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Abstract
Hypoplastic left heart syndrome is a constellation of malformations which result from the severe underdevelopment of any left-
sided cardiac structures. Once considered to be universally fatal, the prognosis for this condition has tremendously improved over
the past four decades since the work of William Norwood in the early 1980s. Today, a staged surgical approach is applied for
palliating this distinctive cohort of patients, in which they undergo three operative procedures in the first 10 years of their life.
Advancements in medical technologies, surgical techniques, and our growing experience in the management of HLHS have
made survival into adulthood a possibility. Through this review, we present the different phases of the staged approach with
primary focus on stage 1—its modifications, current technique, alternatives, and latest outcomes.
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Introduction

The term hypoplastic left heart syndrome (HLHS) was coined
by Noonan and Nadas in 1958 to describe a constellation of
malformations resulting from severe underdevelopment of
any left-sided cardiac structures [1]. It includes valvular ste-
nosis (aortic and/or mitral) and atresia or hypoplasia of left
ventricle (LV), ascending aorta, and the aortic arch. Although
rare in incidence, it is the greatest culprit for congenital heart
disease (CHD)–related mortality in infants. Since its initial
description by Lev, we have come a long way in the manage-
ment of HLHS from compassionate care being the only pos-
sibility in 1970s to these children now surviving to adulthood
[2]. Based on the current consensus, a neonate with HLHS
undergoes a 3-staged surgical palliation although variations
in practices exist. With this review, we primarily focus on
stage 1 with a brief description of the other aspects of the
palliative process.

Pre-stage 1: Fetal diagnosis and intervention

In a fetus with critical aortic stenosis, Allan et al. were the
first to observe and study the intrauterine development of
HLHS using serial echocardiography [3]. Since then, not
only the delineation of fetal cardiac anatomy has improved
but also our understanding of fetal cardiovascular physiol-
ogy and flow patterns has greatly evolved. An association
between the posterior deviation of septum primum and
HLHS has been identified [4]. During fetal period, LV is
mainly filled by the flow through foramen ovale and any
restriction at this atrial level shunting may lead to growth
impairment of left-sided cardiac structures. Consequently,
such alterations in LV outflow or inflow tracts lead to pro-
gressive development of LV hypoplasia throughout the fe-
tal life [5, 6]. Constellations of anatomical lesions sugges-
tive of HLHS can be identified as early as 18th week of
gestation, which enables us to determine the prognosis of
the affected fetus and modify treatment accordingly.

Upon diagnosis of HLHS prenatally, the parents must be
counseled regarding the possible outcomes and management op-
tions, ranging from alteration in perinatal care to fetal interven-
tions or even termination of pregnancy. In milder forms of
HLHS, the family must be referred to a hospital with a
Norwood program for delivery. This facilitates immediate stabi-
lization and preoperative management of a fragile newborn.
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However, in moderate forms, a more invasive approach may be
required such as fetal valvuloplasty or atrial septoplasty.

Most fetuses with aortic stenosis progress to develop
HLHS and require a multi-stage univentricular repair after
birth. If a fetal aortic valvuloplasty (FAV) is performed, the
progressing underdevelopment of LV can be decelerated, thus
improving chances for a biventricular repair postnatally. FAV
has also been shown to improve fetal hemodynamics and
growth of cardiac structures resulting in a significantly better
survival [7]. A study reporting data from 18 centers registered
in the International Fetal Cardiac Intervention Registry
(IFCIR) demonstrated that biventricular circulation was al-
most twice as likely to be achieved in children who underwent
FAV [8]. The procedure, however, comes with an increased
risk of fetal demise and premature delivery [8, 9].

In restricted foramen ovale morphology, there is a double jeop-
ardy in terms of suboptimal LV filling and growth as well as back
pressure changes in the lungs, putting the fetus at risk of intrauterine
demise ormaking it an extremely high-risk candidate for Norwood
procedure postnatally. In such situations, interventions such as fetal
atrial septoplasty and/or atrial septum stenting can be undertaken to
improve chances of survival by virtue of left atrial decompression,
which diminishes left atrial hypertension and hence prevents further
damage to the developing lungs [9]. As per a recent report from
IFCIR, the feasibility of performing these interventionswas as close
as 77% [10]. It also showed that the need for cesarean delivery and
immediate neonatal resuscitation was lower in the group who
underwent fetal septal intervention; however, these interventions
have not yet been shown to improve survival.

In addition to these invasive interventions, maternal
hyperoxygenation therapy (MHT) is a non-invasive approach
to improve prenatal and postnatal hemodynamics in some
HLHS substrates. The therapy consists of supplementing
100% oxygen to the mother during the later period of preg-
nancy to increase fetal pulmonary blood flow, thus increasing
the venous return to the left atrium and stimulating growth of
hypoplastic left heart structures. However, the effectiveness of
MHT still remains controversial [11]. Though there is a theo-
retical risk of cerebral underdevelopment by MHT, it has not
been observed in reported studies [12].

In severe forms of HLHS such as substrates with diminu-
tive ascending aorta (< 2 mm), aortic atresia with retrograde
coronary flow, mitral valve atresia with concomitant restricted
foramen ovale, severe tricuspid regurgitation, or right ventric-
ular dysfunction, parents may be counseled regarding the ter-
mination of pregnancy as a last resort.

Stage 1 palliation

Norwood procedure is now considered the gold standard for
the first step in the staged palliation of HLHS, which is usually
undertaken around 2 weeks after birth.

Preoperative stabilization

The goals of preoperative stabilization include maintaining
ductal patency, balancing pulmonary flow (Qp) to systemic
flow (Qs) ratio, and achieving adequate tissue oxygenation
[13]. Early administration of prostaglandin E1 is necessary
to maintain ductal patency for supporting the systemic circu-
lation of the neonate. The second aspect of preoperative care
includes manipulation of pulmonary (PVR) and systemic vas-
cular resistance (SR) aimed at preventing pulmonary
overcirculation by use of hypoxic gases (14–20% FiO2) along
with nitrogen or ambient gas and deliberate hypoventilation or
use of 2–5% CO2 to increase arterial CO2. Alternatively, so-
dium nitroprusside and phenoxybenzamine can be adminis-
tered to manipulate SR.

Norwood procedure

Cayler et al. theorized that there were five main hemodynamic
requirements for a successful surgical palliation—a large
intra-atrial communication, a large arterio-ventricular commu-
nication, an adequately sized aorta, high pulmonary vascular
resistance, and sufficient coronary perfusion [14]. Norwood
improved on the initial palliative attempts by introducing a
staged surgical program for HLHS aimed at establishing the
right ventricle (RV) as the chamber supporting the systemic
circulation. In 1983, he described his breakthrough technique
for the first palliative stage of the three-staged approach,
which now bears the name of “Norwood procedure” [15].

The components of the Norwood procedure are as follows:

(i) Atrial septectomy - creation of an unrestricted interatrial
communication to allow pulmonary venous return to flow
into the RV. This is achieved by performing complete
excision of atrial septum primum.

(ii) Aortic arch reconstruction - establishment of a perma-
nent connection between the RV and aorta. This step
involves constructing a neo-aorta by utilizing the proxi-
mal main pulmonary artery (MPA), ascending aorta, aor-
tic arch, and descending aorta. The aim is to provide
unobstructed, low resistance, systemic outflow.

(iii) Establishing pulmonary circulation - a new source for
the pulmonary circulation is developed using either a
modified Blalock-Taussig shunt (mBTS) or a right
ventricle-pulmonary artery shunt (RVPAS). It also
aimed at optimizing the pulmonary flow and vasculature
to enable the neonate to progress to subsequent pallia-
tive stages (Figs. 1 and 2).

With this modified anatomy, the RV receives both the sys-
temic and pulmonary venous returns, which it then simulta-
neously pumps into both the circulations in a parallel fashion.
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Based on concepts of flow dynamics, this single ventricular
heart and its parallel cardiac output will eject more blood into
the vascular bed (pulmonary or systemic) with the least resis-
tance. This phenomenon has important implications in the
postoperative management after stage 1 palliation (S1P),
which is not discussed in detail here as it is not the focus of
our review.

Past and current approach

Since the conception of the Norwood procedure, the prognosis
of once extremely fatal diagnosis of HLHS has dramatically
improved. The groundbreaking work of Norwood and his
team planted the seeds for realizing the goal of providing these
children a chance at long-term survival. As the Norwood pro-
cedure gained recognition throughout the world, several sur-
geons reproduced the operation and identified technical com-
plications. They incorporated novel innovations and modifi-
cations to the original procedure in hopes of further enhancing

the technique and improving outcomes. Over the past four
decades, several modifications to the neo-aortic construction
and establishment of pulmonary circulation, evidently the
most crucial aspects of the Norwood procedure, have been
proposed as outlined in (Tables 1 and 2).

These modifications have their pros and cons which have
made them useful in certain circumstances. The current tech-
nique of neo-aortic reconstruction starts with meticulous ex-
cision of ductal tissue, complete mobilization of the descend-
ing aorta, and an incision performed in the lesser curvature of
aorta until the level of transected MPA. An interdigitating
anastomosis is utilized to join distal arch with descending
aorta, ascending aorta and MPA are amalgamated with few
interrupted sutures, and the entire neo-aorta is reconstructed
with a hemi-pulmonary homograft [16, 18].

With respect to the pulmonary blood flow, mBTS was
initially used by Norwood and still remains the preferred
approach in several high-volume centers. It is a Gore-Tex
graft (size based on weight 3 mm (< 2.5 kg), 3.5 mm (2.5–
3.5 kg), and 4 mm (> 3.5 kg)) which connects the innom-
inate artery to the right pulmonary artery (RPA). However,
the seminal work of Sano et al. re-popularized the RVPAS
modification, which Norwood described in his first report
but soon abandoned it due to dismal results [29]. In the
present day, RVPAS is accomplished with a ring-enforced
polytetrafluoroethylene (PTFE) conduit (size based on
weight 4 mm (< 2.5 kg), 5 mm (2.5–3.5 kg), and 6 mm
(> 3.5 kg)) using the “dunk-technique” [31, 32]. These
are crucial modifications to Sano’s RVPAS technique
which have shown to reduce the incidence of proximal
conduit stenosis and improve interstage mortality.

Single ventricle reconstruction trial

In the present day, there remains much debate regarding the
“shunt of choice.” Theoretically, RVPAS is advantageous in
that it abolishes “diastolic runoff,” a phenomenon which oc-
curs post-mBTS Norwood. Diastolic runoff is the continuous
antegrade flow into the pulmonary circulation during both
systolic and diastolic cardiac cycle, thereby compromising
coronary filling during the diastole resulting in impairment
of myocardial perfusion. This phenomenon is known as “cor-
onary steal” [34]. The elimination of diastolic runoff has sev-
eral advantages including, but not limited to, stable postoper-
ative period and decreased interstage mortality.

Several reports have compared the short- and long-term
outcomes of mBTS and RVPAS in order to identify the best
choice. However, these studies have been mainly non-
randomized reports with limited follow-up and demonstrated
conflicting results. To solve this issue, Ohye and several col-
laborators within the Pediatric Heart Network Investigators of
North America organized the “single ventricle reconstruction”
(SVR) trial. In which, 549 HLHS patients were randomized to

Fig. 1 Illustration of Norwood procedure with a modified Blalock-
Taussig Shunt

Fig. 2 Illustration of Norwood procedure with a right ventricle-
pulmonary artery shunt using a ring-enforced conduit
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undergo Norwood procedure with either mBTS or RVPAS in
15 centers with the primary outcome measure as death or
cardiac transplantation at 12 months. In 2010, Ohye and col-
leagues published the initial data derived from the SVR trial
[34]. Their analysis demonstrated that patients with RVPAS
had significantly better transplant-free survival at 12 months
than with mBTS. However, no such difference between the
two arms was noticed after the 12-month period or even at 3-
year follow-up [35]. Additionally, mBTS was found to be
more beneficial with regard to lower postoperative complica-
tions and better pulmonary artery (PA) growth and preserva-
tion of right ventricular function. In 2018, the same collabo-
rative published the results of their cohort after a follow-up
period of 6 years—SVR extension study (SVR II) [36]. The
primary findings were identical to SVR I such that transplant-
free survival at 6 years was not statistically significant in favor

of either shunt type. However, they found that the RVPAS
cohort had a 5% higher transplant-free survival and a survival
advantage prior to stage 2, albeit, needing more catheter inter-
ventions compared with mBTS group. Interestingly, this re-
cent analysis highlighted an interaction between shunt type
and annual Norwood volume of the performing surgeon, with
more experienced surgeons producing better outcomes with
mBTS. The SVR collaborative intends to continue their sur-
veillance of this cohort and report their even longer term out-
comes and outline suggestions accordingly, truly, intending to
be a “gift that keeps on giving” [37].

Latest S1P outcomes

Since the conception of the Norwood procedure, the survival
of neonates with HLHS into infancy has upgraded with every

Table 1 Modifications in neo-aorta reconstruction

Study Modification Comments

Patch variants

Pigott et al., 1988
[16]

Pulmonary homograft
patch

Pulmonary homograft is a pliable material which provided good hemostatic results in comparison to
prosthetic conduits originally proposed by Norwood.

Gargiulo et al.,
1999 [17]

Bovine pericardial patch This material provided advantages similar to the pulmonary homograft while being easier to modify,
readily available and having better growth potential.

Burkhart et al.,
2005 [18]

Interdigitating
reconstruction

This approach was primarily aimed at reducing aortic arch stenosis. A longitudinal incision in the anterior
and posterior walls of the descending aorta was carried out, then, an “interdigitating” anastomosis of
the distal aortic arch with the posterior wall and of the pulmonary homograft with the anterior wall was
performed to construct the neo-aorta. The results were exceptional with 0% postoperative obstruction
of the aortic arch.

Healy et al., 2007
[19]

Bovine jugular vein graft Owing to its intrinsic conduit-like shape among other benefits such as easier availability, wide-size
spectrum, and cost-effectiveness, a vascular graft was proposed as an alternative to pulmonary ho-
mograft.

Sinha et al., 2009
[20]

Femoral vein homograft Another vascular graft was suggested for neo-aortic construction emphasizing on its suitability for HLHS
with extremely diminutive ascending aorta (< 2 mm). This graft was also suitable for a conventional
reconstruction as a patch.

Bernabei et al.,
2013 [21]

Autologous pericardial
patch

The distinctive benefit of this material was its “ready-to-use” nature in the surgical field. It also eliminated
the drawbacks of exogenous materials such as costs and risk of infection.

Jacobsen et al.,
2018 [22]

Porcine intestinal
submucosal patch

This material is reported to undergo remodeling in response to local proliferative signals eventually
integrating with the local tissue. The report presents it as a non-inferior alternative to other materials.

Non-patch variants

Bu’Lock et al.,
1995 [23]

Modified Norwood This approach involved utilizing the MPA, aortic arch, and descending aorta for constructing the
neo-aorta. An anastomosis between the posterior walls of aortic arch and descending aorta was
performed to form a confluence. The MPAwas transected and its proximal portion was sutured to this
confluence with the suture line extending down to ascending aorta. This technique eliminates
exogenous material and provides better neo-aorta growth potential.

Sung et al., 2009
[24]

U-shaped excision of
branch PAs

The “Modified Norwood” procedure may cause narrowing of the space for PAs resulting in left bronchial
compression. As a solution, a U-shaped division of the branch PAs from the posterior wall of MPAwas
suggested. It spares more MPAwall anteriorly to be used for neo-aortic augmentation. This approach
was also expected to improve vascular growth, but, pulmonary angioplasty was necessary in majority
cases.

Asada et al., 2017
[25]

Chimney reconstruction Chimney reconstruction is a modification of the technique described by Sung et al. It starts with a
U-shaped separation of branch PAs from MPA and is followed by a direct longitudinal closure of the
MPAwall instead of a patch. This forms a conical MPAwhich is then used to reconstructed the aorta as
in the “modified Norwood”. This technique potentially allows a more tension-free anastomosis, further
reducing the risk of PA compression.
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era. A recently published article analyzed the institution’s ex-
perience with 1663 neonates who underwent Norwood proce-
dure from 1984 to 2014 [38]. They divided this period into 6
eras and presented that the mortality rates had dropped from
40.4% in 1984–1988 era to 15.7% in 2009–2013 era.
Although these results have been mainly promising, the sur-
vival rates in the past 15 years have plateaued despite im-
provement in treatment and management modalities. Mascio
and associates also expressed that having > 3 patient-specific
risk factors were the major determinants of post-S1P mortality
in the latest era. The flattening of survival rates in the recent
eras is probably due to more high-risk cases undergoing sur-
gical palliation as compared with the older era when these
cases may have succumbed to the disease before such referral.
The la tes t analys is of the “Society of Thoracic
Surgeons”(STS) congenital heart surgery database revealed
that mortality subsequent to Norwood procedure is at 15%
[39]. To deal with these high-risk cases hindering further im-
provement in survival, some alternatives to Norwood proce-
dure have been proposed and utilized.

Alternatives for S1P

As an alternative to Norwood operation, a hybrid procedure
combining interventional catheterization and off-pump sur-
gery was proposed by Gibbs et al. in 1993 [40]. It involves
Bilateral PA banding, stenting of ductus arteriosus and atrial
septectomy. Its primary rationale was to avoid cardiopulmo-
nary bypass (CPB), the use of which has been shown to inflict
ischemic damage to vital organs when used in the neonatal
period. It was considered to be less intensive, thereby, being a
better approach for neonates at high risk of developing ische-
mic sequelae. The data from some single-center studies has
suggested the hybrid procedure as an alternative to the stan-
dard Norwood [41, 42]. This has led to the adoption of the
hybrid procedure as the primary approach in several centers
irrespective of risk stratification, based on the reasoning that it
postpones major surgery to an older age and avoids CPB
insults in early life. This theoretical advantage, however,
comes with drawback of a technically difficult and compre-
hensive stage 1 + 2, during which removal of the ductal stent

Table 2 Modification for re-establishing pulmonary flow

Study Modification Comments

Systemic to pulmonary artery shunt

Plunkett et al.,
1998 [26]

Chimney patch A “chimney patch” using homograft tissue and a PTFE shunt was prepared prior to the operation. The
homograft tissue sealed the defect in the branch PAs created subsequent to MPA transection. The
PTFE shunt is anastomosed to innominate artery to establish systemic-pulmonary connection. Their
cohort had widely patent shunts with no need for intervention after S1P.

Tam et al., 2001
[27]

Saphenous vein homograft In an effort to reduce shunt thrombosis, biological saphenous vein homograft was used experimentally
for mBTS. The results were discouraging as majority of patients required intervention because of
shunt stenosis. Expensive costs and lack of pediatric-sized grafts were other disadvantages.

Right ventricle to pulmonary artery shunt

Kishimoto et al.,
1999 [28]

Xenopericardial
bicuspid-valved conduit

Kishimoto revisited the RVPAS after Norwood abandoned it owing to dismal outcomes with this
technique. They used a 6-mm xenopericardial bicuspid-valved conduit in contrast to 12 mm con-
duits utilized by Norwood. The smaller conduit restricted pulmonary overcirculation resulting in
better hemodynamics and survival.

Sano et al., 2003
[29]

Non-valved “sano shunt” Sano suggested a further reduction in conduit size proposing a 4–5-mm non-valved conduit depending
of patient’s weight. The conduit was first anastomosed on the distal stump of the transected MPA
and then to a ventriculotomy about 2 cm below the pulmonary valve.

Barron et al.,
2009 [30]

Left-sided vs right-sided
placement

Sano described a left-sided placement of the RVPAS; however, it was found frequently require inter-
vention which was difficult as it necessitated mobilization of PA across to the left side. In view of
this, a right-sided placement was examined and found to be a safe technique with improved survival
outcomes and PA growth.

Schreiber et al.,
2009 [31]

Ring-enforced PTFE
conduit

A ring-enforced PTFE conduit was developed to tackle a fairly common issue of proximal PTFE
conduit stenoses. The rings provide a more stable structure to the conduit and prevents its substernal
compression, consequently, it was found to reduce the incidence of stenoses and positively impact
interstage mortality.

Tweddell et al.,
2012 [32]

Dunk technique Due to highwork load of RV, its muscle may become hypertrophied resulting in stenosis of the RVPAS
conduit. In efforts to prevent this, a ventriculotomy with a stab incision and no addition muscle
resection was performed and about three rings of an enforced conduit are placed inside the RV
cavity. Reintervention rates were higher with this technique, with potentially detrimental impact on
long-term survival.

Saito et al., 2019
[33]

Anterior translocation of
PA

A novel technique was recently proposed with prospects of providing a better surgical access to the
PAs, which may facilitate intervention in case of poor PA growth after Norwood.
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becomes the cause of major concern along with the need for
pulmonary arterioplasty subsequent branch PA banding. In
addition, current evidence shows that the hybrid approach is
associated with higher reintervention rates and smaller PA
growth in comparison with Norwood while not significantly
altering survival [43].

Nevertheless, the principle of the hybrid procedure may be
utilized as a bridge to stage 1 Norwood in high-risk HLHS
neonates, who are deemed extremely unstable to undergo sur-
gical and CPB insult. “Hybrid-bridge-to-Norwood” or “sal-
vage-bridge-to-Norwood” is a sequence which begins with
bilateral PA banding soon after birth to delay the Norwood
procedure for a more opportune time. It is accompanied by
administration of prostaglandin E1 to maintain ductal patency
if necessary. In contrast to the hybrid procedure, ductal
stenting and atrial septostomy is usually not performed in this
modified sequence. Once the neonate is hemodynamically
stable, the standard Norwood procedure is undertaken, usually
after the neonatal period. This approach has shown promising
results in cases where the only other alternative would be
definite demise. It is also being utilized as the primary ap-
proach, especially in Japan, where bilateral PA banding is
offered to > 50% of cases. The analysis of a Japanese database
revealed that 5-year survival with primary PA banding was
comparable with Norwood but only in high-volume centers
[44].

Interstage period

With increasing experience, improvements in surgical tech-
niques and perioperative care, and introduction of prenatal
diagnosis, in-hospital survival following S1P has dramatically
improved [37]. Nevertheless, the period of even greater con-
cern for these ailing children comes after they have been suc-
cessfully discharged post-S1P.

The period of time from hospital discharge after S1P until
readmission for stage II surgery is commonly referred to as the
interstage period (IP). The risk of mortality during this period
is considerably high (2.7–16%) [45, 46]. To reduce interstage
mortality (ISM), research has focused on determining risk
fac tors (pat ien t- speci f ic , c l in ica l , surgica l , and
socioeconomic) which may be targeted to decrease ISM.
These risk factors are outlined in (Table 3).

Yet another major contribution in management of HLHS
patients was made by Ghanayem et al., who reported their
experience with a coordinated home monitoring program
(HMP) during the IP [47]. They demonstrated an exceptional
survival advantage following the initiation of their program,
reporting a decline in ISM from 15 to 0%. A review on the role
of HMPs indicated that they have the potential to reduce ISM
to > 3% [48]. To the contrary, however, a large, multicenter
study conducted through the National Pediatric Cardiology

Quality Improvement Collaborative (NPC-QIC) database
was unable to establish such association of HMPs with mor-
tality, heart transplantation, or unscheduled readmissions [49],
although they did notice that HMPswere beneficial in improv-
ing weight gain in this period which is sensitive to growth
failure. The available literature regarding HMPs is suggestive
that they have a definite place in HLHS care [50]. The essen-
tial aspects of HMP and other IP interventions to reduce ISM
are highlighted in (Table 4).

What is After Norwood?

Stage 2 palliation

After successful survival through the IP, children with HLHS
require additional 2 stages of surgical intervention for easing

Table 3 Risk factors for interstage mortality (ISM)

Risk factors for ISM

Patient-specific risk
factors

Low birth weight (< 2.5 kg)
Prematurity (born at ≤ 37 weeks’ gestation)
Presence of genetic syndromes

Clinical factors Postoperative complications (arrhythmias, RV
dysfunction)

Unplanned intervention during IP
Prolonged ICU stay (> 30 days) following S1P
Longer duration of ventilation

Surgical factors Presence of mBTS
Greater age at S1P
Low weight at S1P
Longer aortic cross clamp time

Socioeconomic
factors

Teenage mother
Single adult caregiver
Low education or income level

Table 4 Interventions for decreasing interstage mortality (ISM)

Interventions for decreasing ISM

Home nursing visits
Effective care transition
- Parental education initiatives prior to hospital discharge
- Providing parents with written plan regarding feeding, medications, red
flags.
- Establishing contact of the family with the care team (cardiologist,
nutritionist, speech therapists, specialist nurse)
Home monitoring program
- Use of infant weight scale and pulse oximeter
- Informing parents about the following:
o How to use these tools?
o How to identify signs of growth failure, dehydration, or desaturation
(“red flags”)?
o Who to contact in case of change in clinical status of the child?

- High degree of parental involvement
o Daily measurement and recording of weight and SpO2 in a log book.
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the work load on RVof supporting both pulmonary and sys-
temic circulations in parallel. Stages 2 and 3 procedures are
aimed at converting the post-Norwood physiology such that
blood flows in series through both circulatory systems, effec-
tively, “unloading” the RV and leaving it to support only the
systemic circulation.

In the staged surgical approach, superior cavopulmonary
anastomosis constitutes the second stage. It reduces the work
load of the RV by diverting venous return from the upper body
to flow directly into the pulmonary circulation. The optimal
time for undertaking this procedure is usually at 4–6 months
of age [51]. By then, the high perinatal PVR drops down to
low enough levels which would permit systemic venous blood
to passively flow through the cavopulmonary anastomosis.
Currently, the bi-directional Glenn (BDG) and the hemi-
Fontan (HF) are two surgical approaches used for creating this
connection. BDG involves dividing the superior vena cava
(SVC) at the SVC-right atrium (RA) junction, closing off
the atrial end and anastomosing SVC to the right PA (RPA)
in an end-to-side manner. In the HF approach, the SVC-RA
junction is occludedwith a patch and the junction is connected
to the RPA such that SVC return flows directly into the PAs.
The choice of approach is left at the surgeon’s discretion as
excellent results are achievable with either approach.

Following the completion of the second palliative stage, a
few crucial improvements in the cardiac physiology are ex-
pected to occur. Firstly, the RV “unloading” leads to a reduced
end diastolic volume, which in turn decreases ventricular wall
stress and results in improved ventricular function with re-
duced atrioventricular regurgitation. Secondly, the systemic-
to-pulmonary shunt is taken down during stage 2 palliation
(S2P) which reduces the potential diastolic runoff further im-
proving coronary perfusion and diastolic pressure. The
present-day outcomes for S2P have been predominantly ex-
cellent with several institutions reporting long-term survival at
almost 87% with either approaches [52, 53].

Stage 3 palliation

There are two surgical approaches routinely used for the
Fontan procedure—lateral tunnel Fontan (LTF) and
extracardiac cardiac Fontan (ECF). It is important to note that
S2P determines the approach used in stage 3. HF requires
construction of an LTF at stage 3—which involves excising
the SVC-RA junction occlusion patch and sewing a PTFE in
RA to reroute venous return from inferior vena cava (IVC)
towards PA. If a BDG is performed at S2P, stage 3 is accom-
plished with an ECFwhich connects the IVC to the RPA using
a PTFE conduit. The occurrence of arrhythmias and other
long-term complications remains the major cause of concern
with these approaches with some reports suggesting that ECF
may be more advantageous that LTF in this regard [54, 55].
However, there is no significant difference in early or late

mortality between ECF and LTF [55, 56]. In patients at high
risk of Fontan failure, small fenestrations may be created in
the Fontan circuit to provide another source to fill the single
ventricle, although with desaturated venous blood [57]. The
application of fenestration is especially beneficial in patients
with higher pulmonary vascular pressures; however, its use in
standard-risk patients is still controversial.

Stage 4—transplant

In the management of HLHS, cardiac transplantation
may be utilized at any stage of palliation as a rescue
therapy. Initially, some institutions offered the option of
cardiac transplantation as the primary approach for se-
vere variants of HLHS with poor RV function [58]. But
shortages of donor hearts and improved survival with
staged reconstruction have hindered the acceptance of
this approach as the standard. Cardiac transplantation
may also be indicated in cases where reconstructive sur-
gery fails, patient deteriorates between stages or risk
factors such as poor RV function, and moderate-severe
tricuspid regurgitation among others prevents progres-
sion to the next stage. However, the need for transplant
mainly arises several years after Fontan completion ow-
ing to the late complications of the Fontan physiology
[59]. Cardiac transplantation may be used as last report
in these cases, although mortality during the waiting
period and 1 year after transplantation remains consid-
erably high for HLHS recipients in comparison with
other pediatric recipients [60].

The current recommendation of surgical algorithm based
on risk stratification and HLHS morphology are summarized
in Fig. 3.

Future directions

Even thoughCHD has become a leading indication for cardiac
transplant, the waiting period tends to be longer for these
patients than non-CHD cases. Therefore, as a bridge-to-trans-
plantation, options such as ventricular assist device (VAD) are
being considered [61]. In the CHD cohort, several factors such
as complex anatomy, multiple prior surgeries, significant co-
morbidities, and an inherent risk of heart failure present sig-
nificant challenges in the application of VAD. Nonetheless,
VAD support offers advantages such as extended palliative
support, possibility of extubation and hospital discharge, and
prospects of rehabilitation. Berlin EXCOR, a VAD, has been
shown to be safe and effective in the pediatric patients with
multiple reports investigating its utility in this population dem-
onstrating longer duration of support [62].

With the ever-advancing field of medicine, futuristic
options for tackling concerns of cardiac dysfunction and
heart failure are being introduced in HLHS management
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such as autologous stem cell therapy [63]. A clinical trial
initiated by the University of Oklahoma has shown en-
couraging results with implantation of autologous umbil-
ical cord blood-derived mononuclear cells directly into
RV myocardium. In phase 1 trial, 10 HLHS patients re-
ceived this experimental treatment during their S2P. The
results have been promising with preservation of RV func-
tion and normal growth during the follow-up period sug-
gesting a possibly safe and feasible modern modality to
further enhance the survival of HLHS children [64].

Conclusion

The medical fraternity has come a long way since the initial
description of the HLHS spectrum. Prominent contributions
from exceptional surgeons such as William Norwood, Shunji
Sano, Edward Bove, and Thomas Spray have paved the way
for the continuously enhancing care and management of these
children, besides completely transforming the prognosis of
HLHS. These children are now such enabled that survival into
40s–50s is no more a far-fetched dream but a reality, with their

Fig. 3 Staged palliative approach
based on risk stratification and
HLHS morphology. MTP,
medical termination of
pregnancy; PAB, pulmonary
artery banding; PGE1,
prostaglandin E1; SpO2, oxygen
saturation; the asterisk indicates
that cardiac transplantation may
also be used as an option in case
of patient’s clinical deterioration
in between stages
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life quality being more remarkable than would have been ex-
pected in the past. This feat is further emphasized by a report
of HLHS patients who underwent the grueling staged pallia-
tion process and was able to have successful pregnancies in
their 20s. At the same time, our objective should still focus on
further advancing our techniques and modalities as well as
towards identifying the most effective management ap-
proaches to achieve even better results in this extraordinary
cohort.
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