼ left ventricular outflow tract

obstruction
NW-BT ¼ Norwood with modified Blalock-

Taussig shunt
NW-RVPA ¼ Norwood with right ventricle–

pulmonary artery conduit

Scanning this QR code will take
you to supplemental data, tables,
and figures for this article.
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For each propensity-matched subset, birth weight
remained a significant risk factor for death, again
demonstrating worse survival at an approximate threshold

of 2.5 kg. Therefore, neonates with lower birth weight are
at increased risk of death despite having otherwise similar
characteristics before stage 1 palliation. This finding further
emphasizes the important influence of birth weight on
survival for patients undergoing single-ventricle palliation.

Center and Era Effect on Survival
Among 14 centers that enrolled !10 patients, 3 were

identified as a significant risk factor for death and 1 was

FIGURE 1. Unadjusted survival for all 564 patients by type of stage 1

procedure. Unadjusted, overall, 4-year survival, irrespective of final end

state, for all 564 neonates after stage 1 palliation for NW-BT (n ¼ 232;

blue curve), NW-RVPA (n ¼ 222; green), and hybrid procedures

(n ¼ 110; red curve). Each symbol represents an event (death) positioned

on the vertical axis by the Kaplan-Meier estimator. Vertical bars are the

confidence limits equivalent to # 1 standard error. Solid lines are

parametric estimates enclosed within dashed 68% confidence bands

equivalent to # 1 standard error. Numbers in parentheses are the number

of children at risk at the associated time. NW-RVPA, Norwood operation

with a right ventricle–to–pulmonary artery conduit; NW-BT, Norwood

operation with modified Blalock-Taussig shunt.

FIGURE 2. Transition to various competing end states for all 564

neonates after stage 1 palliation. All neonates began alive immediately

after stage 1 (time 0) and thereafter remained in this state (black curve)

or entered 1 of 4 mutually exclusive end states: transition to Fontan

operation (blue curve), heart transplantation (green curve), conversion to

biventricular repair (purple curve), or death without definitive repair (red

curve). At any point in time the sum of proportions of patients in each

end state must be 100%. Solid lines represent continuous parametric

estimates, enclosed within dashed 68% confidence bands equivalent to

# 1 standard error; circles represent nonparametric point estimates with

corresponding confidence bar equivalent to # 1 standard error. HTx, Heart

transplantation; BVR, biventricular repair.

TABLE 2. Incremental risk factors for death

Risk factor

Parameter

estimate

P

value Reliability, %

All 564 neonates

Early-phase risk factors

NW-RVPA $0.85 .001 71

Hybrid procedure* 1.6 .025 —

Birth weight (inverse

transformation), kgy
7.7 <.001 67

Ascending aorta index, cm/m2 $0.29 .039 89

Aortic valve atresia 0.45 .044 58

Interaction, procedure and

birth weightz
$5.0 .01 —

Constant phase risk factors

Mitral valve z-score $0.09 .099 40

Matched hybrid and NW-BT neonates (n ¼ 176)

Early phase risk factors

Hybrid procedure* $0.63 .53 43

Birth weight (inverse

transformation), kgy
3.3 .002 60

Ascending aorta index, cm/m2 $2.6 .01 47

Matched hybrid and NW-RVPA neonates (n ¼ 162)

Early-phase risk factors

NW-RVPA $2.4 .02 70

Birth weight (inverse

transformation), kgy
3.6 .001 66

Smaller LVOT diameter z-score $1.8 .05 74

Incremental risk factors for the time-related risk of death without Fontan operation,
transplantation, or biventricular repair (competing-events concept) for all 564
neonates after stage 1 palliation, 176 propensity-matched neonates after a hybrid
procedure (n¼ 88) and NW-BT (n¼ 88), and 162 propensity-matched neonates after
a hybrid procedure (n ¼ 81) and NW-RVPA (n ¼ 81). Reliability was determined by
bootstrap resampling (n ¼ 500). NW-RVPA, Norwood operations with right ventricle
to pulmonary artery conduit; NW-BT, Norwood operation with modified
Blalock-Taussig shunt; LVOT, left ventricular outflow tract. *The hybrid procedure
variable was manually included in the final multivariable model to determine the
impact of hybrid procedures on survival relative to NW-BT and NW-RVPA. yThe
inverse transformation of birth weight was used to improve linearity; therefore, the
parameter estimate indicates that as the inverse of birth weight increases (or birth
weight decreases), the risk of death increases. zA significant interaction was
associated with procedure type and birth weight such that therewas a disproportionate
impact on survival for hybrid procedures resulting in improved survival at lower birth
weights. Parameter estimates were determined from multiphase risk hazard analysis
and represent the magnitude of a risk factor for death. The parameter estimate for each
variable is related to the hazard function, and the polarity of the estimate (negative or
positive) describes decreased (negative) or increased (positive) association with each
hazard phase (instantaneous risk of an event). In a multivariable hazard analysis, the
overall influence on the hazard function is described by the total effect of each
estimate in the model.
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§ 232 Norwood-Sano
§ 222 Norwood-BTS
§ 110 Hybrid

• Overall survival 65%



associated with significantly reduced mortality in an
unadjusted univariate analysis (Table E4). However, in
risk-adjusted comparisons, for both the multivariable and
propensity-matched analyses, none of the center-specific
variables was identified as an independent risk factor for
death, including the individual center, the absolute enrolled
volume or procedure type per center, the percentage of
specific procedures performed at a given center, and the
era of operation.

DISCUSSION
In this multicenter study of patients with critical LVOTO

undergoing stage 1 single-ventricle palliation, in neonates
with lower birth weight, hybrid procedures tended to be
associated with improved survival compared with Norwood
operations. Although our analysis of baseline characteris-
tics suggests that hybrid procedures may be selected for
stage 1 palliation in higher-risk neonates, these procedures
might not be a lower-risk alternative for all patients. In all
neonates except those of lower birth weight, in whom
hybrid procedures tended to be associated with a modest
survival advantage, NW-RVPA was associated with the
best overall survival.

Previously reported analyses comparing outcomes
among hybrid procedures and Norwood operations are
limited to single-center reviews or do not distinguish
between the source of pulmonary blood flow used for the
Norwood operations.3,9,10,21-23 Our analysis shows that

among all neonates, survival after the hybrid procedure
was similar to that after NW-BT but significantly worse
than that after NW-RVPA. A plausible explanation for the
early differences in survival may be attributed to the various

FIGURE 3. Risk-adjusted survival for all 564 patients by type of stage 1

procedure. Risk-adjusted 4-year survival censored at the time of transition

to a Fontan operation, transplantation, or biventricular repair for 564

neonates after NW-RVPA (green curve), NW-BT (blue curve), and hybrid

procedures (red curve). Solid lines are continuous parametric estimates

enclosed within dashed 68% confidence bands equivalent to ! 1 standard

error. Each curve represents the predicted, risk-adjusted survival for a

hypothetical patient based on the index procedure performed. All other

risk factors are held constant at their median or mean values. Median value

for risk factors: birth weight, 3 kg; ascending aorta index, 1.8 cm/m2; aortic

valve atresia, 0.48; mitral valve z-score, "15. NW-RVPA, Norwood

operation with right ventricle–to–pulmonary artery conduit; NW-BT,

Norwood operation with modified Blalock-Taussig shunt.

FIGURE 4. Survival for propensity-matched neonates. The 4-year

survival censored at the time of transition to a Fontan operation,

transplantation, or biventricular repair for (A) 88 propensity-matched

neonates after NW-BT (blue curve) and 88 propensity-matched neonates

after a hybrid procedure (red curve), and (B) 81 propensity-matched

neonates after NW-RVPA (green curve) and 81 propensity-matched

neonates after a hybrid procedure (red curve). A, Independent of time, there

were at total of 36 deaths after NW-BTand 27 deaths after a hybrid proced-

ure before definitive repair. B, The difference in survival between

NW-RVPA and NW-BT was related predominantly to an increased early

(<1-year) hazard (PE ¼ 0.95; P ¼ .008). Thereafter, there was a constant

hazard that demonstrated similar low rates of attrition between groups

(PE¼"1.2; P¼ .98). Independent of time, there were at total of 18 deaths

after NW-RVPA and 29 deaths after hybrid procedures before definitive

repair. Each circle represents a death positioned on the vertical axis by

the Kaplan-Meier estimator. Vertical bars are the confidence limits

equivalent to ! 1 standard error. Solid lines are parametric estimates

(PE) enclosed within dashed 68% confidence bands equivalent to ! 1

standard error. Numbers in parentheses are the number of patients at risk

at the associated time. PE values were determined from multiphase risk

hazard analysis and represent the magnitude of hybrid as a risk factor for

death. NW-BT, Norwood operation with a modified Blalock-Taussig shunt;

NW-RVPA, Norwood operation with a right ventricle–to–pulmonary artery

conduit.
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associated with significantly reduced mortality in an
unadjusted univariate analysis (Table E4). However, in
risk-adjusted comparisons, for both the multivariable and
propensity-matched analyses, none of the center-specific
variables was identified as an independent risk factor for
death, including the individual center, the absolute enrolled
volume or procedure type per center, the percentage of
specific procedures performed at a given center, and the
era of operation.

DISCUSSION
In this multicenter study of patients with critical LVOTO

undergoing stage 1 single-ventricle palliation, in neonates
with lower birth weight, hybrid procedures tended to be
associated with improved survival compared with Norwood
operations. Although our analysis of baseline characteris-
tics suggests that hybrid procedures may be selected for
stage 1 palliation in higher-risk neonates, these procedures
might not be a lower-risk alternative for all patients. In all
neonates except those of lower birth weight, in whom
hybrid procedures tended to be associated with a modest
survival advantage, NW-RVPA was associated with the
best overall survival.

Previously reported analyses comparing outcomes
among hybrid procedures and Norwood operations are
limited to single-center reviews or do not distinguish
between the source of pulmonary blood flow used for the
Norwood operations.3,9,10,21-23 Our analysis shows that

among all neonates, survival after the hybrid procedure
was similar to that after NW-BT but significantly worse
than that after NW-RVPA. A plausible explanation for the
early differences in survival may be attributed to the various

FIGURE 3. Risk-adjusted survival for all 564 patients by type of stage 1

procedure. Risk-adjusted 4-year survival censored at the time of transition

to a Fontan operation, transplantation, or biventricular repair for 564

neonates after NW-RVPA (green curve), NW-BT (blue curve), and hybrid

procedures (red curve). Solid lines are continuous parametric estimates

enclosed within dashed 68% confidence bands equivalent to ! 1 standard

error. Each curve represents the predicted, risk-adjusted survival for a

hypothetical patient based on the index procedure performed. All other

risk factors are held constant at their median or mean values. Median value

for risk factors: birth weight, 3 kg; ascending aorta index, 1.8 cm/m2; aortic

valve atresia, 0.48; mitral valve z-score, "15. NW-RVPA, Norwood

operation with right ventricle–to–pulmonary artery conduit; NW-BT,

Norwood operation with modified Blalock-Taussig shunt.

FIGURE 4. Survival for propensity-matched neonates. The 4-year

survival censored at the time of transition to a Fontan operation,

transplantation, or biventricular repair for (A) 88 propensity-matched

neonates after NW-BT (blue curve) and 88 propensity-matched neonates

after a hybrid procedure (red curve), and (B) 81 propensity-matched

neonates after NW-RVPA (green curve) and 81 propensity-matched

neonates after a hybrid procedure (red curve). A, Independent of time, there

were at total of 36 deaths after NW-BTand 27 deaths after a hybrid proced-

ure before definitive repair. B, The difference in survival between

NW-RVPA and NW-BT was related predominantly to an increased early

(<1-year) hazard (PE ¼ 0.95; P ¼ .008). Thereafter, there was a constant

hazard that demonstrated similar low rates of attrition between groups

(PE¼"1.2; P¼ .98). Independent of time, there were at total of 18 deaths

after NW-RVPA and 29 deaths after hybrid procedures before definitive

repair. Each circle represents a death positioned on the vertical axis by

the Kaplan-Meier estimator. Vertical bars are the confidence limits

equivalent to ! 1 standard error. Solid lines are parametric estimates

(PE) enclosed within dashed 68% confidence bands equivalent to ! 1

standard error. Numbers in parentheses are the number of patients at risk

at the associated time. PE values were determined from multiphase risk

hazard analysis and represent the magnitude of hybrid as a risk factor for

death. NW-BT, Norwood operation with a modified Blalock-Taussig shunt;

NW-RVPA, Norwood operation with a right ventricle–to–pulmonary artery

conduit.
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ABSTRACT

Background: For neonates with critical left ventricular outflow tract obstruction
(LVOTO), hybrid procedures are an alternative to the Norwood stage 1 procedure.
Despite perceived advantages, however, outcomes are not well defined. There-
fore, we compared outcomes after stage 1 hybrid and Norwood procedures.

Methods: In a critical LVOTO inception cohort (2005-2014; 20 institutions), a
total of 564 neonates underwent stage 1 palliation with the Norwood operation
with a modified Blalock-Taussig shunt (NW-BT; n ¼ 232; 41%), Norwood oper-
ation with a right ventricle–to–pulmonary artery conduit (NW-RVPA; n ¼ 222;
39%), or a hybrid procedure (n ¼ 110; 20%). Post–stage 1 outcomes were
analyzed via competing-risks and parametric hazard analyses and compared
among all 564 patients and between patients who underwent propensity-
matched hybrid and those who underwent NW-BT/NW-RVPA.

Results: By 6 years after the stage 1 operation, 50% " 3%, 7% " 2%, and 4%
" 1% of patients transitioned to Fontan, transplantation, and biventricular repair,
respectively, whereas 7% " 2% were alive without transition and 32% " 2%
died. Risk factors for death without transition included procedure type, smaller
ascending aorta, aortic valve atresia, and lower birth weight. Risk-adjusted
4-year survival was better after NW-RVPA than after NW-BT or hybrid (76%
vs 60% vs 61%; P<.001). Furthermore, for neonates with lower birth weight
(<#2 kg), an interaction between birth weight and hybrid resulted in a trend
toward better survival after hybrid compared with NW-BT or NW-RVPA. For
propensity-matched neonates between hybrid and NW-BT (88 pairs), 4-year
survival was similar (62% vs 57%; P ¼ .58). For propensity-matched neonates
between hybrid and NW-RVPA (81 pairs), 4-year survival was better after
NW-RVPA (59% vs 75%; P ¼ .008).

Conclusions: For neonates with critical LVOTO undergoing single-ventricle
palliation, NW-RVPA was associated with the best overall survival. Hybrid
strategies are not a lower-risk alternative to Norwood operations overall; however,
the impact of lower birth weight on survival may be mitigated after hybrid
procedures compared with Norwood operations. (J Thorac Cardiovasc Surg
2016;-:1-10)

Risk-adjusted survival for neonates with critical
LVOTO stratified by stage 1 operation.

Central Message

Overall, NW-RVPA had the best survival.
Although hybrid procedures are not a lower-
risk alternative overall compared with stage 1
Norwood operations, hybrids may improve sur-
vival in neonates with lower birth weight.

Perspective

Although the perception exists that hybrid pro-
cedures may be a lower-risk alternative to Nor-
wood procedures for neonates with critical
LVOTO who require stage 1 single-ventricle
palliation, the Congenital Heart Surgeons’ So-
ciety experience demonstrated better overall
survival after NW-RVPA. Hybrid procedures
may offer a survival advantage for neonates
with lower birth weight, however.
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Current strategies that achieve the objectives of stage 1
palliation for neonates with critical left ventricular
outflow tract obstruction (LVOTO) and right ventricle–
dependent systemic circulation include the Norwood
operation and a hybrid procedure. Although the Norwood
operation accomplishes the goals of stage 1 palliation, it
involves major surgical reconstruction and is associated
with a physiology characterized by the need for a
delicate circulatory balance and increased cardiac de-
mands.1,2 Moreover, exposure to cardiopulmonary bypass
(CPB), generally with either deep hypothermic circulatory
arrest (DHCA) or regional cerebral perfusion, during
aortic arch reconstruction can contribute to postoperative
hemodynamic instability, morbidity, and mortality.3 In
addition, the early physiological stress imposed on neonates
after Norwood operations raises concerns regarding adverse
neurodevelopment.4

The hybrid procedure has emerged as an alternative strat-
egy for stage 1 palliation.5,6 In contrast to Norwood
operations, the hybrid procedure generally does not
require CPB and DHCA or regional cerebral perfusion.
Thus, the less invasive hybrid procedure may avoid the
physiological instability associated with Norwood
operations for stage 1 palliation and may potentially
improve survival.3,5-7 In this light, hybrid palliation may
be perceived as a lower-risk alternative to Norwood
operations, especially for patients considered at high risk
for mortality. Although these perceptions exist, the impact
of the hybrid procedure on survival relative to Norwood
operations remains incompletely defined.5,7,8

The Congenital Heart Surgeons’ Society (CHSS) has one
of the largest multi-institutional inception cohorts of
neonates with critical LVOTO, in which the majority of
patients have undergone single-ventricle palliation via
either a stage 1 hybrid or Norwood operation. Given the
insufficient published evidence comparing outcomes of
these strategies,3,5,6,8-10 we sought to compare outcomes
among neonates undergoing a hybrid procedure with
either of the 2 commonly used techniques for establishing
pulmonary blood flow (systemic artery–to–pulmonary
artery shunt or right ventricle–to–pulmonary artery
conduit) and those undergoing a Norwood operation.

METHODS
Between 2005 and 2014, a total of 692 neonates with critical LVOTO

were admitted to the 21 CHSS institutions within 30 days of life
and were prospectively enrolled in a multi-institution inception cohort
(Table E1). Inclusion criteria were based on the presence of critical LVOTO
in the setting of atrioventricular and ventriculoarterial concordance, such
that the LVOTO precluded adequate systemic cardiac output through the
aortic valve, with the initial intervention performed at a CHSS institution.
The physiological criteria generally resulted in ductal-dependent systemic
circulation and the need for early intervention. For 564 neonates (20
institutions; Figure E1), the initial management strategy was the Norwood
operation with a modified Blalock-Taussig shunt (NW-BT; n¼ 232; 41%),
the Norwood operation with right ventricle–to–pulmonary artery conduit
(NW-RVPA; n ¼ 222; 39%), or a hybrid procedure (n ¼ 110; 20%).
Although the hybrid strategies lacked procedural uniformity, basic criteria
included restriction of pulmonary blood flow with pulmonary artery band-
ing and maintenance of ductus arteriosus patency with either transcatheter
stent placement or prostaglandin therapy (Table E2). The choice of man-
agement strategy (including the initial procedure) was at the discretion
of institution physicians.

The primary objectives of the present study included defining overall
survival for all 564 neonates after stage 1 single-ventricle palliation,
defining end states after stage 1 single-ventricle palliation, and comparing
the relative impact on survival between the hybrid procedure and Norwood
operation. As an initial step, overall survival was compared among neo-
nates who underwent NW-BT, NW-RVPA, or hybrid without adjusting
for additional risk factors. Competing-risks methodology was then used
to evaluate survival in the context of the various definitive end states after
stage 1 palliation.

To adjust for the potential differences in characteristics among patients
undergoing each of these operations, our analysis strategy incorporated 2
methods of risk adjustment, each of which was based on the competing-
risks survival model. First, survival was evaluated among all 564 patients
as part of a risk hazard analysis, specifically targeted at identifying whether
procedure type was a risk factor. Then survival was evaluated between
propensity-matched subsets. Neonates undergoing a stage 1 hybrid proced-
ure were matched to neonates who underwent NW-BTand also to neonates
who underwent NW-RVPA. The secondary objectives of this study were
aimed at identifying risk factors for death other than the type of stage 1
palliation, including morphologic, demographic, and center-related
factors.

Data Acquisition and Follow-up
Participation in the study and submission of patient information were

voluntary and confidential. The CHSS Data Center and all participating
institutions obtained Ethics Board approval, and parental consent was ob-
tained for all neonates before enrollment. The Data Center contacted the
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associated with significantly reduced mortality in an
unadjusted univariate analysis (Table E4). However, in
risk-adjusted comparisons, for both the multivariable and
propensity-matched analyses, none of the center-specific
variables was identified as an independent risk factor for
death, including the individual center, the absolute enrolled
volume or procedure type per center, the percentage of
specific procedures performed at a given center, and the
era of operation.

DISCUSSION
In this multicenter study of patients with critical LVOTO

undergoing stage 1 single-ventricle palliation, in neonates
with lower birth weight, hybrid procedures tended to be
associated with improved survival compared with Norwood
operations. Although our analysis of baseline characteris-
tics suggests that hybrid procedures may be selected for
stage 1 palliation in higher-risk neonates, these procedures
might not be a lower-risk alternative for all patients. In all
neonates except those of lower birth weight, in whom
hybrid procedures tended to be associated with a modest
survival advantage, NW-RVPA was associated with the
best overall survival.

Previously reported analyses comparing outcomes
among hybrid procedures and Norwood operations are
limited to single-center reviews or do not distinguish
between the source of pulmonary blood flow used for the
Norwood operations.3,9,10,21-23 Our analysis shows that

among all neonates, survival after the hybrid procedure
was similar to that after NW-BT but significantly worse
than that after NW-RVPA. A plausible explanation for the
early differences in survival may be attributed to the various

FIGURE 3. Risk-adjusted survival for all 564 patients by type of stage 1

procedure. Risk-adjusted 4-year survival censored at the time of transition

to a Fontan operation, transplantation, or biventricular repair for 564

neonates after NW-RVPA (green curve), NW-BT (blue curve), and hybrid

procedures (red curve). Solid lines are continuous parametric estimates

enclosed within dashed 68% confidence bands equivalent to ! 1 standard

error. Each curve represents the predicted, risk-adjusted survival for a

hypothetical patient based on the index procedure performed. All other

risk factors are held constant at their median or mean values. Median value

for risk factors: birth weight, 3 kg; ascending aorta index, 1.8 cm/m2; aortic

valve atresia, 0.48; mitral valve z-score, "15. NW-RVPA, Norwood

operation with right ventricle–to–pulmonary artery conduit; NW-BT,

Norwood operation with modified Blalock-Taussig shunt.

FIGURE 4. Survival for propensity-matched neonates. The 4-year

survival censored at the time of transition to a Fontan operation,

transplantation, or biventricular repair for (A) 88 propensity-matched

neonates after NW-BT (blue curve) and 88 propensity-matched neonates

after a hybrid procedure (red curve), and (B) 81 propensity-matched

neonates after NW-RVPA (green curve) and 81 propensity-matched

neonates after a hybrid procedure (red curve). A, Independent of time, there

were at total of 36 deaths after NW-BTand 27 deaths after a hybrid proced-

ure before definitive repair. B, The difference in survival between

NW-RVPA and NW-BT was related predominantly to an increased early

(<1-year) hazard (PE ¼ 0.95; P ¼ .008). Thereafter, there was a constant

hazard that demonstrated similar low rates of attrition between groups

(PE¼"1.2; P¼ .98). Independent of time, there were at total of 18 deaths

after NW-RVPA and 29 deaths after hybrid procedures before definitive

repair. Each circle represents a death positioned on the vertical axis by

the Kaplan-Meier estimator. Vertical bars are the confidence limits

equivalent to ! 1 standard error. Solid lines are parametric estimates

(PE) enclosed within dashed 68% confidence bands equivalent to ! 1

standard error. Numbers in parentheses are the number of patients at risk

at the associated time. PE values were determined from multiphase risk

hazard analysis and represent the magnitude of hybrid as a risk factor for

death. NW-BT, Norwood operation with a modified Blalock-Taussig shunt;

NW-RVPA, Norwood operation with a right ventricle–to–pulmonary artery

conduit.
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associated with significantly reduced mortality in an
unadjusted univariate analysis (Table E4). However, in
risk-adjusted comparisons, for both the multivariable and
propensity-matched analyses, none of the center-specific
variables was identified as an independent risk factor for
death, including the individual center, the absolute enrolled
volume or procedure type per center, the percentage of
specific procedures performed at a given center, and the
era of operation.

DISCUSSION
In this multicenter study of patients with critical LVOTO

undergoing stage 1 single-ventricle palliation, in neonates
with lower birth weight, hybrid procedures tended to be
associated with improved survival compared with Norwood
operations. Although our analysis of baseline characteris-
tics suggests that hybrid procedures may be selected for
stage 1 palliation in higher-risk neonates, these procedures
might not be a lower-risk alternative for all patients. In all
neonates except those of lower birth weight, in whom
hybrid procedures tended to be associated with a modest
survival advantage, NW-RVPA was associated with the
best overall survival.

Previously reported analyses comparing outcomes
among hybrid procedures and Norwood operations are
limited to single-center reviews or do not distinguish
between the source of pulmonary blood flow used for the
Norwood operations.3,9,10,21-23 Our analysis shows that

among all neonates, survival after the hybrid procedure
was similar to that after NW-BT but significantly worse
than that after NW-RVPA. A plausible explanation for the
early differences in survival may be attributed to the various

FIGURE 3. Risk-adjusted survival for all 564 patients by type of stage 1

procedure. Risk-adjusted 4-year survival censored at the time of transition

to a Fontan operation, transplantation, or biventricular repair for 564

neonates after NW-RVPA (green curve), NW-BT (blue curve), and hybrid

procedures (red curve). Solid lines are continuous parametric estimates

enclosed within dashed 68% confidence bands equivalent to ! 1 standard

error. Each curve represents the predicted, risk-adjusted survival for a

hypothetical patient based on the index procedure performed. All other

risk factors are held constant at their median or mean values. Median value

for risk factors: birth weight, 3 kg; ascending aorta index, 1.8 cm/m2; aortic

valve atresia, 0.48; mitral valve z-score, "15. NW-RVPA, Norwood

operation with right ventricle–to–pulmonary artery conduit; NW-BT,

Norwood operation with modified Blalock-Taussig shunt.

FIGURE 4. Survival for propensity-matched neonates. The 4-year

survival censored at the time of transition to a Fontan operation,

transplantation, or biventricular repair for (A) 88 propensity-matched

neonates after NW-BT (blue curve) and 88 propensity-matched neonates

after a hybrid procedure (red curve), and (B) 81 propensity-matched

neonates after NW-RVPA (green curve) and 81 propensity-matched

neonates after a hybrid procedure (red curve). A, Independent of time, there

were at total of 36 deaths after NW-BTand 27 deaths after a hybrid proced-

ure before definitive repair. B, The difference in survival between

NW-RVPA and NW-BT was related predominantly to an increased early

(<1-year) hazard (PE ¼ 0.95; P ¼ .008). Thereafter, there was a constant

hazard that demonstrated similar low rates of attrition between groups

(PE¼"1.2; P¼ .98). Independent of time, there were at total of 18 deaths

after NW-RVPA and 29 deaths after hybrid procedures before definitive

repair. Each circle represents a death positioned on the vertical axis by

the Kaplan-Meier estimator. Vertical bars are the confidence limits

equivalent to ! 1 standard error. Solid lines are parametric estimates

(PE) enclosed within dashed 68% confidence bands equivalent to ! 1

standard error. Numbers in parentheses are the number of patients at risk

at the associated time. PE values were determined from multiphase risk

hazard analysis and represent the magnitude of hybrid as a risk factor for

death. NW-BT, Norwood operation with a modified Blalock-Taussig shunt;

NW-RVPA, Norwood operation with a right ventricle–to–pulmonary artery

conduit.
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Is a hybrid strategy a lower-risk alternative to stage 1
Norwood operation?
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ABSTRACT

Background: For neonates with critical left ventricular outflow tract obstruction
(LVOTO), hybrid procedures are an alternative to the Norwood stage 1 procedure.
Despite perceived advantages, however, outcomes are not well defined. There-
fore, we compared outcomes after stage 1 hybrid and Norwood procedures.

Methods: In a critical LVOTO inception cohort (2005-2014; 20 institutions), a
total of 564 neonates underwent stage 1 palliation with the Norwood operation
with a modified Blalock-Taussig shunt (NW-BT; n ¼ 232; 41%), Norwood oper-
ation with a right ventricle–to–pulmonary artery conduit (NW-RVPA; n ¼ 222;
39%), or a hybrid procedure (n ¼ 110; 20%). Post–stage 1 outcomes were
analyzed via competing-risks and parametric hazard analyses and compared
among all 564 patients and between patients who underwent propensity-
matched hybrid and those who underwent NW-BT/NW-RVPA.

Results: By 6 years after the stage 1 operation, 50% " 3%, 7% " 2%, and 4%
" 1% of patients transitioned to Fontan, transplantation, and biventricular repair,
respectively, whereas 7% " 2% were alive without transition and 32% " 2%
died. Risk factors for death without transition included procedure type, smaller
ascending aorta, aortic valve atresia, and lower birth weight. Risk-adjusted
4-year survival was better after NW-RVPA than after NW-BT or hybrid (76%
vs 60% vs 61%; P<.001). Furthermore, for neonates with lower birth weight
(<#2 kg), an interaction between birth weight and hybrid resulted in a trend
toward better survival after hybrid compared with NW-BT or NW-RVPA. For
propensity-matched neonates between hybrid and NW-BT (88 pairs), 4-year
survival was similar (62% vs 57%; P ¼ .58). For propensity-matched neonates
between hybrid and NW-RVPA (81 pairs), 4-year survival was better after
NW-RVPA (59% vs 75%; P ¼ .008).

Conclusions: For neonates with critical LVOTO undergoing single-ventricle
palliation, NW-RVPA was associated with the best overall survival. Hybrid
strategies are not a lower-risk alternative to Norwood operations overall; however,
the impact of lower birth weight on survival may be mitigated after hybrid
procedures compared with Norwood operations. (J Thorac Cardiovasc Surg
2016;-:1-10)

Risk-adjusted survival for neonates with critical
LVOTO stratified by stage 1 operation.

Central Message

Overall, NW-RVPA had the best survival.
Although hybrid procedures are not a lower-
risk alternative overall compared with stage 1
Norwood operations, hybrids may improve sur-
vival in neonates with lower birth weight.

Perspective

Although the perception exists that hybrid pro-
cedures may be a lower-risk alternative to Nor-
wood procedures for neonates with critical
LVOTO who require stage 1 single-ventricle
palliation, the Congenital Heart Surgeons’ So-
ciety experience demonstrated better overall
survival after NW-RVPA. Hybrid procedures
may offer a survival advantage for neonates
with lower birth weight, however.
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Current strategies that achieve the objectives of stage 1
palliation for neonates with critical left ventricular
outflow tract obstruction (LVOTO) and right ventricle–
dependent systemic circulation include the Norwood
operation and a hybrid procedure. Although the Norwood
operation accomplishes the goals of stage 1 palliation, it
involves major surgical reconstruction and is associated
with a physiology characterized by the need for a
delicate circulatory balance and increased cardiac de-
mands.1,2 Moreover, exposure to cardiopulmonary bypass
(CPB), generally with either deep hypothermic circulatory
arrest (DHCA) or regional cerebral perfusion, during
aortic arch reconstruction can contribute to postoperative
hemodynamic instability, morbidity, and mortality.3 In
addition, the early physiological stress imposed on neonates
after Norwood operations raises concerns regarding adverse
neurodevelopment.4

The hybrid procedure has emerged as an alternative strat-
egy for stage 1 palliation.5,6 In contrast to Norwood
operations, the hybrid procedure generally does not
require CPB and DHCA or regional cerebral perfusion.
Thus, the less invasive hybrid procedure may avoid the
physiological instability associated with Norwood
operations for stage 1 palliation and may potentially
improve survival.3,5-7 In this light, hybrid palliation may
be perceived as a lower-risk alternative to Norwood
operations, especially for patients considered at high risk
for mortality. Although these perceptions exist, the impact
of the hybrid procedure on survival relative to Norwood
operations remains incompletely defined.5,7,8

The Congenital Heart Surgeons’ Society (CHSS) has one
of the largest multi-institutional inception cohorts of
neonates with critical LVOTO, in which the majority of
patients have undergone single-ventricle palliation via
either a stage 1 hybrid or Norwood operation. Given the
insufficient published evidence comparing outcomes of
these strategies,3,5,6,8-10 we sought to compare outcomes
among neonates undergoing a hybrid procedure with
either of the 2 commonly used techniques for establishing
pulmonary blood flow (systemic artery–to–pulmonary
artery shunt or right ventricle–to–pulmonary artery
conduit) and those undergoing a Norwood operation.

METHODS
Between 2005 and 2014, a total of 692 neonates with critical LVOTO

were admitted to the 21 CHSS institutions within 30 days of life
and were prospectively enrolled in a multi-institution inception cohort
(Table E1). Inclusion criteria were based on the presence of critical LVOTO
in the setting of atrioventricular and ventriculoarterial concordance, such
that the LVOTO precluded adequate systemic cardiac output through the
aortic valve, with the initial intervention performed at a CHSS institution.
The physiological criteria generally resulted in ductal-dependent systemic
circulation and the need for early intervention. For 564 neonates (20
institutions; Figure E1), the initial management strategy was the Norwood
operation with a modified Blalock-Taussig shunt (NW-BT; n¼ 232; 41%),
the Norwood operation with right ventricle–to–pulmonary artery conduit
(NW-RVPA; n ¼ 222; 39%), or a hybrid procedure (n ¼ 110; 20%).
Although the hybrid strategies lacked procedural uniformity, basic criteria
included restriction of pulmonary blood flow with pulmonary artery band-
ing and maintenance of ductus arteriosus patency with either transcatheter
stent placement or prostaglandin therapy (Table E2). The choice of man-
agement strategy (including the initial procedure) was at the discretion
of institution physicians.

The primary objectives of the present study included defining overall
survival for all 564 neonates after stage 1 single-ventricle palliation,
defining end states after stage 1 single-ventricle palliation, and comparing
the relative impact on survival between the hybrid procedure and Norwood
operation. As an initial step, overall survival was compared among neo-
nates who underwent NW-BT, NW-RVPA, or hybrid without adjusting
for additional risk factors. Competing-risks methodology was then used
to evaluate survival in the context of the various definitive end states after
stage 1 palliation.

To adjust for the potential differences in characteristics among patients
undergoing each of these operations, our analysis strategy incorporated 2
methods of risk adjustment, each of which was based on the competing-
risks survival model. First, survival was evaluated among all 564 patients
as part of a risk hazard analysis, specifically targeted at identifying whether
procedure type was a risk factor. Then survival was evaluated between
propensity-matched subsets. Neonates undergoing a stage 1 hybrid proced-
ure were matched to neonates who underwent NW-BTand also to neonates
who underwent NW-RVPA. The secondary objectives of this study were
aimed at identifying risk factors for death other than the type of stage 1
palliation, including morphologic, demographic, and center-related
factors.

Data Acquisition and Follow-up
Participation in the study and submission of patient information were

voluntary and confidential. The CHSS Data Center and all participating
institutions obtained Ethics Board approval, and parental consent was ob-
tained for all neonates before enrollment. The Data Center contacted the
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pulmonary artery conduit
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Propensity matched analysis

Diastolic run-off
For each propensity-matched subset, birth weight

remained a significant risk factor for death, again
demonstrating worse survival at an approximate threshold

of 2.5 kg. Therefore, neonates with lower birth weight are
at increased risk of death despite having otherwise similar
characteristics before stage 1 palliation. This finding further
emphasizes the important influence of birth weight on
survival for patients undergoing single-ventricle palliation.

Center and Era Effect on Survival
Among 14 centers that enrolled !10 patients, 3 were

identified as a significant risk factor for death and 1 was

FIGURE 1. Unadjusted survival for all 564 patients by type of stage 1

procedure. Unadjusted, overall, 4-year survival, irrespective of final end

state, for all 564 neonates after stage 1 palliation for NW-BT (n ¼ 232;

blue curve), NW-RVPA (n ¼ 222; green), and hybrid procedures

(n ¼ 110; red curve). Each symbol represents an event (death) positioned

on the vertical axis by the Kaplan-Meier estimator. Vertical bars are the

confidence limits equivalent to # 1 standard error. Solid lines are

parametric estimates enclosed within dashed 68% confidence bands

equivalent to # 1 standard error. Numbers in parentheses are the number

of children at risk at the associated time. NW-RVPA, Norwood operation

with a right ventricle–to–pulmonary artery conduit; NW-BT, Norwood

operation with modified Blalock-Taussig shunt.

FIGURE 2. Transition to various competing end states for all 564

neonates after stage 1 palliation. All neonates began alive immediately

after stage 1 (time 0) and thereafter remained in this state (black curve)

or entered 1 of 4 mutually exclusive end states: transition to Fontan

operation (blue curve), heart transplantation (green curve), conversion to

biventricular repair (purple curve), or death without definitive repair (red

curve). At any point in time the sum of proportions of patients in each

end state must be 100%. Solid lines represent continuous parametric

estimates, enclosed within dashed 68% confidence bands equivalent to

# 1 standard error; circles represent nonparametric point estimates with

corresponding confidence bar equivalent to # 1 standard error. HTx, Heart

transplantation; BVR, biventricular repair.

TABLE 2. Incremental risk factors for death

Risk factor

Parameter

estimate

P

value Reliability, %

All 564 neonates

Early-phase risk factors

NW-RVPA $0.85 .001 71

Hybrid procedure* 1.6 .025 —

Birth weight (inverse

transformation), kgy
7.7 <.001 67

Ascending aorta index, cm/m2 $0.29 .039 89

Aortic valve atresia 0.45 .044 58

Interaction, procedure and

birth weightz
$5.0 .01 —

Constant phase risk factors

Mitral valve z-score $0.09 .099 40

Matched hybrid and NW-BT neonates (n ¼ 176)

Early phase risk factors

Hybrid procedure* $0.63 .53 43

Birth weight (inverse

transformation), kgy
3.3 .002 60

Ascending aorta index, cm/m2 $2.6 .01 47

Matched hybrid and NW-RVPA neonates (n ¼ 162)

Early-phase risk factors

NW-RVPA $2.4 .02 70

Birth weight (inverse

transformation), kgy
3.6 .001 66

Smaller LVOT diameter z-score $1.8 .05 74

Incremental risk factors for the time-related risk of death without Fontan operation,
transplantation, or biventricular repair (competing-events concept) for all 564
neonates after stage 1 palliation, 176 propensity-matched neonates after a hybrid
procedure (n¼ 88) and NW-BT (n¼ 88), and 162 propensity-matched neonates after
a hybrid procedure (n ¼ 81) and NW-RVPA (n ¼ 81). Reliability was determined by
bootstrap resampling (n ¼ 500). NW-RVPA, Norwood operations with right ventricle
to pulmonary artery conduit; NW-BT, Norwood operation with modified
Blalock-Taussig shunt; LVOT, left ventricular outflow tract. *The hybrid procedure
variable was manually included in the final multivariable model to determine the
impact of hybrid procedures on survival relative to NW-BT and NW-RVPA. yThe
inverse transformation of birth weight was used to improve linearity; therefore, the
parameter estimate indicates that as the inverse of birth weight increases (or birth
weight decreases), the risk of death increases. zA significant interaction was
associated with procedure type and birth weight such that therewas a disproportionate
impact on survival for hybrid procedures resulting in improved survival at lower birth
weights. Parameter estimates were determined from multiphase risk hazard analysis
and represent the magnitude of a risk factor for death. The parameter estimate for each
variable is related to the hazard function, and the polarity of the estimate (negative or
positive) describes decreased (negative) or increased (positive) association with each
hazard phase (instantaneous risk of an event). In a multivariable hazard analysis, the
overall influence on the hazard function is described by the total effect of each
estimate in the model.
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Is a hybrid strategy a lower-risk alternative to stage 1
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ABSTRACT

Background: For neonates with critical left ventricular outflow tract obstruction
(LVOTO), hybrid procedures are an alternative to the Norwood stage 1 procedure.
Despite perceived advantages, however, outcomes are not well defined. There-
fore, we compared outcomes after stage 1 hybrid and Norwood procedures.

Methods: In a critical LVOTO inception cohort (2005-2014; 20 institutions), a
total of 564 neonates underwent stage 1 palliation with the Norwood operation
with a modified Blalock-Taussig shunt (NW-BT; n ¼ 232; 41%), Norwood oper-
ation with a right ventricle–to–pulmonary artery conduit (NW-RVPA; n ¼ 222;
39%), or a hybrid procedure (n ¼ 110; 20%). Post–stage 1 outcomes were
analyzed via competing-risks and parametric hazard analyses and compared
among all 564 patients and between patients who underwent propensity-
matched hybrid and those who underwent NW-BT/NW-RVPA.

Results: By 6 years after the stage 1 operation, 50% " 3%, 7% " 2%, and 4%
" 1% of patients transitioned to Fontan, transplantation, and biventricular repair,
respectively, whereas 7% " 2% were alive without transition and 32% " 2%
died. Risk factors for death without transition included procedure type, smaller
ascending aorta, aortic valve atresia, and lower birth weight. Risk-adjusted
4-year survival was better after NW-RVPA than after NW-BT or hybrid (76%
vs 60% vs 61%; P<.001). Furthermore, for neonates with lower birth weight
(<#2 kg), an interaction between birth weight and hybrid resulted in a trend
toward better survival after hybrid compared with NW-BT or NW-RVPA. For
propensity-matched neonates between hybrid and NW-BT (88 pairs), 4-year
survival was similar (62% vs 57%; P ¼ .58). For propensity-matched neonates
between hybrid and NW-RVPA (81 pairs), 4-year survival was better after
NW-RVPA (59% vs 75%; P ¼ .008).

Conclusions: For neonates with critical LVOTO undergoing single-ventricle
palliation, NW-RVPA was associated with the best overall survival. Hybrid
strategies are not a lower-risk alternative to Norwood operations overall; however,
the impact of lower birth weight on survival may be mitigated after hybrid
procedures compared with Norwood operations. (J Thorac Cardiovasc Surg
2016;-:1-10)

Risk-adjusted survival for neonates with critical
LVOTO stratified by stage 1 operation.

Central Message

Overall, NW-RVPA had the best survival.
Although hybrid procedures are not a lower-
risk alternative overall compared with stage 1
Norwood operations, hybrids may improve sur-
vival in neonates with lower birth weight.

Perspective

Although the perception exists that hybrid pro-
cedures may be a lower-risk alternative to Nor-
wood procedures for neonates with critical
LVOTO who require stage 1 single-ventricle
palliation, the Congenital Heart Surgeons’ So-
ciety experience demonstrated better overall
survival after NW-RVPA. Hybrid procedures
may offer a survival advantage for neonates
with lower birth weight, however.
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Current strategies that achieve the objectives of stage 1
palliation for neonates with critical left ventricular
outflow tract obstruction (LVOTO) and right ventricle–
dependent systemic circulation include the Norwood
operation and a hybrid procedure. Although the Norwood
operation accomplishes the goals of stage 1 palliation, it
involves major surgical reconstruction and is associated
with a physiology characterized by the need for a
delicate circulatory balance and increased cardiac de-
mands.1,2 Moreover, exposure to cardiopulmonary bypass
(CPB), generally with either deep hypothermic circulatory
arrest (DHCA) or regional cerebral perfusion, during
aortic arch reconstruction can contribute to postoperative
hemodynamic instability, morbidity, and mortality.3 In
addition, the early physiological stress imposed on neonates
after Norwood operations raises concerns regarding adverse
neurodevelopment.4

The hybrid procedure has emerged as an alternative strat-
egy for stage 1 palliation.5,6 In contrast to Norwood
operations, the hybrid procedure generally does not
require CPB and DHCA or regional cerebral perfusion.
Thus, the less invasive hybrid procedure may avoid the
physiological instability associated with Norwood
operations for stage 1 palliation and may potentially
improve survival.3,5-7 In this light, hybrid palliation may
be perceived as a lower-risk alternative to Norwood
operations, especially for patients considered at high risk
for mortality. Although these perceptions exist, the impact
of the hybrid procedure on survival relative to Norwood
operations remains incompletely defined.5,7,8

The Congenital Heart Surgeons’ Society (CHSS) has one
of the largest multi-institutional inception cohorts of
neonates with critical LVOTO, in which the majority of
patients have undergone single-ventricle palliation via
either a stage 1 hybrid or Norwood operation. Given the
insufficient published evidence comparing outcomes of
these strategies,3,5,6,8-10 we sought to compare outcomes
among neonates undergoing a hybrid procedure with
either of the 2 commonly used techniques for establishing
pulmonary blood flow (systemic artery–to–pulmonary
artery shunt or right ventricle–to–pulmonary artery
conduit) and those undergoing a Norwood operation.

METHODS
Between 2005 and 2014, a total of 692 neonates with critical LVOTO

were admitted to the 21 CHSS institutions within 30 days of life
and were prospectively enrolled in a multi-institution inception cohort
(Table E1). Inclusion criteria were based on the presence of critical LVOTO
in the setting of atrioventricular and ventriculoarterial concordance, such
that the LVOTO precluded adequate systemic cardiac output through the
aortic valve, with the initial intervention performed at a CHSS institution.
The physiological criteria generally resulted in ductal-dependent systemic
circulation and the need for early intervention. For 564 neonates (20
institutions; Figure E1), the initial management strategy was the Norwood
operation with a modified Blalock-Taussig shunt (NW-BT; n¼ 232; 41%),
the Norwood operation with right ventricle–to–pulmonary artery conduit
(NW-RVPA; n ¼ 222; 39%), or a hybrid procedure (n ¼ 110; 20%).
Although the hybrid strategies lacked procedural uniformity, basic criteria
included restriction of pulmonary blood flow with pulmonary artery band-
ing and maintenance of ductus arteriosus patency with either transcatheter
stent placement or prostaglandin therapy (Table E2). The choice of man-
agement strategy (including the initial procedure) was at the discretion
of institution physicians.

The primary objectives of the present study included defining overall
survival for all 564 neonates after stage 1 single-ventricle palliation,
defining end states after stage 1 single-ventricle palliation, and comparing
the relative impact on survival between the hybrid procedure and Norwood
operation. As an initial step, overall survival was compared among neo-
nates who underwent NW-BT, NW-RVPA, or hybrid without adjusting
for additional risk factors. Competing-risks methodology was then used
to evaluate survival in the context of the various definitive end states after
stage 1 palliation.

To adjust for the potential differences in characteristics among patients
undergoing each of these operations, our analysis strategy incorporated 2
methods of risk adjustment, each of which was based on the competing-
risks survival model. First, survival was evaluated among all 564 patients
as part of a risk hazard analysis, specifically targeted at identifying whether
procedure type was a risk factor. Then survival was evaluated between
propensity-matched subsets. Neonates undergoing a stage 1 hybrid proced-
ure were matched to neonates who underwent NW-BTand also to neonates
who underwent NW-RVPA. The secondary objectives of this study were
aimed at identifying risk factors for death other than the type of stage 1
palliation, including morphologic, demographic, and center-related
factors.

Data Acquisition and Follow-up
Participation in the study and submission of patient information were

voluntary and confidential. The CHSS Data Center and all participating
institutions obtained Ethics Board approval, and parental consent was ob-
tained for all neonates before enrollment. The Data Center contacted the

Abbreviations and Acronyms
BSA ¼ body surface area
CHSS ¼ Congenital Heart Surgeons’ Society
CPB ¼ cardiopulmonary bypass
DHCA ¼ deep hypothermic circulatory arrest
KM ¼ Kaplan-Meier
LVOTO ¼ left ventricular outflow tract

obstruction
NW-BT ¼ Norwood with modified Blalock-

Taussig shunt
NW-RVPA ¼ Norwood with right ventricle–

pulmonary artery conduit

Scanning this QR code will take
you to supplemental data, tables,
and figures for this article.

Congenital Wilder et al

2 The Journal of Thoracic and Cardiovascular Surgery c - 2016

C
O
N
G

..maybe

patterns of coronary artery perfusion associated with each
operation.24

Normally, coronary artery perfusion is greatest during
diastole. Following NW-BT, however, the lower resistance

of the pulmonary circulation compared with the systemic
circulation results in continuous forward flow through the
BT shunt.25-27 The preferential blood flow through the BT
shunt, away from the systemic and coronary vascular bed
(‘‘diastolic runoff’’), is associated with coronary artery
insufficiency and decreased myocardial flow reserve
and perfusion.2,24,26,27 In contrast, the physiology after
NW-RVPA eliminates the possibility of diastolic runoff
away from the coronary circulation and thus potentially
results in better myocardial perfusion.28 A key finding of
the Pediatric Heart Network Single Ventricle Reconstruc-
tion Trial was the better early (<1 year) transplantation-
free survival after NW-RVPA compared with NW-BT
(74% vs 64%).2 The fundamental difference in coronary
artery perfusion between NW-BT and NW-RVPA has
been speculated to be an important factor contributing to
the early difference in survival between these 2 groups.2,26

The physiology after the hybrid procedure is similar to that
after NW-BT, in that there is associated diastolic runoff.
Although causality cannot be determined from our results,
or from previous reports, it is reasonable to suggest that
the similar survival observed after hybrid procedures and
NW-BT, and the difference in survival between hybrid
procedures and NW-RVPA, are related, at least in part, to
the physiology of coronary perfusion for each strategy.
Although there are some similarities in outcomes be-

tween our present analysis and the Single Ventricle Recon-
struction Trial, there are several important methodological
differences. For example, our study was not an intention-
to-treat analysis, did not randomize patients, included
patients who underwent a stage 1 hybrid procedure, and
evaluated different endpoints. As such, we have intention-
ally avoided drawing specific comparisons between our
results and those of the Single Ventricle Reconstruction
Trial. However, a recent CHSS publication comparing
propensity-matched patients undergoing NW-BT and
NW-RVPA demonstrated transplantation-free survival
similar to that found in the Single Ventricle Reconstruction
Trial, supporting the proposition that coronary perfusion
may account for the differences in early survival.29

In our cohort, the neonates who underwent a stage 1
hybrid procedure had significantly lower birth weight
compared with those who underwent a Norwood operation,
which likely represents a bias when selecting the type of
stage 1 procedure. Previous studies, including the Single
Ventricle Reconstruction Trial, have identified birth weight
<2.5 kg as associated with an increased risk of death after
Norwood operations.2,30 Similarly, our study found lower
birth weight to be a strong risk factor for death, with an
approximate threshold for reduced survival of 2.5 kg,
irrespective of stage 1 procedure. Importantly, we found
that hybrid procedures mitigated some the risk associated
with low birth weight, resulting in a trend toward
improved survival for neonates of lower birth weight.

FIGURE 5. Impact of birth weight on survival overall and stratified by

stage 1 procedure. A, Risk-adjusted nomogram depicting the overall

impact of birth weight on survival and (B) the impact of birth weight on

survival stratified by stage 1 procedure. Survival is censored at the time

of transition to a Fontan operation, transplantation, or biventricular repair.

The estimated 4-year survival (vertical axis) is plotted against birth weight

(horizontal axis). A, For all patients, birth weight had a nonlinear

association with survival, such that at birth weight !2.0 to 2.5 kg there

was a substantial decline in survival (solid black line). B, The estimated

4-year survival plotted against birth weights, stratified by NW-BT

(n ¼ 232; blue curve), NW-RVPA (n ¼ 222; green curve), and hybrid

procedure (n ¼ 110; red curve) truncated to fit the range of birth weights

for each group. There was a significant interaction between birth weight

and hybrid procedures, such that birth weight had a disproportionate impact

on survival for hybrid relative to NW-BT and NW-RVPA. Solid lines are

parametric estimate enclosed within dashed 68% confidence bands

equivalent to # 1 standard error. Risk factors other than birth weight,

and procedure for (B), were held constant at their median or mean value.

Risk factors (median value): hybrid, 0.2; NW-RVPA conduit, 0.39;

ascending aorta index, 1.8 cm/m2; atretic aortic valve, 0.48; mitral valve

z-score, $15; years, 4. NW-RVPA, Norwood operation with right

ventricle–to–pulmonary artery conduit; NW-BT, Norwood operation with

modified Blalock-Taussig shunt.
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propensity-matched patients undergoing NW-BT and
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compared with those who underwent a Norwood operation,
which likely represents a bias when selecting the type of
stage 1 procedure. Previous studies, including the Single
Ventricle Reconstruction Trial, have identified birth weight
<2.5 kg as associated with an increased risk of death after
Norwood operations.2,30 Similarly, our study found lower
birth weight to be a strong risk factor for death, with an
approximate threshold for reduced survival of 2.5 kg,
irrespective of stage 1 procedure. Importantly, we found
that hybrid procedures mitigated some the risk associated
with low birth weight, resulting in a trend toward
improved survival for neonates of lower birth weight.
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The Retrograde Aortic Arch in the Hybrid
Approach to Hypoplastic Left Heart Syndrome
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Background. Before palliative stage 2 for hypoplastic
left heart syndrome, the coronary and cerebral circula-
tions are often dependent on retrograde perfusion by
means of the aortic arch. Results of hybrid palliation
with a focus on patients exhibiting retrograde aortic arch
obstruction (RAAO) were analyzed.

Methods. From July 2002 to March 2008 66 consecutive
hybrid procedures for hypoplastic left heart syndrome
were performed. Patients requiring RAAO intervention
based on cardiology–surgery consensus were defined as
group 1 (n ! 16), whereas all other hypoplastic left heart
syndrome patients formed group 2 (n ! 50).

Results. At birth there were no differences between
groups in terms of demographics or cardiac function.
Group 1 had more patients with aortic atresia (94%
versus 58%; p ! 0.01), and 69% of patients had initial
echocardiographic comments regarding incipient RAAO
versus 26% in group 2 (p ! 0.007). The type of ductal

stent, balloon versus self-expandable, did not influence
the subsequent development of RAAO. Before RAAO
intervention (mean age, 74 days), group 1 patients had
significantly more tricuspid regurgitation. The main
treatment for RAAO in group 1 was coronary stent
insertion, with 3 patients having a reverse central shunt.
At a mean follow-up of 611 days, group 1 had reduced
survival interstage (56.3% versus 88%; p ! 0.005) and
overall (43.7% versus 70%; p ! 0.03).

Conclusions. Clinically important RAAO occurred in
24% of the hypoplastic left heart syndrome patients in
this series. If RAAO is detected at birth or early inter-
stage, a Norwood operation is now favored. Palliative
interventional catheterization remains very important
mid and late interstage for continuing the hybrid strategy
toward comprehensive stage 2.

(Ann Thorac Surg 2009;88:1939–47)
© 2009 by The Society of Thoracic Surgeons

More than 25 years after the first successful staged
reconstruction, the management of patients with

hypoplastic left heart syndrome (HLHS) remains a mul-
tidisciplinary challenge. Several strategies in recent years
are having a noticeable impact on the disease burden,
most notably the right ventricle to pulmonary artery
Sano modification, a hybrid approach, and the close
monitoring of patients between stages 1 and 2 of pallia-
tion [1–4]. This diversification is exciting, but owing to a
combination of approaches, heterogeneity of patients,
and relatively small numbers in each center, the merits of
different surgical strategies require further follow-up.
Our center embraced the hybrid collaboration, and after
the adoption period we are now able to use a reproduc-
ible technique with good results in the average-risk
HLHS patient [5–7]. Hybrid stage 1 palliation consists of
bilateral pulmonary artery banding, placement of a stent
in the persistent ductus arteriosus (PDA) without cardio-
pulmonary bypass, and then balloon atrial septostomy.
After the child matures a comprehensive stage 2 is done

at approximately 6 months of age in the form of a
Norwood-type reconstruction combined with a bidirec-
tional cavopulmonary anastomosis. It is postulated but
unproved that the whole sequence of management may
reduce the overall morbidity and mortality by avoiding
major open heart surgery in the neonatal period.

A legitimate concern is that until stage 2 reconstruction
hybrid patients have coronary and cerebral perfusion by
means of retrograde flow through the aortic arch, with
the possibility of subsequent obstruction at this site. In
patients with aortic atresia this flow is entirely dependent
on retrograde perfusion. Retrograde aortic arch obstruc-
tion (RAAO) can occur in utero, postnatally before sur-
gical treatment begins, or afterward in acute or more
insidious fashion at the time of PDA stenting or during
subsequent follow-up [8, 9]. We report results with the
hybrid approach in a series of HLHS patients with an
emphasis on the development of this particular compli-
cation. In defining RAAO here we have taken a prag-
matic approach. As discussed below, a comparison is
made between patients who required a specific interven-
tion for RAAO and all other HLHS patients in the series.
For the benefit of capturing the multiple facets of this
entity we have included here all HLHS patients treated on
the hybrid pathway at our center, including the initial
experience previously described as “the learning curve” [5].
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with a focus on patients exhibiting retrograde aortic arch
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based on cardiology–surgery consensus were defined as
group 1 (n ! 16), whereas all other hypoplastic left heart
syndrome patients formed group 2 (n ! 50).

Results. At birth there were no differences between
groups in terms of demographics or cardiac function.
Group 1 had more patients with aortic atresia (94%
versus 58%; p ! 0.01), and 69% of patients had initial
echocardiographic comments regarding incipient RAAO
versus 26% in group 2 (p ! 0.007). The type of ductal

stent, balloon versus self-expandable, did not influence
the subsequent development of RAAO. Before RAAO
intervention (mean age, 74 days), group 1 patients had
significantly more tricuspid regurgitation. The main
treatment for RAAO in group 1 was coronary stent
insertion, with 3 patients having a reverse central shunt.
At a mean follow-up of 611 days, group 1 had reduced
survival interstage (56.3% versus 88%; p ! 0.005) and
overall (43.7% versus 70%; p ! 0.03).

Conclusions. Clinically important RAAO occurred in
24% of the hypoplastic left heart syndrome patients in
this series. If RAAO is detected at birth or early inter-
stage, a Norwood operation is now favored. Palliative
interventional catheterization remains very important
mid and late interstage for continuing the hybrid strategy
toward comprehensive stage 2.

(Ann Thorac Surg 2009;88:1939–47)
© 2009 by The Society of Thoracic Surgeons

More than 25 years after the first successful staged
reconstruction, the management of patients with

hypoplastic left heart syndrome (HLHS) remains a mul-
tidisciplinary challenge. Several strategies in recent years
are having a noticeable impact on the disease burden,
most notably the right ventricle to pulmonary artery
Sano modification, a hybrid approach, and the close
monitoring of patients between stages 1 and 2 of pallia-
tion [1–4]. This diversification is exciting, but owing to a
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and relatively small numbers in each center, the merits of
different surgical strategies require further follow-up.
Our center embraced the hybrid collaboration, and after
the adoption period we are now able to use a reproduc-
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at approximately 6 months of age in the form of a
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unproved that the whole sequence of management may
reduce the overall morbidity and mortality by avoiding
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made between patients who required a specific interven-
tion for RAAO and all other HLHS patients in the series.
For the benefit of capturing the multiple facets of this
entity we have included here all HLHS patients treated on
the hybrid pathway at our center, including the initial
experience previously described as “the learning curve” [5].

Accepted for publication June 25, 2009.

Presented at the Forty-fifth Annual Meeting of The Society of Thoracic
Surgeons, San Francisco, CA, Jan 26–28, 2009.

Address correspondence to Dr Galantowicz, Nationwide Children’s Hospi-
tal, 700 Children’s Dr, Columbus, OH 43205; e-mail: mark.galantowicz@
nationwidechildrens.org.

© 2009 by The Society of Thoracic Surgeons 0003-4975/09/$36.00
Published by Elsevier Inc doi:10.1016/j.athoracsur.2009.06.115

PE
D

IA
TR

IC
C

A
R

D
IA

C

It was through this experience that important insights have
been made influencing our current treatment algorithm.

Patients and Methods

Patient Population
We carried out a retrospective review of prospectively
collected data. The study was approved by the local
institutional review board. In view of the retrospective
design with absence of patient identifiers, the require-
ment for individual patient consent was waived. Between
July 2002 and April 2008, 76 consecutive cases of hybrid
stage 1 palliation were performed in our hospital. After
excluding 1 HLHS case with extremely high-risk features
(significant comorbidities, including large congenital di-
aphragmatic hernia), another HLHS patient arriving in
extremis at 3.5 months of age from overseas, and 8
patients with non-HLHS complex single ventricles, 66
patients with HLHS were retained for analysis. The
reason for excluding non-HLHS patients was to avoid
bias from comparing them with HLHS patients with
hypoplastic arches and therefore, in theory, more prone
to RAAO. The comprehensive stage 2 operation was
done at an average age of 6 months. Interstage all
patients had cardiology monitoring every 1 to 2 weeks. A
high index of suspicion was maintained to detect evi-
dence of cardiac dysfunction. Tricuspid regurgitation,
transatrial septal flow, ventricular function, and gradi-
ents in the PDA, retrograde aortic arch, and across the
pulmonary bands were evaluated regularly with echocar-
diography. When abnormal echocardiographic variables
correlated with clinical findings of cardiac failure or

ischemia or with ST changes on the electrocardiogram,
the clinical diagnosis of RAAO was always entertained,
and patients proceeded to cardiac catheterization. All
patients were discussed in our weekly cardiology–
surgery conference to obtain consensus regarding the
clinical management strategy. For the purposes of this

Fig 1. (A) Angiographic appearance of retro-
grade aortic arch obstruction in an interstage
patient found to have tricuspid regurgitation,
decreased right ventricular function, and a
35-mm Hg gradient across the aortic arch.
(B, C, and D) Same patient treated with an
8-mm-long coronary stent expanded to 5 mm.
Gradient disappeared and right ventricular
function and tricuspid regurgitation returned
to baseline.

Table 1. Characteristics of Patients With Hypoplastic Left
Heart Syndrome

Characteristic
Group 1
(n ! 16)

Group 2
(n ! 50)

p
Value

Male sex (%) 9 (56) 32 (64) 0.76
Age at H1 (days) 8.1 " 6.2 10.3 " 9.1 0.28
Weight at H1 (kg) 3.1 " 0.6 2.9 " 0.6 0.53

Weight #2.5 kg at
H1 (%)

4 (16) 15 (30) 1.00

Weight #2.0 kg at
H1 (%)

0 (0) 3 (6) 1.00

Anatomy
AA (%) 15 (94) 29 (58) 0.01
AA/MS (%) 6 (38) 12 (24) 0.34
Intact atrial septum 2 (13) 2 (4) 0.24

Balloon/self-expandable
PDA stents

3/13 16/34 0.36

Age at retrograde
intervention (days)

73.9 " 52.2 Not applicable

Age at C2 (days) 165.6 " 60.1 171.7 " 39.7 0.78
Weight at C2 (kg) 5.4 " 1.3 5.7 " 0.8 0.32

AA ! aortic atresia; C2 ! comprehensive stage 2; PDA ! persis-
tent ductus arteriosus; H1 ! hybrid stage 1; MS ! mitral stenosis.
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The measurements also were entered into an echocar-

diographic reporting system, and z-scores for the aortic
isthmus, ascending aorta, aortic root, and distal transverse

aortic arch were obtained. The z-scores were based on the

Children’s Hospital of Boston normative database [6].
Follow-up echocardiograms were obtained routinely the

day after hybrid stage 1 palliation. The patients then had

subsequent studies every 2 weeks during the interstage
period or more frequently as clinically indicated. Other

echocardiographic measurements were assessed at initial
and follow-up studies including peak Doppler velocity in

the retrograde aortic arch, peak velocities through the PDA

stent and pulmonary artery bands, qualitative right ven-
tricular function, and degree of tricuspid regurgitation. The

peak Doppler velocities in the retrograde aortic arch were

categorized into groups of 3 m/s or less, 3.1 to 3.5 m/s, and
more than 3.5 m/s (Fig. 3).

Angiographic Measurements

All angiograms obtained during PDA stent placement were
reviewed. The lateral angiogram was used for the following

measurements of the aortic arch at maximum dimension

(Fig. 4):

A: Ascending aorta

B: Transverse aortic arch at the base of the left common
carotid

C: Orifice of the aortic isthmus

D: Proximal descending aorta

The angle between the aortic isthmus and the ductal arch

was measured before stent deployment and on the post-

deployment lateral angiogram. Transecting lines were
drawn through the middle of the vessels: one through the

orifice of the aortic isthmus and one from the middle of the

ductus arteriosus to the proximal descending aorta (Fig. 5).
The positioning of the PDA stent in relation to the aortic

isthmus and descending aorta was defined as proximal to

the orifice of the retrograde aortic isthmus, in the middle of
the orifice of the isthmus, or distal to the orifice of the

isthmus into the descending aorta.

Two investigators blinded to the patient group per-
formed the measurements independently. All angiographic

measurements were compared and demonstrated good

interobserver reliability with an intraclass correlation of
0.855 [5]. The retrograde aortic arch gradient, defined as

the systolic blood pressure difference between the trans-

verse aortic arch and the descending aorta, was recorded

Fig. 3 a Patent ductus arteriosus (PDA) stent seen by two-dimen-
sional imaging (left) and color Doppler (right) demonstrating
antegrade flow through the PDA stent. There is aliased retrograde
flow from the PDA stent into the retrograde aortic arch. b Continuous-
wave Doppler analysis of retrograde aortic arch flow in a patient with
retrograde aortic arch obstruction (RAAO)

Fig. 4 Lateral angiogram obtained by an injection through a 6-Fr
sheath placed in the main pulmonary artery during hybrid stage 1
palliation demonstrating the measurements of the ascending aorta (a),
transverse aortic arch (b), aortic isthmus (c), and descending aorta (d)
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higher proportion of patients in group 1 had specific
qualitative comments about the retrograde arch com-
pared with group 2 (69% versus 26%; p ! 0.01). Before
RAAO treatment, group 1 patients had a higher gradient
at this level along with more tricuspid regurgitation but
without statistically significant differences in ventricular
function, atrial septal gradient, and PDA gradient. Two
patients in group 2 were catheterized interstage on the
basis of suspected RAAO, but the diagnosis was not
confirmed and no specific treatment for the retrograde
arch was required.

Clinical Outcomes and Survival
group 1. The clinical course of the patients is described in
Figure 2. Table 3 has further details about the type of
RAAO intervention and the clinical course of patients in
group 1. Patient numbers in this section refer to group 1
and Table 3. Patient 3 was unstable during the hybrid
procedure; despite resuscitative measures including ex-
tracorporeal membrane oxygenation, the patient did not
survive. At autopsy severe congenital stenosis was noted
between the transverse and the descending aorta. Al-
though the diagnosis of RAAO was established post
mortem, this patient belongs in group 1 for the purposes
of this study. Patients 1 and 2 are representative of our
early experience and examples of unsuccessful attempts
of an early comprehensive stage 2. Both patients exhib-
ited RAAO physiology with cardiac dysfunction, leading
to stage 2 palliation being brought forward. Neither
patient could be weaned from cardiopulmonary bypass,
and despite extracorporeal membrane oxygenation sup-
port both patients died of multisystem organ failure.
After this initial unfavorable experience our strategy was
palliative stenting for RAAO as a bridge to corrective
surgery beyond 4 months of age. Seven patients in group
1 went on to comprehensive stage 2 by means of this
pathway. Patient 9 was diagnosed with RAAO prenatally
and after discussing all possibilities with the patient’s
family they opted for a hybrid procedure, which included
a reverse central shunt. After an uneventful postopera-
tive course the patient experienced sudden death at
home interstage. Patient 11 was another unmonitored
out-of-hospital sudden death. Patient 12 had a reverse
central shunt 2 months after RAAO stenting and had an
unheralded cardiac arrest on the floor on postoperative
day 9. Patient 8 was successfully bridged to a compre-
hensive stage 2 after a reverse central shunt was placed
for recurrent RAAO after developing severe stenosis
within the retrograde stent. Finally, of the 12 patients
receiving stents for RAAO, 1 was listed for transplanta-
tion and died on the waiting list, and 3 had sudden
cardiorespiratory arrests, with temporary extracorporeal
membrane oxygenation support for patient 13. Among
these 12 RAAO stented patients, survivors had stent
implantation at an average age of 95 days versus 62 days
in nonsurvivors, but the difference was not statistically
significant.

group 2. Seven deaths occurred in this group between
stages 1 and 2. There were 3 postoperative deaths after
the hybrid procedure. One patient with intact atrial

septum had balloon atrial septostomy on day 7 of life
followed by the hybrid on day 9 and arrested unexpect-
edly on the night of the operation. Two patients died of
aspiration before discharge and of necrotizing enteroco-
litis, respectively. Between stages 1 and 2 one patient
died of infection at another hospital, 2 patients had
out-of-hospital sudden death, and 1 other patient died
postoperatively after surgical repair of recurrent pulmo-
nary vein stenosis performed at 6 months.

As detailed above a total of 4 patients in groups 1 and
2 had postoperative deaths after the hybrid procedure
(6%). Figure 3 shows actuarial survival for the two
groups, the figures to date being 56.3% versus 88%
interstage (p ! 0.005) and 43.7% versus 70% overall at a
mean follow-up of 611 days (p ! 0.03).

Comment

In this report we highlight a number of points related to
the development of RAAO in a series of consecutive
patients treated with a hybrid approach for HLHS. First
of all, the majority of patients (76%) do not exhibit this
complication. However, in patients with RAAO there is
higher morbidity and mortality interstage and probably
inferior results overall. We should emphasize that in-
cluding our early experience there was a negative effect
on overall survival compared with results reported more
recently [6]. As previously, it is a reflection of the lessons
learned [5].

Fig 3. Kaplan-Meier survival curves for groups 1 and 2. (A) Sur-
vival to stage 2; p ! 0.005. (B) Survival overall; p ! 0.03.
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In-hospital survival after stage I palliation for infants with 
hypoplastic left heart syndrome (HLHS) and its variants 

has dramatically improved during the past decade with refine-
ments in surgical techniques and perioperative management.1,2 
Nonetheless, interstage death and the need for heart transplan-
tation between stage I and stage II palliation is still significant, 
resulting in 1-year transplant-free survival of ≈70%.3,4 Recent 
surgical modifications, namely the Sano procedure5 with a 
right ventricle–pulmonary artery conduit and the Hybrid pro-
cedure,6,7 have failed to show substantial survival advantages 
over the standard Norwood strategy.3,4 Multiple anatomic 
and physiologic risk factors for interstage death have been 

identified, including arrhythmia,8 ventricular dysfunction,9 
and atrioventricular valve regurgitation (AVVR).10

All surgical palliation strategies for HLHS were primarily 
designed to improve stage I survival, and therefore the impact 
of stage I surgical palliation strategies on ventricular function 
is poorly understood. Currently, all 3 major palliation strate-
gies result in a volume-overloaded state in the systemic single 
ventricle until conversion to cavopulmonary shunt physiology. 
The degree of volume overload, as measured by the pulmo-
nary-to-systemic flow ratio, is generally comparable among 
the palliation groups.3,11 Cardioplegic cardiac arrest and deep 
hypothermic circulatory arrest (DHCA) at stage I Norwood 

Background—All 3 palliation strategies, Norwood, Sano, and Hybrid, currently used for hypoplastic left heart syndrome 
pose a risk of myocardial injury at different times and through different mechanisms. We sought to compare these 
strategies to understand longitudinal differences in interstage ventricular dysfunction and their subsequent impact on 
transplant-free survival and atrioventricular valve regurgitation (AVVR) as well as the relationship between adverse 
events and ventricular function.

Methods and Results—Serial echocardiographic reports and clinical data were reviewed for 138 children with hypoplastic 
left heart syndrome who underwent stage I surgical palliation (Sano: 11; Norwood: 73; Hybrid: 54) between 2004 and 
2011. Stage II palliation was achieved in 92 (67%) patients (Sano: 7; Norwood: 51; Hybrid: 34). Interstage transplant-
free survival, ventricular dysfunction, and AVVR were equivalent among palliation strategies. Patients with preserved 
ventricular function had a higher rate of transplant-free survival and freedom from AVVR, regardless of palliation strategy. 
Patients who had cardiac arrest, cardiopulmonary resuscitation, or extracorporeal membrane oxygenation (adverse events) 
experienced more transient and persistent ventricular dysfunction compared to those without adverse events. Surgical 
palliation strategies were not identified as risk factors for ventricular dysfunction or AVVR.

Conclusions—Surgical palliation strategy does not affect mortality, interstage ventricular function, or interstage AVVR in children 
with hypoplastic left heart syndrome. Therefore, the different timing and mechanisms of myocardial injury among palliation 
strategies do not affect outcomes. Ventricular dysfunction adversely affects transplant-free survival and atrioventricular valve 
function. Adverse events are associated with the development of ventricular dysfunction. To improve outcomes, interstage 
treatment should focus on the preservation of ventricular function.  (Circulation. 2013;128[suppl 1]:S205-S212.)

Key Words: Hybrid ◼ hypoplastic left heart syndrome ◼ Norwood ◼ Sano  
◼ single ventricle ◼ ventricular function
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Results
Interstage Outcomes Between Stage I and  
Stage II Palliation

Perioperative Data and Clinical Outcomes
Patient demographics, diagnoses, and preoperative data 
were comparable among the groups, except that the 
Norwood group had more morphologically left ventricles 
(P=0.017). The Sano group had longer aortic cross-clamp 
time (P=0.010) and deep hypothermic circulatory arrest 
time (P=0.006) compared with the Norwood group. Given 
the nature of Hybrid palliation, all intraoperative variables 
were different between the Hybrid group and both Norwood 
and Sano groups (P<0.001; Table 1). The Hybrid group had 
a shorter length of intensive care unit stay (P<0.001) and 
hospital stay (P<0.001) compared with the Norwood group. 
Between stage I and II palliation, there were 42 (30%) 
deaths or transplants (Sano: 3; Norwood: 20; Hybrid: 19). 
Transplant-free survival was comparable between the groups 
6 months (Sano: 72.7%; Norwood: 69.7%; Hybrid: 64.8%) 
and 1 year (Sano: 62.3%; Norwood: 65.2%; Hybrid: 56.7%) 
after stage I (P=0.669; Figure 1).

After stage I palliation, there were 56 adverse events (car-
diac arrest/CPR: 29; ECMO: 27) in 35 patients: 7 events 
(cardiac arrest/CPR: 3; ECMO: 4) in 5 Sano patients, 30 
events (cardiac arrest/CPR: 18; ECMO: 12) in 19 Norwood 
patients, and 19 events (cardiac arrest/CPR: 8; ECMO: 11) in 
11 Hybrid patients. Freedom from adverse events at 3 months 
(Sano: 72.7%; Norwood: 77.7%; Hybrid: 80.6%) and 6 
months (Sano: 38.8%; Norwood: 72.9%; Hybrid: 76.7%) after 
stage I palliation was similar (P=0.122). Of the 138 patients 
who underwent stage I palliation, 92 (67%) patients (Sano: 7; 
Norwood: 51; Hybrid: 34) achieved stage II palliation and 4 
(3%) were awaiting stage II palliation.

Ventricular Function and AVVR
There was no difference in pre-stage I ventricular dysfunction 
among the groups (P=0.623; Table 1). A total of 39 (28%) 
patients (Sano: 2; Norwood: 22; Hybrid: 15) developed mod-
erate/severe ventricular dysfunction between stage I and stage 

II, including 15 (11%) patients (Sano: 1; Norwood: 9; Hybrid 
5) who developed ventricular dysfunction immediately after 
stage I palliation. Of the 39 patients, 15 (39%; Sano: 0; 
Norwood: 8; Hybrid: 7) had persistent dysfunction, whereas 
24 (61%; Sano: 2; Norwood: 14; Hybrid: 8) had transient dys-
function. Freedom from moderate/severe ventricular dysfunc-
tion was comparable among the groups at 3 months (Sano: 
90.9%; Norwood: 72.2%; Hybrid: 81.0%) and 6 months 
(Sano: 68.2%; Norwood: 66.8%; Hybrid: 70.6%) after stage 
I palliation (P=0.726; Figure 2).

Freedom from moderate/severe AVVR was comparable 
among groups at 3 months (Sano: 77.8%; Norwood: 70.2%; 
Hybrid: 70.6%) and 6 months (Sano: 64.8%; Norwood: 
64.5%; Hybrid: 63.4%) after stage I palliation (P=0.872). 
Freedom from moderate/severe AVVR in patients with early 
postoperative ventricular dysfunction was significantly lower 
at 3 months after stage I palliation, regardless of surgical pal-
liation strategy (P=0.004).

Ventricular Function and Transplant-Free Survival
Freedom from death or transplantation for the whole cohort 
was significantly lower at 3 months (preserved function: 
83.7%; dysfunction: 46.7%) and 6 months (preserved func-
tion: 73.1%; dysfunction: 26.7%) in the group that developed 
ventricular dysfunction in the early postoperative period after 
stage I palliation (P<0.001). Similarly, freedom from death or 
transplantation was lower at 3 and 6 months in patients with 
any interstage ventricular dysfunction, regardless of palliation 
strategy (P=0.001; Figure 3A).

Adverse Events and Ventricular Function
Of the 35 patients who had adverse events, 12 (34%; Sano: 3; 
Norwood: 8; Hybrid: 1) never developed ventricular dysfunc-
tion, 9 (26%; Sano: 0; Norwood: 7; Hybrid: 2) had ventricular 
dysfunction before the adverse event, and 14 (40%; Sano: 2; 
Norwood: 4; Hybrid: 8) developed ventricular dysfunction 
at or after the adverse event. Freedom from moderate/severe 
ventricular dysfunction was significantly lower in patients 
who had adverse events at 3 and 6 months after stage I pal-
liation, regardless of palliation strategy (P<0.001; Figure 3B). 

Figure 1. Transplant-free survival after stage I palliation stratified 
by surgical palliation strategy.

Figure 2. Freedom from moderate or severe ventricular dysfunction 
after stage I palliation stratified by surgical palliation strategy.

After stage I
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Adverse Events and Ventricular Function
Of the 15 patients who had an adverse event, 6 (40%; Sano: 
2; Norwood: 3; Hybrid: 1) never developed poor ventricular 
function, 5 (33%; Sano: 0; Norwood: 2; Hybrid: 3) developed 
ventricular dysfunction before the adverse event, 2 (13%; 
Sano: 1; Norwood: 1; Hybrid: 0) developed ventricular dys-
function at or after the adverse event, and 2 (13%) patients 
had incomplete resuscitation records. Freedom from moder-
ate/severe ventricular dysfunction was significantly reduced in 
patients who had adverse events at 6 months and 1 year after 
stage II palliation, regardless of palliation strategy (P=0.019; 
Figure 5B). Relative to those without adverse events, patients 
with adverse events experienced significantly more ventricu-
lar dysfunction (60% versus 22%; P=0.003).

Right-Dominant Morphology Subgroup Analysis
The results did not change significantly when the analysis 
was repeated excluding patients with dominant left heart 

morphology, with 1 minor exception. Adverse events being 
associated with more ventricular dysfunction after stage II 
went from being statistically significant to a trend (P=0.088).

Risk Factor Analysis
Adverse events (P=0.007), longer deep hypothermic circula-
tory arrest time (P=0.040), and the development of moder-
ate/severe AVVR in the early postoperative period (P=0.023) 
were predictors for the development of ventricular dysfunc-
tion. Surgical palliation strategies were not significant risk 
factors in univariable analysis (Sano: P=0.928; Norwood: 
P=0.462; Hybrid: P=0.414). Moderate/severe ventricular dys-
function in the early postoperative period (P=0.001) was the 
only risk factor for AVVR.

Discussion
Substantial efforts have been made to improve early survival 
after stage I palliation for infants with HLHS in the last 2 
decades. Many recent clinical series have reported in-hospital 
survival >85%.14 Nonetheless, it is also true that we still face 
significant interstage mortality of ≤20%,3,4,8 which remained 
unchanged in the past decade, despite refinements in follow-
up management. Our hypothesis was that ventricular function 
plays an important role in interstage morbidity and mortality 
in this particular patient group, which has not been well inves-
tigated in the past. We also investigated the 2 major factors 
that could influence ventricular function: surgical palliation 
strategy and significant adverse events. The risk factor analy-
sis did not show any modifiable factors to improve outcomes. 
Rather, this study revealed the limitations of current staged 
single-ventricle palliation strategies.

The key finding from our study is that palliation strategy 
does not have an impact on ventricular function throughout 
the interstage palliation period. In other words, none of the 
palliation strategies has a protective effect on ventricular func-
tion. Ventricular dysfunction at any point, even if transient, 
had a significant negative impact on survival and atrioventric-
ular valve function. Adverse events had a profound effect on 
ventricular function and survival.

Figure 5. A, Freedom from death or transplantation stratified by surgical palliation strategy and any interstage ventricular dysfunction 
after stage II palliation. B, Freedom from moderate or severe ventricular dysfunction stratified by surgical palliation strategy and adverse 
events after stage II palliation.

Figure 4. Freedom from moderate or severe ventricular 
dysfunction after stage II palliation stratified by surgical  
palliation strategy.

After stage II
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Improved outcomes with the comprehensive stage 2 procedure after
an initial hybrid stage 1

Mark Galantowicz, MD,a,b,d and Andrew R. Yates, MDa,c,e

ABSTRACT

Objective: To report our improving institutional experience with the hybrid
alternative surgical strategy for the management of hypoplastic left heart
syndrome, in which hybrid stage 1 is followed by a comprehensive stage 2 pro-
cedure (removal of patent ductus arteriosus stent and pulmonary artery [PA]
bands, aorta and PA reconstruction, Damus–Kaye–Stansel, atrial septectomy,
Glenn).

Methods: In this Institutional Review Board–approved retrospective review of
all patients undergoing a comprehensive stage 2 procedure between January
2002 and December 2014, data were compared between the pre-protocol group
(n ¼ 64; January 2002 to March 2010) and the post-protocol group (n ¼ 55;
March 2010 to December 2014). These 2 groups flank the implementation of
a perioperative management protocol to prevent PA thrombosis.

Results: Pre-protocol mortality was 19% (12 of 64), with the most common
mode of death involving PA thrombosis in at least 7 patients, with an urgent
indication for surgery and age as contributing factors. Care modifications insti-
tuted in March 2010 included avoidance of procedures on an emergent basis or
in patients aged<3 months, use of a systemic PA shunt in cases of too-small
superior vena cava and/or PA, completion angiogram with a low threshold for
intraoperative stenting, and postoperative anticoagulation therapy for 6 weeks.
There was a significant decrease in mortality (2 of 55; 4%; P ¼ .01), PA throm-
bosis (0 of 55; 0%; P ¼ .01), and use of extracorporeal membrane oxygenation
(0/55 [0%] compared with 7 of 64 [11%]; P ¼ .01) after protocol implemen-
tation.

Conclusions: Despite the technical challenges of the comprehensive stage 2
procedure, excellent outcomes are attainable. Experience coupled with an
internal quality review drove the implementation of a successful perioperative
management protocol. (J Thorac Cardiovasc Surg 2016;151:424-9)

Comprehensive stage 2 procedure.

Central Message

Significantly improved outcomes for the
comprehensive stage 2 procedure following
an initial hybrid stage 1 procedure have been
demonstrated with the implementation of a
perioperative protocol focused on eliminating
pulmonary artery thrombosis.

Perspective

The hybrid approach has emerged as an alterna-
tive surgical strategy for themanagement of hy-
poplastic left heart syndrome. A hybrid stage 1
is followed by a comprehensive stage 2 proce-
dure. This is a challenging new procedure
with very little published outcome data. We
report our improving institutional experience.

See Editorial Commentary page 430.

The hybrid approach has emerged as an alternative surgi-
cal strategy for the management of hypoplastic left heart
syndrome (HLHS).1-4 The initial hybrid stage 1
combines the surgical placement of branch pulmonary

artery (PA) bands with transcatheter placement of a
patent ductus arteriosus (PDA) stent and balloon atrial
septostomy. The subsequent surgery, often referred to as
a comprehensive stage 2 or combined Norwood 1 and 2,
involves removal of the PA bands with possible PA
reconstruction, removal of the PDA stent with aortic
arch reconstruction, a Damus–Kaye–Stansel connection
of the aortic and PA roots, a bidirectional superior
cavopulmonary connection, and an atrial septectomy
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Improved outcomes with the comprehensive stage 2 procedure after
an initial hybrid stage 1

Mark Galantowicz, MD,a,b,d and Andrew R. Yates, MDa,c,e

ABSTRACT

Objective: To report our improving institutional experience with the hybrid
alternative surgical strategy for the management of hypoplastic left heart
syndrome, in which hybrid stage 1 is followed by a comprehensive stage 2 pro-
cedure (removal of patent ductus arteriosus stent and pulmonary artery [PA]
bands, aorta and PA reconstruction, Damus–Kaye–Stansel, atrial septectomy,
Glenn).

Methods: In this Institutional Review Board–approved retrospective review of
all patients undergoing a comprehensive stage 2 procedure between January
2002 and December 2014, data were compared between the pre-protocol group
(n ¼ 64; January 2002 to March 2010) and the post-protocol group (n ¼ 55;
March 2010 to December 2014). These 2 groups flank the implementation of
a perioperative management protocol to prevent PA thrombosis.

Results: Pre-protocol mortality was 19% (12 of 64), with the most common
mode of death involving PA thrombosis in at least 7 patients, with an urgent
indication for surgery and age as contributing factors. Care modifications insti-
tuted in March 2010 included avoidance of procedures on an emergent basis or
in patients aged<3 months, use of a systemic PA shunt in cases of too-small
superior vena cava and/or PA, completion angiogram with a low threshold for
intraoperative stenting, and postoperative anticoagulation therapy for 6 weeks.
There was a significant decrease in mortality (2 of 55; 4%; P ¼ .01), PA throm-
bosis (0 of 55; 0%; P ¼ .01), and use of extracorporeal membrane oxygenation
(0/55 [0%] compared with 7 of 64 [11%]; P ¼ .01) after protocol implemen-
tation.

Conclusions: Despite the technical challenges of the comprehensive stage 2
procedure, excellent outcomes are attainable. Experience coupled with an
internal quality review drove the implementation of a successful perioperative
management protocol. (J Thorac Cardiovasc Surg 2016;151:424-9)

Comprehensive stage 2 procedure.

Central Message

Significantly improved outcomes for the
comprehensive stage 2 procedure following
an initial hybrid stage 1 procedure have been
demonstrated with the implementation of a
perioperative protocol focused on eliminating
pulmonary artery thrombosis.

Perspective

The hybrid approach has emerged as an alterna-
tive surgical strategy for themanagement of hy-
poplastic left heart syndrome. A hybrid stage 1
is followed by a comprehensive stage 2 proce-
dure. This is a challenging new procedure
with very little published outcome data. We
report our improving institutional experience.

See Editorial Commentary page 430.

The hybrid approach has emerged as an alternative surgi-
cal strategy for the management of hypoplastic left heart
syndrome (HLHS).1-4 The initial hybrid stage 1
combines the surgical placement of branch pulmonary

artery (PA) bands with transcatheter placement of a
patent ductus arteriosus (PDA) stent and balloon atrial
septostomy. The subsequent surgery, often referred to as
a comprehensive stage 2 or combined Norwood 1 and 2,
involves removal of the PA bands with possible PA
reconstruction, removal of the PDA stent with aortic
arch reconstruction, a Damus–Kaye–Stansel connection
of the aortic and PA roots, a bidirectional superior
cavopulmonary connection, and an atrial septectomy
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for a failing hybrid stage 1 procedure in 4 patients. A
review identified the most likely reason for these pa-
tients’ previous surgery as retrograde aortic arch steno-
sis, which we subsequently learned how to detect and
treat.7,8

Demographic characteristics of the 2 study groups are
highlighted in Table 2. The between-group differences

in age and weight are consistent with the protocol initia-
tive to refrain from performing early comprehensive stage
2 procedures. The shorter bypass and cross-clamp times
are consistent with experience and the modification of
the procedure as outlined. Of note, 28 of 55 patients
(51%) in the post-protocol group underwent the compre-
hensive stage 2 procedure on bypass with no period of
cross-clamping. Circulatory arrest was performed in
only 5 of 64 patients (8%) in the pre-protocol group
and in only 1 of 55 patients (2%) in the post-protocol
group. Circulatory arrest was used predominantly early
in the learning curve, with the first 4 patients in the
pre-protocol group representing the majority of these
cases.

Primary outcomes are listed in Table 3. Of note, there
were no cases of PA thrombosis post-protocol, which
contributed to the significantly lower mortality rate in this
group compared with the pre-protocol group (4% vs
19%; P ¼ .01). The 2 deaths occurring in the post-
protocol group were the result of multisystem organ failure
after the development of a fulminant rhinovirus infection in
1 patient and arrhythmic cardiac arrest in the other patient.
Data on all of the patients from both groups who died are
provided in Table 4.

Given the longitudinal data collection and the potential
for surgical outcomes to improve with experience, logis-
tical regression with Firth’s penalized likelihood to

TABLE 1. Comprehensive stage 2 perioperative protocol

1. Preoperative

a. Comprehensive stage 2 ideally at age 5 mo, but not<3 mo

b. No emergent comprehensive stage 2 procedures

2. Intraoperative

a. If superior vena cava and/or branch pulmonary arteries smaller than

expected, consider a systemic-pulmonary shunt

b. Completion angiogram to evaluate cavopulmonary connection and

branch pulmonary artery flow

i. Low threshold for surgical revision or stent placement if

evidence of stenosis

ii. Angiograms graded by surgeon/interventionalist as immediate

treatment necessary, no treatment necessary, or additional

evaluation at 6 wk postoperatively

3. Postoperative

a. Early extubation. If still intubated at 72 h postoperatively, obtain

additional imaging of pulmonary vasculature

b. Postoperative anticoagulation

i. Initiate heparin at 24 h postoperatively

ii. Transition to enoxaparin for 6 wk

iii. Aspirin therapy on completion of enoxaparin course

c. Consider additional pulmonary artery imaging before transitioning

from enoxaparin if operative angiogram warrants reevaluation

FIGURE 2. Group 1 patient with a PA thrombus. SVC, Superior vena

cava; RPA, right pulmonary artery; LPA, left pulmonary artery.

TABLE 2. Patient demographic data

Characteristic

Pre-protocol

(n ¼ 64)

Post-protocol

(n ¼ 55) P value

Age, mo, mean SD 5.6 " 1.4 5.9 " 1.9 .91

Weight, kg, mean SD 5.7 " 0.9 6.6 " 1.0 <.0001

Female sex, n (%) 23 (37) 20 (36) 1.00

Bypass time, min,

median (IQR)

283.5 (250-331) 243 (225-275) <.0001

Cross-clamp time,

min, median (IQR)

85 (69.5-104.8) 0 (0-48) <.0001

SignificantP values are in bold type. SD, Standard deviation; IQR, interquartile range.

TABLE 3. Outcomes

Variable

Pre-protocol

(n ¼ 64)

Post-protocol

(n ¼ 55) P value

Mortality, n (%) 12 (19) 2 (4) .01

PA thrombosis, n (%) 7 (11) 0 .01

Postoperative ECMO, n (%) 7 (11) 0 .01

Bleeding, n (%)* 10 (16) 3 (5) .09

ICU LOS, d, median (IQR) 4.5 (3-9.75) 5 (3-10) .83

Hospital LOS, d, median (IQR) 9 (7-16.75) 13 (8-22) .01

Significant P values are in bold type. ECMO, Extracorporeal membrane oxygenation;
ICU, intensive care unit; LOS, length of stay; IQR, interquartile range. *Bleeding
complication was defined as evidence of a new hemorrhage on brain imaging or
systemic bleeding requiring a transfusion.
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account for infrequent events was used. Our analysis
found that the odds of death after the procedure were
5.1-fold greater in the pre-protocol group compared with
the post-protocol group (95% CI for OR, 1.228-21.131;
P ¼ .02). In addition, there was no significant relationship
between the decline in mortality over the entire study
period (OR, 1; 95% CI, 0.999-1; P ¼ .07). Similarly, anal-
ysis of the pre-protocol and post-protocol groups did not
reveal any significant relationship between mortality and
time (P ¼ .6244 and .9174 for the pre-protocol and
post-protocol eras, respectively).

The potential risk of increased bleeding complica-
tions with the institution of a 6-week anticoagulation
protocol was tracked. There was no increase in
bleeding complications in the post-protocol group.
The 3 bleeding complications post-protocol included
1 gastrointestinal bleed, 1 subdural bleed, and 1
cerebellar intracranial bleed, all of which were suc-
cessfully managed by temporary cessation of
anticoagulation, with no surgical or neurosurgical pro-
cedures required. The patient who suffered cerebellar
hemorrhage had multisystem organ failure, including
the development of elevated pulmonary vascular resis-
tance (on catheterization) from fulminant rhinovirus.
The other 2 patients had no long-term sequellae
related to anticoagulation.

Intraoperative completion angiography of the cavopul-
monary anastomosis was performed in 50 of the 55 patients

(91%) in the post-protocol group. Of these 50 patients, 1
patient underwent revision of the aortic arch reconstruction
owing to compression of the left PA, and 3 patients
underwent intraoperative stent placement in the left PA
(Figures 3 and 4).
During the post-protocol era (March 2010 to December

2014), 6 patients underwent an alternative procedure

TABLE 4. Patient mortality and associated morbidity

Patient

Age,

mo

Weight,

kg Sex Diagnosis

Admit

preop

Open

chest

Ever

extubated Arrest ECMO Dialysis Infection

PA

thrombus

POD of

death

Pre-protocol

1 2 3.6 F HLHS Y Y N Y Y Y Airway, Enterobacter N 16

2 3 4.6 F HLHS Y Y N N Y Y Airway, Staphylococcus;

blood, Pseudomonas

Y 6

3 4 5.7 M HLHS N Y N N N N None N 7

4 7 5.9 M HLHS N N Y Y Y Y Blood, Serratia Y 15

5 5.5 6.6 M HLHS N N N Y N N Blood, Serratia Y 6

6 6.5 4.9 F HLHS N N N Y N N None N 1

7 6 5 M HLHS N Y N Y Y Y Airway, Pseudomonas N 9

8 8 5 F TAPVR, AVSD,

AA

Y Y N Y Y Y Airway and urinary

tract, Pseudomonas

Y 14

9 6 6.25 F HLHS Y Y N Y N N None Y 5

10 4 5.8 M HLHS Y Y N N N N Airway, Enterococcus N 35

11 4 5.3 M HLHS Y N N Y N N None Y 17

12 5 6.45 F HLHS N N N Y N N None Y 9

Post-protocol

13 5 6.4 M HLHS N N Y Y N N Airway, rhinovirus and

Pseudomonas

N 14

14 5 5.9 M HLHS N N N Y N N Airway, Moraxella N 10

Admit Preop is defined as required admission to the hospital before undergoing surgical repair. Open chest is defined as sternum left open at conclusion of operative case. Ever
extubated is defined as endotracheal extubation for>24 hours. Arrest is defined as the need for cardiac compressions. Infection is defined as a positive culture treated with an-
tibiotics. PA thrombus was documented by cardiac catheterization or chest computed tomography scan. ECMO, Extracorporeal mechanical oxygenation; PA, pulmonary artery;
POD, postoperative day; HLHS, hypoplastic left heart syndrome; TAPVR, total anomalous pulmonary venous return; AVSD, atrioventricular septal defect; AA, aortic atresia.

FIGURE 3. Completion angiogram demonstrating reduced flow into the

left PA secondary to a twist/fold.
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rather than proceeding to the comprehensive stage 2 pro-
cedure. During the planned comprehensive stage 2 proce-
dure, 3 patients were found to have a PA or SVC deemed
too small to allow a reliable cavopulmonary connection
and were managed with a systemic-to-PA shunt. This
was an intraoperative judgment based on anatomic find-
ings, such as small SVCs in a patient with bilateral
SVCs and small SVCs in a former preterm infant
(1.3 kg) with a previous SVC line. These patients subse-
quently underwent a successful traditional Glenn proce-
dure. An additional 3 patients during this time period
were aged<3 months with significant retroaortic arch ste-
nosis not amenable to transcatheter therapy. These pa-
tients underwent a modified surgical procedure in which
the aortic arch was reconstructed while leaving the PA
bands in place. These patients then went on to a success-
ful PA debanding, Glenn, or Damus–Kaye–Stansel
procedure.

DISCUSSION
Although the hybrid approach for the surgical manage-

ment of HLHS has emerged as an alternative strategy,
most of the published outcomes have focused either on re-
sults of the initial hybrid stage 1 procedure or results in
high-risk patients. The only other large series of
comprehensive stage 2 results are from centers in Giessen,
Germany3 and Toronto, Canada,9 reporting mortality rates
of 9% (8 of 89) and 6% (2 of 32), respectively. Optimizing
the outcomes with the comprehensive stage 2 procedure is
critical to the overall success of the hybrid approach and
to its wider implementation. At its core, the comprehensive
stage 2 procedure combines the traditional Norwood and
Glenn procedures; however, certain elements are unique

to the new procedure, including PDA stent removal and
its potential impact on aortic arch reconstruction, as
well as the potential consequences of the previous PA
bands. Our experience with more than 100 comprehensive
stage 2 procedures leads us to conclude that the
key to success is creating an unobstructed central PA
confluence.

Several anatomic elements are related to the surgical
execution of a comprehensive stage 2 procedure that
may put a patient at risk for PA thrombosis. First, there
is redundancy of the main PA aspect between the branch
PA bands and the PDA stent, which leads to excessive
PA tissue as well as a more acute angle between the
right and left PA origins that must be contoured in the
reconstruction. The second anatomic difference is the
junction of the aortic arch–PDA stent seems to move
posteriorly-inferiorly around the curve of the aorta as
the child grows, causing more crowding around the left
PA than occurs in a neonate. In addition to the anatomic
challenges, the physiological changes resulting from the
procedure put the patient at risk, owing to endothelial
injury from the resultant PA reconstruction and cavopul-
monary artery connection with suture lines, patch mate-
rial, and nontubular elements, creating a disrupted
endovascular bed with often nonlaminar, nonpulsatile,
low-pressure flow. The lower-flow state and surgical
endothelial injury, coupled with the inflammatory
response from cardiopulmonary bypass as well as the
anatomic challenges, combine to put the patient at risk
for PA thrombosis, which our analysis identified as the
primary cause of a poor outcome.

The perioperative protocol that we instituted attempts
to address those modifiable risks as well as reduce the
patient-specific risks. Patient selection was modified by
moving away from any early (age <3 months) or emer-
gent (in patients requiring hospitalization before surgery)
comprehensive stage 2 procedures, thereby improving
the likelihood of a low-resistant pulmonary vascular
bed with improved forward flow. Intraoperative assess-
ment of PA and SVC size requires judgment regarding
adequate flow through the resulting cavopulmonary
connection and is typically an issue in former preterm
infants or those with bilateral SVCs. Using a systemic-
to-PA shunt in that situation has proven to be a good
option.

The routine use of a completion angiogram before
disconnecting from bypass has been a very important tool
for improving postoperative outcomes in this patient
population. Although transesophageal echocardiography
is used routinely, this technique cannot fully assess the
new cavopulmonary-to-PA reconstruction and flow patterns
into both lungs. Moreover, although the surgeon can
visually assess these connections before the amalgamation
of the neo-aortic root to aortic arch reconstruction, their

FIGURE 4. Normal flow after intraoperative placement of a left PA stent.

Congenital Galantowicz and Yates

428 The Journal of Thoracic and Cardiovascular Surgery c February 2016

C
O
N
G

High rate of PA stenosis

for a failing hybrid stage 1 procedure in 4 patients. A
review identified the most likely reason for these pa-
tients’ previous surgery as retrograde aortic arch steno-
sis, which we subsequently learned how to detect and
treat.7,8

Demographic characteristics of the 2 study groups are
highlighted in Table 2. The between-group differences

in age and weight are consistent with the protocol initia-
tive to refrain from performing early comprehensive stage
2 procedures. The shorter bypass and cross-clamp times
are consistent with experience and the modification of
the procedure as outlined. Of note, 28 of 55 patients
(51%) in the post-protocol group underwent the compre-
hensive stage 2 procedure on bypass with no period of
cross-clamping. Circulatory arrest was performed in
only 5 of 64 patients (8%) in the pre-protocol group
and in only 1 of 55 patients (2%) in the post-protocol
group. Circulatory arrest was used predominantly early
in the learning curve, with the first 4 patients in the
pre-protocol group representing the majority of these
cases.

Primary outcomes are listed in Table 3. Of note, there
were no cases of PA thrombosis post-protocol, which
contributed to the significantly lower mortality rate in this
group compared with the pre-protocol group (4% vs
19%; P ¼ .01). The 2 deaths occurring in the post-
protocol group were the result of multisystem organ failure
after the development of a fulminant rhinovirus infection in
1 patient and arrhythmic cardiac arrest in the other patient.
Data on all of the patients from both groups who died are
provided in Table 4.

Given the longitudinal data collection and the potential
for surgical outcomes to improve with experience, logis-
tical regression with Firth’s penalized likelihood to

TABLE 1. Comprehensive stage 2 perioperative protocol

1. Preoperative

a. Comprehensive stage 2 ideally at age 5 mo, but not<3 mo

b. No emergent comprehensive stage 2 procedures

2. Intraoperative

a. If superior vena cava and/or branch pulmonary arteries smaller than

expected, consider a systemic-pulmonary shunt

b. Completion angiogram to evaluate cavopulmonary connection and

branch pulmonary artery flow

i. Low threshold for surgical revision or stent placement if

evidence of stenosis

ii. Angiograms graded by surgeon/interventionalist as immediate

treatment necessary, no treatment necessary, or additional

evaluation at 6 wk postoperatively

3. Postoperative

a. Early extubation. If still intubated at 72 h postoperatively, obtain

additional imaging of pulmonary vasculature

b. Postoperative anticoagulation

i. Initiate heparin at 24 h postoperatively

ii. Transition to enoxaparin for 6 wk

iii. Aspirin therapy on completion of enoxaparin course

c. Consider additional pulmonary artery imaging before transitioning

from enoxaparin if operative angiogram warrants reevaluation

FIGURE 2. Group 1 patient with a PA thrombus. SVC, Superior vena

cava; RPA, right pulmonary artery; LPA, left pulmonary artery.

TABLE 2. Patient demographic data

Characteristic

Pre-protocol

(n ¼ 64)

Post-protocol

(n ¼ 55) P value

Age, mo, mean SD 5.6 " 1.4 5.9 " 1.9 .91

Weight, kg, mean SD 5.7 " 0.9 6.6 " 1.0 <.0001

Female sex, n (%) 23 (37) 20 (36) 1.00

Bypass time, min,

median (IQR)

283.5 (250-331) 243 (225-275) <.0001

Cross-clamp time,

min, median (IQR)

85 (69.5-104.8) 0 (0-48) <.0001

SignificantP values are in bold type. SD, Standard deviation; IQR, interquartile range.

TABLE 3. Outcomes

Variable

Pre-protocol

(n ¼ 64)

Post-protocol

(n ¼ 55) P value

Mortality, n (%) 12 (19) 2 (4) .01

PA thrombosis, n (%) 7 (11) 0 .01

Postoperative ECMO, n (%) 7 (11) 0 .01

Bleeding, n (%)* 10 (16) 3 (5) .09

ICU LOS, d, median (IQR) 4.5 (3-9.75) 5 (3-10) .83

Hospital LOS, d, median (IQR) 9 (7-16.75) 13 (8-22) .01

Significant P values are in bold type. ECMO, Extracorporeal membrane oxygenation;
ICU, intensive care unit; LOS, length of stay; IQR, interquartile range. *Bleeding
complication was defined as evidence of a new hemorrhage on brain imaging or
systemic bleeding requiring a transfusion.
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Improved outcomes with the comprehensive stage 2 procedure after
an initial hybrid stage 1

Mark Galantowicz, MD,a,b,d and Andrew R. Yates, MDa,c,e

ABSTRACT

Objective: To report our improving institutional experience with the hybrid
alternative surgical strategy for the management of hypoplastic left heart
syndrome, in which hybrid stage 1 is followed by a comprehensive stage 2 pro-
cedure (removal of patent ductus arteriosus stent and pulmonary artery [PA]
bands, aorta and PA reconstruction, Damus–Kaye–Stansel, atrial septectomy,
Glenn).

Methods: In this Institutional Review Board–approved retrospective review of
all patients undergoing a comprehensive stage 2 procedure between January
2002 and December 2014, data were compared between the pre-protocol group
(n ¼ 64; January 2002 to March 2010) and the post-protocol group (n ¼ 55;
March 2010 to December 2014). These 2 groups flank the implementation of
a perioperative management protocol to prevent PA thrombosis.

Results: Pre-protocol mortality was 19% (12 of 64), with the most common
mode of death involving PA thrombosis in at least 7 patients, with an urgent
indication for surgery and age as contributing factors. Care modifications insti-
tuted in March 2010 included avoidance of procedures on an emergent basis or
in patients aged<3 months, use of a systemic PA shunt in cases of too-small
superior vena cava and/or PA, completion angiogram with a low threshold for
intraoperative stenting, and postoperative anticoagulation therapy for 6 weeks.
There was a significant decrease in mortality (2 of 55; 4%; P ¼ .01), PA throm-
bosis (0 of 55; 0%; P ¼ .01), and use of extracorporeal membrane oxygenation
(0/55 [0%] compared with 7 of 64 [11%]; P ¼ .01) after protocol implemen-
tation.

Conclusions: Despite the technical challenges of the comprehensive stage 2
procedure, excellent outcomes are attainable. Experience coupled with an
internal quality review drove the implementation of a successful perioperative
management protocol. (J Thorac Cardiovasc Surg 2016;151:424-9)

Comprehensive stage 2 procedure.

Central Message

Significantly improved outcomes for the
comprehensive stage 2 procedure following
an initial hybrid stage 1 procedure have been
demonstrated with the implementation of a
perioperative protocol focused on eliminating
pulmonary artery thrombosis.

Perspective

The hybrid approach has emerged as an alterna-
tive surgical strategy for themanagement of hy-
poplastic left heart syndrome. A hybrid stage 1
is followed by a comprehensive stage 2 proce-
dure. This is a challenging new procedure
with very little published outcome data. We
report our improving institutional experience.

See Editorial Commentary page 430.

The hybrid approach has emerged as an alternative surgi-
cal strategy for the management of hypoplastic left heart
syndrome (HLHS).1-4 The initial hybrid stage 1
combines the surgical placement of branch pulmonary

artery (PA) bands with transcatheter placement of a
patent ductus arteriosus (PDA) stent and balloon atrial
septostomy. The subsequent surgery, often referred to as
a comprehensive stage 2 or combined Norwood 1 and 2,
involves removal of the PA bands with possible PA
reconstruction, removal of the PDA stent with aortic
arch reconstruction, a Damus–Kaye–Stansel connection
of the aortic and PA roots, a bidirectional superior
cavopulmonary connection, and an atrial septectomy
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Improved outcomes with the comprehensive stage 2 procedure after
an initial hybrid stage 1

Mark Galantowicz, MD,a,b,d and Andrew R. Yates, MDa,c,e

ABSTRACT

Objective: To report our improving institutional experience with the hybrid
alternative surgical strategy for the management of hypoplastic left heart
syndrome, in which hybrid stage 1 is followed by a comprehensive stage 2 pro-
cedure (removal of patent ductus arteriosus stent and pulmonary artery [PA]
bands, aorta and PA reconstruction, Damus–Kaye–Stansel, atrial septectomy,
Glenn).

Methods: In this Institutional Review Board–approved retrospective review of
all patients undergoing a comprehensive stage 2 procedure between January
2002 and December 2014, data were compared between the pre-protocol group
(n ¼ 64; January 2002 to March 2010) and the post-protocol group (n ¼ 55;
March 2010 to December 2014). These 2 groups flank the implementation of
a perioperative management protocol to prevent PA thrombosis.

Results: Pre-protocol mortality was 19% (12 of 64), with the most common
mode of death involving PA thrombosis in at least 7 patients, with an urgent
indication for surgery and age as contributing factors. Care modifications insti-
tuted in March 2010 included avoidance of procedures on an emergent basis or
in patients aged<3 months, use of a systemic PA shunt in cases of too-small
superior vena cava and/or PA, completion angiogram with a low threshold for
intraoperative stenting, and postoperative anticoagulation therapy for 6 weeks.
There was a significant decrease in mortality (2 of 55; 4%; P ¼ .01), PA throm-
bosis (0 of 55; 0%; P ¼ .01), and use of extracorporeal membrane oxygenation
(0/55 [0%] compared with 7 of 64 [11%]; P ¼ .01) after protocol implemen-
tation.

Conclusions: Despite the technical challenges of the comprehensive stage 2
procedure, excellent outcomes are attainable. Experience coupled with an
internal quality review drove the implementation of a successful perioperative
management protocol. (J Thorac Cardiovasc Surg 2016;151:424-9)

Comprehensive stage 2 procedure.

Central Message

Significantly improved outcomes for the
comprehensive stage 2 procedure following
an initial hybrid stage 1 procedure have been
demonstrated with the implementation of a
perioperative protocol focused on eliminating
pulmonary artery thrombosis.

Perspective

The hybrid approach has emerged as an alterna-
tive surgical strategy for themanagement of hy-
poplastic left heart syndrome. A hybrid stage 1
is followed by a comprehensive stage 2 proce-
dure. This is a challenging new procedure
with very little published outcome data. We
report our improving institutional experience.

See Editorial Commentary page 430.

The hybrid approach has emerged as an alternative surgi-
cal strategy for the management of hypoplastic left heart
syndrome (HLHS).1-4 The initial hybrid stage 1
combines the surgical placement of branch pulmonary

artery (PA) bands with transcatheter placement of a
patent ductus arteriosus (PDA) stent and balloon atrial
septostomy. The subsequent surgery, often referred to as
a comprehensive stage 2 or combined Norwood 1 and 2,
involves removal of the PA bands with possible PA
reconstruction, removal of the PDA stent with aortic
arch reconstruction, a Damus–Kaye–Stansel connection
of the aortic and PA roots, a bidirectional superior
cavopulmonary connection, and an atrial septectomy
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for a failing hybrid stage 1 procedure in 4 patients. A
review identified the most likely reason for these pa-
tients’ previous surgery as retrograde aortic arch steno-
sis, which we subsequently learned how to detect and
treat.7,8

Demographic characteristics of the 2 study groups are
highlighted in Table 2. The between-group differences

in age and weight are consistent with the protocol initia-
tive to refrain from performing early comprehensive stage
2 procedures. The shorter bypass and cross-clamp times
are consistent with experience and the modification of
the procedure as outlined. Of note, 28 of 55 patients
(51%) in the post-protocol group underwent the compre-
hensive stage 2 procedure on bypass with no period of
cross-clamping. Circulatory arrest was performed in
only 5 of 64 patients (8%) in the pre-protocol group
and in only 1 of 55 patients (2%) in the post-protocol
group. Circulatory arrest was used predominantly early
in the learning curve, with the first 4 patients in the
pre-protocol group representing the majority of these
cases.

Primary outcomes are listed in Table 3. Of note, there
were no cases of PA thrombosis post-protocol, which
contributed to the significantly lower mortality rate in this
group compared with the pre-protocol group (4% vs
19%; P ¼ .01). The 2 deaths occurring in the post-
protocol group were the result of multisystem organ failure
after the development of a fulminant rhinovirus infection in
1 patient and arrhythmic cardiac arrest in the other patient.
Data on all of the patients from both groups who died are
provided in Table 4.

Given the longitudinal data collection and the potential
for surgical outcomes to improve with experience, logis-
tical regression with Firth’s penalized likelihood to

TABLE 1. Comprehensive stage 2 perioperative protocol

1. Preoperative

a. Comprehensive stage 2 ideally at age 5 mo, but not<3 mo

b. No emergent comprehensive stage 2 procedures

2. Intraoperative

a. If superior vena cava and/or branch pulmonary arteries smaller than

expected, consider a systemic-pulmonary shunt

b. Completion angiogram to evaluate cavopulmonary connection and

branch pulmonary artery flow

i. Low threshold for surgical revision or stent placement if

evidence of stenosis

ii. Angiograms graded by surgeon/interventionalist as immediate

treatment necessary, no treatment necessary, or additional

evaluation at 6 wk postoperatively

3. Postoperative

a. Early extubation. If still intubated at 72 h postoperatively, obtain

additional imaging of pulmonary vasculature

b. Postoperative anticoagulation

i. Initiate heparin at 24 h postoperatively

ii. Transition to enoxaparin for 6 wk

iii. Aspirin therapy on completion of enoxaparin course

c. Consider additional pulmonary artery imaging before transitioning

from enoxaparin if operative angiogram warrants reevaluation

FIGURE 2. Group 1 patient with a PA thrombus. SVC, Superior vena

cava; RPA, right pulmonary artery; LPA, left pulmonary artery.

TABLE 2. Patient demographic data

Characteristic

Pre-protocol

(n ¼ 64)

Post-protocol

(n ¼ 55) P value

Age, mo, mean SD 5.6 " 1.4 5.9 " 1.9 .91

Weight, kg, mean SD 5.7 " 0.9 6.6 " 1.0 <.0001

Female sex, n (%) 23 (37) 20 (36) 1.00

Bypass time, min,

median (IQR)

283.5 (250-331) 243 (225-275) <.0001

Cross-clamp time,

min, median (IQR)

85 (69.5-104.8) 0 (0-48) <.0001

SignificantP values are in bold type. SD, Standard deviation; IQR, interquartile range.

TABLE 3. Outcomes

Variable

Pre-protocol

(n ¼ 64)

Post-protocol

(n ¼ 55) P value

Mortality, n (%) 12 (19) 2 (4) .01

PA thrombosis, n (%) 7 (11) 0 .01

Postoperative ECMO, n (%) 7 (11) 0 .01

Bleeding, n (%)* 10 (16) 3 (5) .09

ICU LOS, d, median (IQR) 4.5 (3-9.75) 5 (3-10) .83

Hospital LOS, d, median (IQR) 9 (7-16.75) 13 (8-22) .01

Significant P values are in bold type. ECMO, Extracorporeal membrane oxygenation;
ICU, intensive care unit; LOS, length of stay; IQR, interquartile range. *Bleeding
complication was defined as evidence of a new hemorrhage on brain imaging or
systemic bleeding requiring a transfusion.
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account for infrequent events was used. Our analysis
found that the odds of death after the procedure were
5.1-fold greater in the pre-protocol group compared with
the post-protocol group (95% CI for OR, 1.228-21.131;
P ¼ .02). In addition, there was no significant relationship
between the decline in mortality over the entire study
period (OR, 1; 95% CI, 0.999-1; P ¼ .07). Similarly, anal-
ysis of the pre-protocol and post-protocol groups did not
reveal any significant relationship between mortality and
time (P ¼ .6244 and .9174 for the pre-protocol and
post-protocol eras, respectively).

The potential risk of increased bleeding complica-
tions with the institution of a 6-week anticoagulation
protocol was tracked. There was no increase in
bleeding complications in the post-protocol group.
The 3 bleeding complications post-protocol included
1 gastrointestinal bleed, 1 subdural bleed, and 1
cerebellar intracranial bleed, all of which were suc-
cessfully managed by temporary cessation of
anticoagulation, with no surgical or neurosurgical pro-
cedures required. The patient who suffered cerebellar
hemorrhage had multisystem organ failure, including
the development of elevated pulmonary vascular resis-
tance (on catheterization) from fulminant rhinovirus.
The other 2 patients had no long-term sequellae
related to anticoagulation.

Intraoperative completion angiography of the cavopul-
monary anastomosis was performed in 50 of the 55 patients

(91%) in the post-protocol group. Of these 50 patients, 1
patient underwent revision of the aortic arch reconstruction
owing to compression of the left PA, and 3 patients
underwent intraoperative stent placement in the left PA
(Figures 3 and 4).
During the post-protocol era (March 2010 to December

2014), 6 patients underwent an alternative procedure

TABLE 4. Patient mortality and associated morbidity

Patient

Age,

mo

Weight,

kg Sex Diagnosis

Admit

preop

Open

chest

Ever

extubated Arrest ECMO Dialysis Infection

PA

thrombus

POD of

death

Pre-protocol

1 2 3.6 F HLHS Y Y N Y Y Y Airway, Enterobacter N 16

2 3 4.6 F HLHS Y Y N N Y Y Airway, Staphylococcus;

blood, Pseudomonas

Y 6

3 4 5.7 M HLHS N Y N N N N None N 7

4 7 5.9 M HLHS N N Y Y Y Y Blood, Serratia Y 15

5 5.5 6.6 M HLHS N N N Y N N Blood, Serratia Y 6

6 6.5 4.9 F HLHS N N N Y N N None N 1

7 6 5 M HLHS N Y N Y Y Y Airway, Pseudomonas N 9

8 8 5 F TAPVR, AVSD,

AA

Y Y N Y Y Y Airway and urinary

tract, Pseudomonas

Y 14

9 6 6.25 F HLHS Y Y N Y N N None Y 5

10 4 5.8 M HLHS Y Y N N N N Airway, Enterococcus N 35

11 4 5.3 M HLHS Y N N Y N N None Y 17

12 5 6.45 F HLHS N N N Y N N None Y 9

Post-protocol

13 5 6.4 M HLHS N N Y Y N N Airway, rhinovirus and

Pseudomonas

N 14

14 5 5.9 M HLHS N N N Y N N Airway, Moraxella N 10

Admit Preop is defined as required admission to the hospital before undergoing surgical repair. Open chest is defined as sternum left open at conclusion of operative case. Ever
extubated is defined as endotracheal extubation for>24 hours. Arrest is defined as the need for cardiac compressions. Infection is defined as a positive culture treated with an-
tibiotics. PA thrombus was documented by cardiac catheterization or chest computed tomography scan. ECMO, Extracorporeal mechanical oxygenation; PA, pulmonary artery;
POD, postoperative day; HLHS, hypoplastic left heart syndrome; TAPVR, total anomalous pulmonary venous return; AVSD, atrioventricular septal defect; AA, aortic atresia.

FIGURE 3. Completion angiogram demonstrating reduced flow into the

left PA secondary to a twist/fold.
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rather than proceeding to the comprehensive stage 2 pro-
cedure. During the planned comprehensive stage 2 proce-
dure, 3 patients were found to have a PA or SVC deemed
too small to allow a reliable cavopulmonary connection
and were managed with a systemic-to-PA shunt. This
was an intraoperative judgment based on anatomic find-
ings, such as small SVCs in a patient with bilateral
SVCs and small SVCs in a former preterm infant
(1.3 kg) with a previous SVC line. These patients subse-
quently underwent a successful traditional Glenn proce-
dure. An additional 3 patients during this time period
were aged<3 months with significant retroaortic arch ste-
nosis not amenable to transcatheter therapy. These pa-
tients underwent a modified surgical procedure in which
the aortic arch was reconstructed while leaving the PA
bands in place. These patients then went on to a success-
ful PA debanding, Glenn, or Damus–Kaye–Stansel
procedure.

DISCUSSION
Although the hybrid approach for the surgical manage-

ment of HLHS has emerged as an alternative strategy,
most of the published outcomes have focused either on re-
sults of the initial hybrid stage 1 procedure or results in
high-risk patients. The only other large series of
comprehensive stage 2 results are from centers in Giessen,
Germany3 and Toronto, Canada,9 reporting mortality rates
of 9% (8 of 89) and 6% (2 of 32), respectively. Optimizing
the outcomes with the comprehensive stage 2 procedure is
critical to the overall success of the hybrid approach and
to its wider implementation. At its core, the comprehensive
stage 2 procedure combines the traditional Norwood and
Glenn procedures; however, certain elements are unique

to the new procedure, including PDA stent removal and
its potential impact on aortic arch reconstruction, as
well as the potential consequences of the previous PA
bands. Our experience with more than 100 comprehensive
stage 2 procedures leads us to conclude that the
key to success is creating an unobstructed central PA
confluence.

Several anatomic elements are related to the surgical
execution of a comprehensive stage 2 procedure that
may put a patient at risk for PA thrombosis. First, there
is redundancy of the main PA aspect between the branch
PA bands and the PDA stent, which leads to excessive
PA tissue as well as a more acute angle between the
right and left PA origins that must be contoured in the
reconstruction. The second anatomic difference is the
junction of the aortic arch–PDA stent seems to move
posteriorly-inferiorly around the curve of the aorta as
the child grows, causing more crowding around the left
PA than occurs in a neonate. In addition to the anatomic
challenges, the physiological changes resulting from the
procedure put the patient at risk, owing to endothelial
injury from the resultant PA reconstruction and cavopul-
monary artery connection with suture lines, patch mate-
rial, and nontubular elements, creating a disrupted
endovascular bed with often nonlaminar, nonpulsatile,
low-pressure flow. The lower-flow state and surgical
endothelial injury, coupled with the inflammatory
response from cardiopulmonary bypass as well as the
anatomic challenges, combine to put the patient at risk
for PA thrombosis, which our analysis identified as the
primary cause of a poor outcome.

The perioperative protocol that we instituted attempts
to address those modifiable risks as well as reduce the
patient-specific risks. Patient selection was modified by
moving away from any early (age <3 months) or emer-
gent (in patients requiring hospitalization before surgery)
comprehensive stage 2 procedures, thereby improving
the likelihood of a low-resistant pulmonary vascular
bed with improved forward flow. Intraoperative assess-
ment of PA and SVC size requires judgment regarding
adequate flow through the resulting cavopulmonary
connection and is typically an issue in former preterm
infants or those with bilateral SVCs. Using a systemic-
to-PA shunt in that situation has proven to be a good
option.

The routine use of a completion angiogram before
disconnecting from bypass has been a very important tool
for improving postoperative outcomes in this patient
population. Although transesophageal echocardiography
is used routinely, this technique cannot fully assess the
new cavopulmonary-to-PA reconstruction and flow patterns
into both lungs. Moreover, although the surgeon can
visually assess these connections before the amalgamation
of the neo-aortic root to aortic arch reconstruction, their

FIGURE 4. Normal flow after intraoperative placement of a left PA stent.
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High rate of PA stenosis



Hybrid Versus Norwood Strategies for
Single-Ventricle Palliation
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Kyong-Jin Lee, MD; Lee N. Benson, MD; Lars Grosse-Wortmann, MD; Glen S. Van Arsdell, MD;
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Background—Hybrid and Norwood strategies differ substantially in terms of stage II palliative procedures. We sought to
compare these strategies with an emphasis on survival and reintervention after stage II and subsequent Fontan completion.

Methods and Results—Of 110 neonates with functionally single-ventricle physiology who underwent stage I palliation
between 2004 and 2010, 75 (69%) infants (Norwood, n!43; hybrid, n!32) who subsequently underwent stage II
palliation were studied. Survival and reintervention rates after stage II palliation, anatomic and physiologic variables at
pre-Fontan assessment, and Fontan outcomes were compared between the groups. Predictors for reintervention were
analyzed. Freedom from death/transplant after stage II palliation was equivalent between the groups (Norwood, 80.4%
versus hybrid, 85.6% at 3 years, P!0.66). Hybrid patients had a higher pulmonary artery (PA) reintervention rate
(P!0.003) and lower Nakata index at pre-Fontan evaluation (P!0.015). Aortic arch and atrioventricular valve
reinterventions were not different between the groups. Ventricular end-diastolic pressure, mean PA pressure, and
ventricular function were equivalent at pre-Fontan assessment. There were no deaths after Fontan completion in either
group (Norwood, n!25, hybrid, n!14).

Conclusions—Survival after stage II palliation and subsequent Fontan completion is equivalent between the groups. The
hybrid group had a higher PA reintervention rate and smaller PA size. Both strategies achieved adequate physiology for
Fontan completion. Evolution of the hybrid strategy requires refinement to provide optimal PA growth. (Circulation.
2012;126[suppl 1]:S123–S131.)

Key Words: hypoplastic left heart syndrome ! single ventricle ! hybrid ! Norwood ! pulmonary artery

The goal of staged surgical palliation for patients with
functionally single-ventricle physiology is to produce the

optimal Fontan candidate. The Norwood strategy has recently
been evaluated in terms of the use of a Blalock-Taussig (BT)
or a right ventricle–pulmonary artery (RV-PA) shunt.1 At the
time of stage II palliation, the Norwood procedure performed
using either shunt type converges on a common stage II
palliative procedure with a low incidence of morbidity and
mortality.1 The hybrid strategy has recently been introduced
as an alternative surgical palliation strategy.2–4 In contrast to
the Norwood strategy, the stage II hybrid procedure is a “big
operation,” including aortic arch reconstruction, PA debanding
and reconstruction, and creation of a bidirectional cavopulmo-
nary shunt (BCPS).3,4 After stage II procedures, both strategies
converge on a common Fontan procedure and therefore, a
comparison at pre-Fontan evaluation is germane.

We have reported equivalent hemodynamics and PA growth
between Norwood and hybrid groups at pre–stage II palliation5;
however, the impact of hybrid palliation on anatomic and

physiologic variables after stage II palliation are less well
defined. Potential concerns after stage II hybrid procedures
include distortion of the branch PAs, aortic arch obstruction after
removal of the ductal stent and subsequent arch reconstruction,
and loss of ventricular function or increase in atrioventricular
(AV) valve insufficiency due to the requisite long cardioplegic
cardiac arrest during stage II palliation. We sought to compare
our hybrid and Norwood experience with a specific focus on
survival and reintervention after stage II palliation, anatomic and
physiologic variables at pre-Fontan assessment, and subsequent
Fontan outcome.

Methods
All infants undergoing staged single-ventricle palliation at the
Hospital for Sick Children between 2004 and 2010 were reviewed.
Research ethics board approval was obtained. During the study
period, 119 consecutive infants underwent stage I single-ventricle
palliation with hybrid (n!47), Norwood with a modified Blalock-
Taussig (BT) shunt (n!63), or Sano procedure (n!9). The patients
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Table 1. Perioperative Data at Stage II Palliation

Norwood (n!43) Hybrid (n!32) P

Patient demographics

Age, mo 5.95 (4.81–6.93) 6.34 (5.72–7.24) 0.084

Body weight, kg 6.60 (5.90–7.22) 6.39 (5.54–7.38) 0.692

Body surface area, m2 0.37 (0.34–0.40) 0.37 (0.34–0.41) 0.946

Diagnosis

Hypoplastic left heart syndrome 23 (53%) 22 (69%) 0.182

Aortic atresia/mitral atresia 3 (7%) 11 (34%) 0.007

Aortic atresia/mitral stenosis 6 (14%) 3 (9%) 0.297

Aortic stenosis/mitral atresia 2 (5%) 0 (0%) 0.157

Aortic stenosis/mitral stenosis 12 (28%) 8 (25%) 0.286

Double-inlet left ventricle, transposition of the great arteries 8 (19%) 1 (3%) 0.041

Tricuspid atresia, transposition of the great arteries 4 (9%) 2 (6%) 0.063

Unbalanced atrioventricular septal defect 1 (2%) 4 (13%) 0.081

Double-outlet right ventricle, coarctation of the aorta 2 (5%) 2 (6%) 0.761

Other diagnoses 5 (12%) 1 (3%) 0.179

Secondary diagnosis: bilateral superior vena cava 1 (2%) 5 (16%) 0.036

Preoperative data

Preoperative ECMO 2 (5%) 2 (6%) 0.761

Atrioventricular valve regurgitation

None/mild 14 (33%)/15 (35%) 20 (63%)/5 (16%) 0.010/0.062

Moderate/severe 14 (33%)/0 (0%) 6 (19%)/1 (3%) 0.181/0.243

Ventricular function

Normal/mildly reduced 34 (79%)/5 (12%) 28 (88%)/3 (9%) 0.340/0.755

Moderately reduced 4 (9%) 1 (3%) 0.289

Concomitant procedure

Valve repair 10 (23%) 3 (9%) 0.116

Pulmonary vein stenosis repair 2 (5%) 1 (3%) 0.739

Intraoperative data

Cardiopulmonary bypass time, min 85.0 (59.5–127.0) 207.5 (183.5–276.0) "0.001

Aortic cross-clamp time, min 53.0 (23.0–138.0) 123.5 (95.8–152.3) 0.002

Circulatory arrest time, min 43.5 (11.3–64.5) 29.0 (20.0–45.0) 0.673

Regional cerebral perfusion, n 2 (5%) 31 (97%) 0.000

Regional cerebral perfusion time, min 28.0 (17.0–39.0) 58.0 (43.0–74.0) 0.211

Pulmonary artery plasty, n 37 (86%) 30 (94%) 0.285

Second pump run, n 3 (7%) 11 (34%) 0.003

Open chest, n 6 (14%) 9 (28%) 0.129

Postoperative data

Central venous pressure, mm Hg 16.5 (15.0–18.0) 18.0 (15.5–19.5) 0.093

Minimum mixed venous saturation after stage II, % 40.0 (28.0–46.0) 33.0 (27.5–39.3) 0.031

Postoperative ECMO 2 (5%) 2 (6%) 0.761

Atrioventricular valve regurgitation

None/mild 10 (23%)/18 (42%) 15 (47%)/9 (28%) 0.032/0.220

Moderate/severe 14 (33%)/1 (2%) 8 (25%)/0 (0%) 0.477/0.385

Ventricular function

Normal/mildly reduced 29 (67%)/8 (19%) 19 (59%)/6 (19%) 0.472/0.987

Moderately reduced/severely reduced 4 (9%)/1 (2%) 5 (16%)/2 (6%) 0.405/0.391

Intubation time, d 1.0 (0.0–4.5) 2.5 (1.0–9.3) 0.054

Intensive care unit time, d 5.0 (2.0–13.5) 7.0 (3.0–17.3) 0.145

Hospital time, d 9.0 (7.0–19.0) 16.0 (9.8–28.3) 0.041

ECMO indicates extracorporeal membrane oxygenation.
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Reintervention
After stage II palliation, 20 reinterventions were per-
formed in 10 (31%) patients in the hybrid group and 8
reinterventions in 5 (11%) patients in the Norwood group,
at median of 0.56 months (interquartile range, 0.36 –11.17
months) after surgery (Table 2). Balloon angioplasty
with/without stent placement for the PA was performed in
6 (19%) patients in the hybrid group and none in the
Norwood group (P!0.003) (Figure 2). Reintervention
rates for the aortic arch and AV valves were similar
between the groups. Freedom from all reinterventions was
higher in the Norwood group at 1 year (85.8% versus
66.2%) and at 3 years (82.1% versus 56.7%) (log-rank test,
P!0.05) (Figure 1B and 1C). Cox multivariable regression

showed longer cardiopulmonary bypass time (P!0.012),
longer intubation time (P!0.009), longer hospital time
(P!0.016), and reduced ventricular function after stage 2
(P!0.016) as predictors for reintervention.

Pre-Fontan Evaluation
Arterial saturation, ventricular end-diastolic pressure,
mean PA pressure, pulmonary-to-systemic flow ratio
(Qp/Qs), and pulmonary vascular resistance were compa-
rable between the groups (Table 3). The diameter of
the bilateral PAs and Nakata index are larger in the
Norwood group (P!0.015) (Figure 3 and Table 3). There
were no significant differences in aortic dimensions except
for a smaller neoascending aorta in the hybrid group

Table 3. Pre-Fontan Evaluation

Norwood (n!25) Hybrid (n!14) P

Patient demographics

Body weight, kg 12.7 (11.9–13.2) 11.6 (11.2–13.2) 0.195

Body surface area, m2 0.55 (0.52–0.57) 0.53 (0.51–0.55) 0.185

Catheterization/magnetic resonance imaging data

Arterial saturation, % 88.0 (84.8–90.3) 89.0 (87.0–91.0) 0.236

Ventricular end-diastolic pressure, mm Hg 7.0 (6.0–8.0) 7.5 (7.0–8.0) 0.665

Mean pulmonary artery pressure, mm Hg 10.0 (9.0–12.0) 10.0 (9.0–11.5) 0.605

Common atrial pressure, mm Hg 5.5 (4.3–6.8) 5.0 (4.5–6.0) 0.611

Transpulmonary gradient, mm Hg 5.0 (4.0–6.0) 5.3 (4.3–6.0) 0.981

Pulmonary-to-systemic flow ratio, Qp/Qs 0.81 (0.74–1.02) 1.10 (0.88–1.19) 0.383

Pulmonary vascular resistance, Woods Units 2.36 (1.94–2.70) 2.20 (1.95–2.95) 0.877

Pulmonary arteries

Right pulmonary artery diameter, mm 9.90 (9.05–11.53) 8.35 (6.80–9.50) 0.003

Indexed right pulmonary artery diameter, mm2/m2 18.5 (17.0–20.5) 15.0 (13.5–16.7) 0.008

Left pulmonary artery diameter, mm 7.40 (6.45–8.20) 6.20 (5.43–7.50) 0.071

Indexed left pulmonary artery diameter, mm2/m2 13.3 (11.7–15.2) 13.1 (10.7–13.9) 0.273

Nakata Index, mm2/m2 216 (187–277) 184 (127–213) 0.015

Right-to-left ratio 1.43 (1.24–1.63) 1.15 (1.10–1.65) 0.622

Lower lobes

Right lower lobe diameter, mm 7.45 (5.98–8.23) 6.10 (5.68–6.85) 0.093

Left lower lobe diameter, mm 6.20 (5.23–6.60) 5.25 (4.20–6.10) 0.087

Lower lobe index, mm2/m2 134 (96–156) 109 (75–131) 0.113

Aorta

Neo-ascending aorta, mm 22.6 (18.6–25.0) 18.7 (17.1–21.0) 0.035

Distal transverse arch, mm 15.5 (13.9–18.6) 16.1 (13.5–18.3) 0.936

Descending aorta, mm 8.60 (8.05–9.35) 7.90 (7.33–9.23) 0.208

Original ascending aorta, mm 8.10 (5.70–9.90) 7.05 (4.45–8.48) 0.360

PA window, mm 20.4 (17.8–25.0) 18.7 (17.3–22.5) 0.257

Echocardiographic data

Atrioventricular valve regurgitation

None 10 (40%) 8 (57%) 0.303

Mild 11 (44%) 5 (36%) 0.614

Moderate 4 (16%) 1 (7%) 0.427

Ventricular function

Normal 24 (96%) 13 (93%) 0.669

Mildly reduced 1 (4%) 1 (7%) 0.669
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takeoff of the branching vessels. The Nakata index was calculated.9
Diameters of lower lobe arteries were measured distal to their origin.
The lower lobe index (LLI) was calculated.5 The aortic diameters
were measured: the neoascending aorta proximal to the innominate
artery, the transverse aortic arch at the base of the left common carotid
artery, the descending aorta at the level of the diaphragm, the ascending
aorta distal to the sinotubular junction. Six patients (4 Norwood, 2
hybrid) underwent magnetic resonance imaging as a modality of
anatomic assessment combined with catheter-based pressure measure-
ment and were included in the analysis.

Assessment of Ventricular and AV Valve Function
Echocardiographic images at pre-Fontan evaluation were re-
reviewed. Qualitative assessments of ventricular function and degree
of AV valve regurgitation were performed as previously described.10

Ventricular function was graded as 0!normal, 1!mildly reduced,
2!moderately reduced, and 3!severely reduced. The degree of AV
valve insufficiency was graded as 0!none/trivial, 1!mild, 2!mod-
erate, and 3!severe.

Statistical Analysis
Continuous data are presented as median (interquartile range). Discrete
data are presented as frequency (percentage). The level of statistical
significance was set at P!0.05. Differences between the groups
were analyzed with the Mann-Whitney U test. Frequencies of the
events were compared with the "2 test. Freedom from death/
reintervention were analyzed with Kaplan-Meier analysis and a
log-rank test. Cumulative incidence functions were used to

display the proportion of patients with the event of interest
(reintervention) or the competing event (death) as time pro-
gressed. Univariable predictors for reintervention were explored
with Cox regression. Variables that were significant at the
P!0.05 level in univariable analysis were included in a stepwise
multivariable Cox regression model.

Results
Stage II Palliation
Patient characteristics at stage II palliation were comparable
between the groups. Hybrid stage II procedures were associated
with longer CPB time (P"0.001) and the use of DHCA.
Bilateral PA plasty was common in both groups (Norwood, 86%
versus hybrid, 94%, P!0.29). Second bypass runs to address
residual lesions were more common in the hybrid group (7%
versus 34%, P!0.003). In the hybrid group, second bypass runs
were required to revise branch PAs (n!3), BCPS anastomosis
(n!3), DKS anastomosis (n!2), the aortic arch (n!1), and to
achieve hemostasis (n!2). In the Norwood group, second
bypass runs were required to revise AV valve repairs (n!3).
There was a significant difference in lower minimum mixed
venous saturations (P!0.031) as well as nonsignificant trends of
higher SVC pressure (P!0.093) and longer intubation time
(P!0.054) in the hybrid group. The length of hospital stay was
longer in the hybrid group (P!0.041) (Table 1).

Survival
There were 4 (9%) hospital deaths in the Norwood group:
cardiac arrest (n!2), hypoxia (n!1), and hemodynamic com-
promise after BCPS takedown (n!1). BCPS in all 4 patients had
been undertaken after long intensive care unit stays after the
Norwood procedure. There were 2 (6%) hospital deaths in the
hybrid group: multi-organ failure after BCPS takedown (n!1),
and PA distortion and subsequent extracorporeal membrane
oxygenation (ECMO) support, balloon angioplasty, BCPS take-
down, and multi-organ failure (n!1). There were 3 late deaths in
the Norwood group: cardiac arrest (n!1), respiratory failure
(n!1), and sudden death (n!1). There was 1 late death in the
hybrid group due to pneumonia. Two patients (1 patient in each
group) underwent cardiac transplantation after stage II palliation.
Both patients had reduced ventricular function prior to stage II
palliation.

Freedom from death/transplant after stage II palliation was
comparable between groups at 1 year (Norwood, 83.8%
versus hybrid, 85.6%) and at 3 years (80.4% versus 85.6%)
(log-rank test, P!0.66) (Figure 1A).

Figure 2. Occlusion of left pulmonary
artery after comprehensive stage II
hybrid palliation (A). This was treated
with stent placement (B).

Table 2. Reintervention After Stage II Palliation

Norwood
(n!43)

Hybrid
(n!32) P

Catheter intervention

Pulmonary artery
stent/dilatation

0 (0%) 6 (19%) 0.003

Coarctation dilation 0 (0%) 1 (3%) 0.243

Superior vena cava dilation 1 (2%) 2 (6%) 0.391

Surgical interventions

Pulmonary artery angioplasty 1 (2%) 4 (13%) 0.081

Arch repair 1 (2%) 2 (6%) 0.391

Atrioventricular valve
repair/replacement

2 (5%) 2 (6%) 0.761

Pulmonary vein stenosis repair 0 (0%) 1 (3%) 0.243

Additional Blalock-Taussig
shunt

2 (5%) 0 (0%) 0.216

Bidirectional cavopulmonary
shunt takedown

1 (2%) 2 (6%) 0.391

Transplantation 1 (2%) 1 (3%) 0.832
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Background—Hybrid and Norwood strategies differ substantially in terms of stage II palliative procedures. We sought to
compare these strategies with an emphasis on survival and reintervention after stage II and subsequent Fontan completion.

Methods and Results—Of 110 neonates with functionally single-ventricle physiology who underwent stage I palliation
between 2004 and 2010, 75 (69%) infants (Norwood, n!43; hybrid, n!32) who subsequently underwent stage II
palliation were studied. Survival and reintervention rates after stage II palliation, anatomic and physiologic variables at
pre-Fontan assessment, and Fontan outcomes were compared between the groups. Predictors for reintervention were
analyzed. Freedom from death/transplant after stage II palliation was equivalent between the groups (Norwood, 80.4%
versus hybrid, 85.6% at 3 years, P!0.66). Hybrid patients had a higher pulmonary artery (PA) reintervention rate
(P!0.003) and lower Nakata index at pre-Fontan evaluation (P!0.015). Aortic arch and atrioventricular valve
reinterventions were not different between the groups. Ventricular end-diastolic pressure, mean PA pressure, and
ventricular function were equivalent at pre-Fontan assessment. There were no deaths after Fontan completion in either
group (Norwood, n!25, hybrid, n!14).

Conclusions—Survival after stage II palliation and subsequent Fontan completion is equivalent between the groups. The
hybrid group had a higher PA reintervention rate and smaller PA size. Both strategies achieved adequate physiology for
Fontan completion. Evolution of the hybrid strategy requires refinement to provide optimal PA growth. (Circulation.
2012;126[suppl 1]:S123–S131.)

Key Words: hypoplastic left heart syndrome ! single ventricle ! hybrid ! Norwood ! pulmonary artery

The goal of staged surgical palliation for patients with
functionally single-ventricle physiology is to produce the

optimal Fontan candidate. The Norwood strategy has recently
been evaluated in terms of the use of a Blalock-Taussig (BT)
or a right ventricle–pulmonary artery (RV-PA) shunt.1 At the
time of stage II palliation, the Norwood procedure performed
using either shunt type converges on a common stage II
palliative procedure with a low incidence of morbidity and
mortality.1 The hybrid strategy has recently been introduced
as an alternative surgical palliation strategy.2–4 In contrast to
the Norwood strategy, the stage II hybrid procedure is a “big
operation,” including aortic arch reconstruction, PA debanding
and reconstruction, and creation of a bidirectional cavopulmo-
nary shunt (BCPS).3,4 After stage II procedures, both strategies
converge on a common Fontan procedure and therefore, a
comparison at pre-Fontan evaluation is germane.

We have reported equivalent hemodynamics and PA growth
between Norwood and hybrid groups at pre–stage II palliation5;
however, the impact of hybrid palliation on anatomic and

physiologic variables after stage II palliation are less well
defined. Potential concerns after stage II hybrid procedures
include distortion of the branch PAs, aortic arch obstruction after
removal of the ductal stent and subsequent arch reconstruction,
and loss of ventricular function or increase in atrioventricular
(AV) valve insufficiency due to the requisite long cardioplegic
cardiac arrest during stage II palliation. We sought to compare
our hybrid and Norwood experience with a specific focus on
survival and reintervention after stage II palliation, anatomic and
physiologic variables at pre-Fontan assessment, and subsequent
Fontan outcome.

Methods
All infants undergoing staged single-ventricle palliation at the
Hospital for Sick Children between 2004 and 2010 were reviewed.
Research ethics board approval was obtained. During the study
period, 119 consecutive infants underwent stage I single-ventricle
palliation with hybrid (n!47), Norwood with a modified Blalock-
Taussig (BT) shunt (n!63), or Sano procedure (n!9). The patients
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Table 1. Perioperative Data at Stage II Palliation

Norwood (n!43) Hybrid (n!32) P

Patient demographics

Age, mo 5.95 (4.81–6.93) 6.34 (5.72–7.24) 0.084

Body weight, kg 6.60 (5.90–7.22) 6.39 (5.54–7.38) 0.692

Body surface area, m2 0.37 (0.34–0.40) 0.37 (0.34–0.41) 0.946

Diagnosis

Hypoplastic left heart syndrome 23 (53%) 22 (69%) 0.182

Aortic atresia/mitral atresia 3 (7%) 11 (34%) 0.007

Aortic atresia/mitral stenosis 6 (14%) 3 (9%) 0.297

Aortic stenosis/mitral atresia 2 (5%) 0 (0%) 0.157

Aortic stenosis/mitral stenosis 12 (28%) 8 (25%) 0.286

Double-inlet left ventricle, transposition of the great arteries 8 (19%) 1 (3%) 0.041

Tricuspid atresia, transposition of the great arteries 4 (9%) 2 (6%) 0.063

Unbalanced atrioventricular septal defect 1 (2%) 4 (13%) 0.081

Double-outlet right ventricle, coarctation of the aorta 2 (5%) 2 (6%) 0.761

Other diagnoses 5 (12%) 1 (3%) 0.179

Secondary diagnosis: bilateral superior vena cava 1 (2%) 5 (16%) 0.036

Preoperative data

Preoperative ECMO 2 (5%) 2 (6%) 0.761

Atrioventricular valve regurgitation

None/mild 14 (33%)/15 (35%) 20 (63%)/5 (16%) 0.010/0.062

Moderate/severe 14 (33%)/0 (0%) 6 (19%)/1 (3%) 0.181/0.243

Ventricular function

Normal/mildly reduced 34 (79%)/5 (12%) 28 (88%)/3 (9%) 0.340/0.755

Moderately reduced 4 (9%) 1 (3%) 0.289

Concomitant procedure

Valve repair 10 (23%) 3 (9%) 0.116

Pulmonary vein stenosis repair 2 (5%) 1 (3%) 0.739

Intraoperative data

Cardiopulmonary bypass time, min 85.0 (59.5–127.0) 207.5 (183.5–276.0) "0.001

Aortic cross-clamp time, min 53.0 (23.0–138.0) 123.5 (95.8–152.3) 0.002

Circulatory arrest time, min 43.5 (11.3–64.5) 29.0 (20.0–45.0) 0.673

Regional cerebral perfusion, n 2 (5%) 31 (97%) 0.000

Regional cerebral perfusion time, min 28.0 (17.0–39.0) 58.0 (43.0–74.0) 0.211

Pulmonary artery plasty, n 37 (86%) 30 (94%) 0.285

Second pump run, n 3 (7%) 11 (34%) 0.003

Open chest, n 6 (14%) 9 (28%) 0.129

Postoperative data

Central venous pressure, mm Hg 16.5 (15.0–18.0) 18.0 (15.5–19.5) 0.093

Minimum mixed venous saturation after stage II, % 40.0 (28.0–46.0) 33.0 (27.5–39.3) 0.031

Postoperative ECMO 2 (5%) 2 (6%) 0.761

Atrioventricular valve regurgitation

None/mild 10 (23%)/18 (42%) 15 (47%)/9 (28%) 0.032/0.220

Moderate/severe 14 (33%)/1 (2%) 8 (25%)/0 (0%) 0.477/0.385

Ventricular function

Normal/mildly reduced 29 (67%)/8 (19%) 19 (59%)/6 (19%) 0.472/0.987

Moderately reduced/severely reduced 4 (9%)/1 (2%) 5 (16%)/2 (6%) 0.405/0.391

Intubation time, d 1.0 (0.0–4.5) 2.5 (1.0–9.3) 0.054

Intensive care unit time, d 5.0 (2.0–13.5) 7.0 (3.0–17.3) 0.145

Hospital time, d 9.0 (7.0–19.0) 16.0 (9.8–28.3) 0.041

ECMO indicates extracorporeal membrane oxygenation.
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who underwent Sano procedure using RV-PA shunt were excluded
from the analysis. This study analyzed 75 (68%) patients (43
Norwood, 32 hybrid) who subsequently underwent stage II pallia-
tion. Diagnoses and preoperative profile are shown in Table 1.

Surgical Techniques
The surgical techniques for stage I Norwood6 or hybrid4 palliative
procedures have been previously described.

Norwood Stage II Procedure
After aorto-bicaval cannulation, the BT shunt was divided. Bilateral
PA plasty was commonly performed with autologous pericardium.
The superior vena cava (SVC) was anastomosed to the central
portion of the right PA. If there was a left SVC, bilateral BCPS was
performed as centrally as possible making a V-shaped appearance to
minimize the central PA hypoplasia.7

Hybrid Stage II Procedure
Cardiopulmonary bypass was established with the arterial inflow
through the main PA and ascending aorta (if large enough) and bicaval
cannulation, the branch PAs occluded, and the patient cooled for deep
hypothermic circulatory arrest (DHCA). After cardioplegic cardiac
arrest, an atrial septectomy was performed. Under DHCA and regional
cerebral perfusion, the ascending aorta was transected, the PA origins
resected, the ductal stent was removed, and the aortic arch reconstructed
with pulmonary homograft patch in a manner similar to Norwood stage
I procedures. Alternatively, some patients had the aortic arch reconstruc-

tion using a retained stented duct (n!12).8 In those cases, stent material
was resected as the incision was made on the superior aspect of the
arterial duct down to the posterior aspect of the proximal descending
aorta. The remaining portion of stented duct at its lesser curvature was
used as a part of aortic arch reconstruction. The proximal Damus-Kaye-
Stansel (DKS) procedure was performed using the standard technique.
Branch PAs were debanded and typically enlarged with fresh autolo-
gous pericardium from hilum to hilum. BCPS was completed while
rewarming.

Since 2009, all comprehensive stage II palliations have been
performed in the hybrid suite and exit angiograms have been
routinely obtained at the end of operation. After termination of
cardiopulmonary bypass (CPB), a 6F sheath is inserted via the SVC
cannulation site. A 4F catheter is inserted into the lower SVC and an
angiogram including BCPS anastomosis and branch PA architecture
is obtained. The angiogram is immediately assessed by surgeons and
cardiologists and decisions for reintervention are made.

Fontan Completion
The surgical techniques were essentially the same between the two
groups. Extracardiac Fontan connections were created with 20- to
24-mm polytetrafluoroethylene tube grafts in the on-pump beating
state with aortic and bicaval cannulation; 4-mm fenestrations were
routinely created.

PAs and Aortic Arch
The angiographic images at pre-Fontan evaluation were reviewed.
Diameters of branch PAs were measured at the hilum proximal to the

Figure 1. Kaplan-Meier analyses for freedom from death/transplant (A) and reintervention (B) after stage II palliation. Competing risk
analysis showing outcomes after stage II palliation (C).
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(P!0.035) (Figure 4). Most patients in both groups had
normal echocardiographic ventricular function (Norwood,
96% versus hybrid, 93%, P!0.67) and mild or less AV
valve regurgitation (84% versus 93%, P!0.43). Four

patients in the Norwood group and 1 patient in the hybrid
group had moderate AV valve regurgitation, and there
were no patients who had severe regurgitation in either
group.

Figure 3. Well-developed symmetrical
branch pulmonary arteries (PAs) (A) and
hypoplastic left PA (B) in a Norwood
patient at pre-Fontan assessment. Well-
developed symmetrical branch PAs (C)
and hypoplastic left PA (D) in a hybrid
patient.

Figure 4. Aortogram of: a Norwood
patient (A); standard arch reconstruction
in a hybrid patient (B); arch reconstruc-
tion in a hybrid patient with a retained
stented duct (C).
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1. Promote evolution in HLHS management
2. Changing management concept
3. Resource utilization
4. Bridge to rescue
5. Bridge to HTX
6. Bridge to 2V repair
7. Bridge to Norwood Stage 1
8. Effective for high risk
9. Improve early results
10. Improve late results & Fontan candidancy

HLHS….reason for Hybrid

“In favor of Hybrid Stage 1 as the initial palliation for 
HLHS” Galantowicz M, Ped Cardiac Surg Ann 2013
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