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ABSTRACT 

 

BACKGROUND & SIGNIFICANCE 

Hypoplastic left heart syndrome (HLHS) is a congenital condition that involves hypoplasia or 

atresia of left heart structures. Treatment requires three separate interventions, and the 

“hybrid” procedure is a less invasive alternative to the initial open-heart operation. This 

approach has become favorable for certain patients in recent years, but there is a need to 

better understand the outcomes and the factors that influence the outcomes for hybrid Stage 1 

palliation of HLHS. 

 

RESEARCH QUESTION 

What are the outcomes of the hybrid approach to Stage 1 palliation of hypoplastic left heart 

syndrome and what factors influence those outcomes? 

 

MATERIALS & METHODS 

We performed a retrospective chart and imaging review of all patients with single ventricle 

anatomy who underwent hybrid palliation for first stage treatment. The medical records, 

hemodynamic data, angiographic imaging, and echo imaging were retrospectively reviewed. 

 

RESULTS 

A total of 18 patients met the inclusion criteria. Twelve of the 18 patients (67%) required 28 re-

interventions prior to their second stage palliative procedure (S2P), and 10 of the re-

interventions (35.7%) were for the ASD. There were no procedural complications associated 

with S1P. Only two re-interventions between the S1P and S2P involved the pulmonary arteries; 

one of which was for pulmonary artery band tightening. Unexpectedly, there were no re-

interventions due to stenosis at the bands during this interstage period. There were 4 patients 

that had an orthotopic heart transplant, 1 conversion to a Norwood procedure, 1 biventricular 

repair, and 2 deaths. 

 



  

CONCLUSION  

There is a high re-intervention rate after S1P for treatment of hypoplastic left heart syndrome, 

and the most common re-interventions target the atrial septum. This series demonstrates that 

the hybrid approach is a viable alternative to the Norwood procedure, and outcomes may 

improve with prophylactic balloon septostomy during the hybrid procedure.  
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INTRODUCTION 

 

Hypoplastic left heart syndrome (HLHS) is a congenital condition that involves 

hypoplasia or atresia of left heart structures (left ventricle, mitral valve, and/or aortic valve) and 

the ascending aorta (reference Figure 1). The left ventricle is non-functional in hearts with 

HLHS. Therefore, blood entering the left atrium from the lungs shunts to the right atrium, 

where it enters the right ventricle and is pumped into the main pulmonary artery. Systemic 

circulation is maintained through a patent ductus arteriosus, which allows blood to enter the 

systemic circulation. 

There are an estimated 960 new cases of HLHS every year in the United States, with an 

incidence of 2.3 per 10,000 live births (Parker 2010). Until 30 years ago, the prognosis for an 

infant with HLHS was extremely poor with 100% mortality, and comfort care was the only 

option (Feinstein 2012). A surgical option for treatment of HLHS was introduced by Norwood in 

1983, and since then the 3-stage surgical approach based on his initial work has resulted in 

survival rates that range from 64-76% (Ohye 2010). Stage 1 surgical repair (also known as the 

Norwood procedure) involves four major steps: reconstructing the aorta to connect to the 

functional right ventricle (creating a “neoaorta”), providing pulmonary blood flow with a shunt 

between the aorta/right ventricle and pulmonary arteries, creating a non-restrictive atrial 

septal defect, and eliminating the ductus arteriosus (reference Figure 2). The goals of the 

Norwood procedure are to relieve systemic outflow obstruction, eliminate restrictive coronary 

blood flow, and provide adequate pulmonary blood flow (Feinstein 2012). 

This surgical approach is more than three decades old but still carries a significant 

mortality rate of 25%. Furthermore, cardiopulmonary bypass and circulatory arrest are required 

to perform this procedure, which can result in significant morbidity and may contribute to 

mortality. Given these imperfect results, alternative approaches to the Norwood procedure 

have been developed to eliminate the need for cardiopulmonary bypass and circulatory arrest, 

with the assumption that this may improve morbidity and mortality. This alternative treatment 

involves both transcatheter and surgical components and has become favorable for certain 

patients in recent years. This “hybrid” approach has the same goals as Stage 1 surgical repair 
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mentioned previously. The hybrid approach involves placing a stent in the ductus arteriosus in 

order to maintain patency and provide unrestricted systemic blood flow, and surgically 

implanting bilateral pulmonary artery bands to restrict flow to the lungs (reference Figure 3). 

These interventions eliminate the need for cardiopulmonary bypass and circulatory arrest and 

thus provide a much less invasive method to achieve the same physiologic result as compared 

to the Norwood procedure. 

Following the hybrid procedure, blood enters the systemic circulation through the 

stented patent ductus arteriosus, and the pulmonary artery bands helps equalize the systemic 

and pulmonary blood flows; this reduces pulmonary congestion and improves flow to the 

coronary and cerebral vessels. The theoretical advantages of the hybrid approach over the 

surgical approach are that it defers the aortic arch reconstruction and atrial septectomy, and 

thus avoids an extensive surgical procedure as well as eliminating the need for cardiopulmonary 

bypass and circulatory arrest. It has thus been postulated that this will allow for improved 

outcomes with less morbidity (Harada 2014).  
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Figure 1. Hypoplastic left heart syndrome illustrating a 
hypoplastic left ventricle (LV), mitral valve (MV), aortic 
valve (AoV), and ascending aorta (Ao). (“Facts about…” 
2014). SVC = superior vena cava, IVC = inferior vena cava, 
RA = right atrium, TV = tricuspid valve, RV = right 
ventricle, PV = pulmonary valve, MPA = main pulmonary 
artery, PDA = patent ductus arteriosus, LA = left atrium. 
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Figure 2. Stage 1 surgical treatment for HLHS (the 
Norwood procedure). The aorta is enlarged with a 
patch and is then attached to the pulmonary 
artery/right ventricle, the ductus arteriosus is 
eliminated, and a Blalock-Taussig shunt is placed 
between the brachiocephalic artery and the 
pulmonary artery. (Gruber 2015). 
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Figure 3. Stage 1 hybrid treatment for HLHS. A stent 
is placed in the ductus arteriosus (PDA stent) and 
bands are inserted around the right and left 
pulmonary arteries. (Galantowicz 2008). 
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The hybrid approach to first stage HLHS treatment was introduced in 1992 by Gibbs and 

colleagues but initially had poor results (Gibbs 1992, Gibbs 1993). Subsequent work by 

Akintuerk in Europe and Galantowicz in the United States had much more promising results in 

the mid 2000’s (Akintuerk 2002, Galantowicz 2008); since then the hybrid approach has been 

adopted by many centers as an option for Stage 1 repair of HLHS. 

Since the hybrid approach is a relatively recent advancement, there have been few 

studies that evaluate the outcomes of this procedure. Studies that have evaluated its efficacy 

have focused on comparisons between the hybrid approach and the surgical approach, and 

there is great variability from center-to-center in choosing patients for this procedure. Some 

speculate that the hybrid approach may someday become the standard of care (Schranz 2014); 

as such, there is a need to understand the factors that positively and negatively influence the 

outcomes of the hybrid approach to Stage 1 repair of HLHS. 

 

Rationale 

There is a need to better understand the outcomes and the factors that influence the 

outcomes for hybrid Stage 1 palliation for HLHS. The interventional cardiology and cardiac 

surgery team at Phoenix Children’s Hospital (PCH) have completed 18 hybrid procedures from 

2007 - 2015. A retrospective review and subsequent analysis of this data was performed in an 

effort to gain insight into the outcomes of this approach and how to improve outcomes. 

 

Research question 

What are the outcomes of the hybrid approach to Stage 1 palliation of hypoplastic left 

heart syndrome and what factors influence those outcomes? The documented outcomes 

(complications, re-intervention rates, and mortality) after Stage 1 palliation through Fontan 

completion and beyond were analyzed. 
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MATERIALS & METHODS 

 

IRB approval was received for this study. We performed a retrospective chart and 

imaging review of all patients at PCH with single ventricle anatomy who underwent hybrid 

palliation as the first stage procedure from 2007 - 2015. The medical records, hemodynamic 

data, angiographic imaging, and echo imaging were retrospectively reviewed. Data regarding 

patient demographics, procedure and peri-procedural data for Stage 1/Stage 2/Fontan 

procedures, complications, outcomes including re-intervention rates and mortality, and 

geometric and physiologic measurements were recorded. Re-interventions were defined as 

non-routine diagnostic catheterizations, surgical revisions, heart transplants, pericardial 

effusions, or any intervention involving the atrial septum, ductus arteriosus, or pulmonary 

arteries. Hemodynamic data and oxygen saturations were obtained from diagnostic 

catheterizations. 

 

Geometric data collection 

Diameter and length data for the pulmonary arteries were measured using angiography 

and echocardiography (reference Table 1). Pulmonary artery diameters at the bands were 

measured at the smallest diameter observed during angiography. ASD diameter was defined as 

the largest observed diameter in either the subcostal coronal or sagittal echocardiographic 

imaging planes. The distance from the bifurcation to the pulmonary artery bands was measured 

from the pulmonary artery bifurcation to the most proximal location of increased flow velocity 

seen on Doppler echocardiography. LPA and RPA angles to the main pulmonary artery were 

measured from short axis suprasternal notch echocardiography images using ImageJ software 

(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 

http://imagej.nih.gov/ij/, 1997-2015). Lines were drawn perpendicular to blood flow in the 

MPA, LPA, and RPA using the straight-line tool, and the angles of these lines were determined 

using the Measure function. The LPA and RPA angle to the MPA were calculated from these 

angles (reference Figure 4). 



 8 

Data were described using descriptive statistics including mean, standard deviation, and 

proportions. Statistical analyses were performed using STATA version 14 (College Station, TX), 

and a p-value less than 0.05 was considered significant. 
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Table 1: Geometric data collected and the modality used to make the measurements. LPA = left 
pulmonary artery, RPA = right pulmonary artery, ASD = atrial septal defect. 
 

Measurement Measurement 

modality 

LPA/RPA diameters at the bands, ductus 

arteriosus diameter, stent protrusion into aorta 

Fluoroscopy 

ASD diameter, distance from bifurcation to 

bands, LPA/RPA angulation 

Echocardiography 
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Figure 4: Doppler echo image demonstrating the angle of the MPA to the LPA and to the RPA. 
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RESULTS 

 

Patient characteristics and anatomy 

A total of 18 patients treated from 2007 – 2015 met the inclusion criteria for this study. 

Certain data were not available for every patient, and the number of data points for a given 

category is indicated in the data tables. Patient demographic and morphologic data are shown 

in Table 2. 

 

Complications, re-interventions, and mortality 

The procedural complications and re-interventions are summarized in Table 3. 

Stage 1 procedure 

There were no procedural complications associated with S1P. A total of 28 re-

interventions were performed in 24 procedures on 12 patients between S1P and S2P. The 

highest percentage of re-interventions targeted the atrial septum and included 6 balloon 

septostomies, 2 atrial septectomies, 1 ASD stent placement, and 1 ASD balloon dilatation. The 

pulmonary artery bands were tightened on one patient during a surgical atrial septectomy. 

Using univariate logistic regression analysis, the odds ratio of ASD intervention based on ASD 

diameter was 0.67 (95% confidence interval 0.37 - 1.23), but this relationship was not 

statistically significant (p = 0.20). This indicates that for every 1 mm increase in ASD diameter, 

the odds of intervention decrease by 23%. 

The average length of stay after S1P was 27.4 days (range 13 – 56 days). There was no 

relationship between length of stay after S1P and the ratio of pulmonary to systemic blood flow 

(Qp/Qs) (reference Figure 5). The average duration of pulmonary artery band placement was 

146.2 days (range 89 – 215 days). Four patients went on to receive orthotopic heart transplants. 

One patient underwent biventricular Stage 2 repair and one patient underwent the Norwood 

procedure as the second stage repair. One patient had cardiopulmonary arrest with subsequent 

ECMO placement. However, this patient expired from uncontrollable hemorrhage upon 

attempting to decanulate ECMO. One patient was lost to follow up. 
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Stage 2 & Fontan procedures 

Nine patients underwent S2P with two significant procedural complications: one patient 

experienced severe postoperative cyanosis due to a hematoma with partial occlusion of the 

Glenn anastomosis, and one patient experienced unexplained persistent hypoxemia, 

necessitating Glenn takedown and conversion to a Norwood; this patient later passed away 

from cardiac arrest. A total of 5 patients had subsequently undergone the Fontan procedure. 

  

Among all the patients in all phases of treatment, there were 4 patients that had an 

orthotopic heart transplant, 1 conversion to a Norwood procedure, 1 biventricular repair, and 2 

deaths. 

 

Geometric & physiologic data 

The hemodynamic data and systemic oxygen saturations after S1P are summarized in 

Table 4. The diameter, length, and angulation measurements are also listed in Table 4. The 

percent change in diameter versus the days since the first angiographic imaging is shown in 

Figure 6; a negative percent change indicates that the diameter increased. 
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Table 2: Patient characteristics 

Characteristic N = 18 patients 

Demographics  

Gestational age (weeks) 38.2 ± 2.15 (32.1, 41.9) 

Birth weight (kg) 2.86 ± 0.87 (1.29, 4.70) 

Male gender 10 (55.6%) 

Morphology  

MS/AS 6 (33.3%) 

MS/AA 5 (27.8%) 

MA/AS 2 (11.1%) 

MA/AA 3 (16.7%) 

Unbalanced AV canal 2 (11.1%) 

Genetic syndrome  

Turner syndrome 2 (11.1%) 

CHARGE syndrome 2 (11.1%) 

∆F508 1 (5.6%) 

Shone’s-like complex 1 (5.6%) 

Tuberous sclerosis 1 (5.6%) 

Data presented as mean ± standard deviation (lowest value, highest value) 
MS = mitral stenosis, AS = aortic stenosis, AA = aortic atresia, MA = mitral atresia, AV = 
atrioventricular 
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Table 3: Procedural complications & re-interventions 

 S1P (hybrid) S2P Fontan 

No. of patients 18 9 5 

Age at procedure (days) 

Mean ± standard deviation 

(lowest value, highest value) 

15.2 ± 14.4 

(7, 68) 

158.6 ± 

42.3 (102, 

233) 

1488.4 ± 115.7 

(1401, 1690) 

Procedural complications 0 2 0 

Patients with re-intervention 12 (67%) 6 (67%) 2 (40%) 

Re-intervention procedures 24 6* 2 

Re-interventions: 28 6 2 

Atrial septum 10 (35.7%) 0 0 

Ductus arteriosus 4 (14.3%) 0 0 

Pulmonary artery 1 (  3.6%) 2 (33.3%) 1 (50.0%) 

Non-routine diagnostic catheterization 4 (14.3%) 1 (16.7%)  0 

Heart transplant 4 (14.3%) 0 0 

Other 5 (17.9%) 3 (50%) 1 (50.0%) 

S2P*: 2 re-interventions were part of routine pre-Fontan diagnostic catheterizations 
“Other” in S1P included pulmonary valve stenosis repair, mitral valve commissurotomy, 
tricuspid valve repair, a pericardial thrombectomy, and stenting of the mitral valve with a 
Melody valve 
“Other” in S2P included Glenn takedown, coil occlusion of veno-veno collaterals, and recurrent 
coarctation angioplasty 
“Other” in Fontan was embolization for hemoptysis 
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Figure 5: Length of stay (LOS) after S1P versus Qp/Qs. A line of best fit is drawn on the chart 
with the corresponding R2 value. 
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Table 4: Hemodynamic, saturation, and geometric data post S1P 

Measurement Value 

N = Number of patients 

ASD diameter (mm) 7.48 ± 2.43 (4.10, 13.20), N = 14 

Qp/Qs 1.67 ± 0.89 (0.61, 3.31), N = 12 

Superior vena cava saturation (%) 48.4 ± 7.0 (37, 60), N = 13 

Aortic saturation (%) 79.5 ± 6.2 (72, 93), N = 13  

ΔP, MPA to LPA (mmHg) 54.3 ± 19.3 (13, 74), N = 8 

ΔP, MPA to RPA (mmHg) 58.7 ± 14.0 (25, 72), N = 9 

LPA diameter at the band (mm) 1.79 ± 0.50 (0.63, 2.55), N = 12  

RPA diameter at the band (mm) 2.00 ± 0.62 (0.96, 2.87), N = 14 

LPA angle to the MPA (degrees) 172 ± 22.2 (140, 231), N = 15 

RPA angle to the MPA (degrees) 114 ± 13 (92, 137), N = 15 

Distance from bifurcation to LPA band (mm) 7.1 ± 2.1 (4.1, 12.0), N = 15 

Distance from bifurcation to RPA band (mm) 9.2 ± 1.7 (7.2, 13.9), N = 15 

Data presented as mean ± standard deviation (lowest value, highest value). All data were not 
available for every patient, and the number of patients included in the summary is indicated 
below each value. 
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Figure 6: Percent decrease in LPA/RPA diameter versus days after 1st angio. A negative percent 
change indicates that the diameter increased. 
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DISCUSSION 

 

There is a high re-intervention rate after S1P for treatment of hypoplastic left heart 

syndrome, and the most common re-interventions target the atrial septum. Twelve of the 18 

patients required 28 re-interventions, and 10 of the re-interventions (35.7%) were for the ASD. 

After the hybrid procedure, a communication between the left and right atria is necessary to 

allow the pulmonary venous return to mix with the systemic venous return; a restrictive ASD 

potentially limits pulmonary blood flow by increasing left atrial (and thus pulmonary venous) 

pressure. This increased pressure results in pulmonary edema and pulmonary vascular changes 

that can adversely affect the pulmonary status long term, thereby affecting candidancy for 

subsequent interventions. Balloon atrial septostomy is a catheter based intervention that can 

reduce the degree atrial restriction, but was not typically performed as part of the hybrid 

procedure; this procedure is done via a femoral venous approach, which is not used during the 

standard hybrid procedure. There was a trend toward increased re-intervention for smaller ASD 

diameters, but this did not reach statistical significance. 

Seven of the 18 patients (39%) had HLHS, and mitral stenosis/aortic stenosis was the 

most common morphology (6/18, 33%). The average ages for the S1P, S2P, and Fontan 

procedures were 15, 159, and 1448 days respectively. Of the 18 patients undergoing S1P, 9 

went on to the S2P, and 5 to the Fontan procedure. After S1P, there were 28 re-interventions 

performed on 12 patients through 24 procedures. Only one re-intervention between the S1P 

and S2P involved the pulmonary arteries, which was to tighten the pulmonary artery bands. 

Unexpectedly, there were no re-interventions due to stenosis at the bands during this 

interstage period; after S2P there was one LPA stenting and one LPA angioplasty (as part of pre-

Fontan evaluation). 

There is less angulation from MPA to the LPA (172 degrees) as compared to the RPA 

(114 degrees), which indicates that the LPA goes posteriorly more quickly than the RPA. The 

distance from the pulmonary artery bifurcation to the LPA band (7.1 mm) is shorter than to the 

RPA band (9.2 mm). 
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There are several limitations with this study. Due to the retrospective nature of this 

study, not all data were available for each patient. Also, this study evaluates patients over an 8-

year period. Physician practices and decision making inherently changes over such a long time 

course and creates variability in patient treatments and thus outcomes. Additionally, due to the 

low incidence of this disease, there was a small sample size, which limits the ability to 

demonstrate statistical significance.  
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FUTURE DIRECTIONS 

  

The highest percentage of re-interventions was due to restrictive ASDs. Future studies 

can explore the use of balloon septostomy during the hybrid procedure in an effort to reduce 

the number of re-interventions. Additionally, including more patients would improve the 

quality of study. 
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CONCLUSIONS 

  

The hybrid approach to stage 1 palliation of HLHS is becoming a more common 

approach in place of the Norwood procedure. The re-interventions after the hybrid procedure 

in this case series most often involved the atrial septum. Balloon septostomy was not typically 

performed as part of the hybrid procedure; doing so may decrease the need for future ASD 

interventions, but must be balanced against increased procedure time and potential 

complications during first stage treatment for HLHS. Despite the surgical manipulation of the 

branch pulmonary arteries inherent with pulmonary artery band placement, pulmonary artery 

interventions due to stenosis were not needed in this case series, and the largest decrease in 

diameter at the pulmonary artery bands observed in this study was less than 0.5%. This series 

demonstrates that the hybrid approach is a viable alternative to the Norwood procedure, and 

outcomes may improve with prophylactic balloon septostomy during the hybrid procedure. 
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