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ABSTRACT



RESUM
E

Hypoplastic left heart syndrome (HLHS) is the most common anatomic
lesion in children born with single-ventricle physiology and is characterised by the presence of a dominant right ventricle and a hypoplastic
left ventricle along with small left-sided heart structures. Diagnostic
subgroups of HLHS reﬂect the extent of inﬂow and outﬂow obstruction
at the aortic and mitral valves, speciﬁcally stenosis or atresia. If left
unpalliated, HLHS is a uniformly fatal lesion in infancy. Following
introduction of the Norwood operation, early survival has steadily
improved over the past 4 decades, mirroring advances in operative and
perioperative management as well as reﬂecting reﬁnements in patient
surveillance and interstage clinical care. Notably, survival after staged
palliation has increased from 0% to a 5-year survival of 60%-65% for
children in some centres. Despite the prevalence of HLHS in childhood
with relatively favourable surgical outcomes in contemporary series,
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this cohort is only now reaching early adult life and longer-term outcomes have yet to be elucidated. In this article we focus on contemporary clinical management strategies for patients with HLHS across
the lifespan, from fetal to adult life. Nomenclature and diagnostic
considerations are discussed and current literature pertaining to putative genetic etiologies is reviewed. The spectrum of fetal and paediatric interventional strategies, both percutaneous and surgical, is
described. Clinical, patient-reported, and neurodevelopmental outcomes of HLHS are delineated. Finally, note is made of current areas of
clinical uncertainty, and suggested directions for future research are
highlighted.
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The management and outcomes of those born with hypoplastic
left heart syndrome (HLHS) are issues of increasing relevance
to the congenital cardiologist. In contemporary series, HLHS is
the most common anatomic lesion in children born with
single-ventricle physiology.1 Occurring in 13 to 18 per
100,000 live births, HLHS is more frequently seen in male
than in female newborns, without apparent racial predilection.2
The incidence of HLHS in liveborn children reﬂects the
morphologic deﬁnition applied as well as the impact of fetal
screening programs.3 Variability in termination of pregnancy
practices invariably affects the number of liveborn infants. A
Swedish population study has demonstrated that while the
numbers of children born with HLHS have decreased over
time, more children have undergone surgical palliation.3 As a
result of advances in surgical palliation techniques for singleventricle anatomies, the numbers of subjects alive after Fontan palliation is expected to double in number over the next 20
years, and the proportion of adult survivors with palliated
HLHS will increase accordingly.4 Notably, the prevalence of
adults with severe congenital heart disease outnumbers children
and is projected to continue to expand.5
Before the Norwood operation was introduced, HLHS was
a uniformly fatal lesion with palliative (comfort) care being the
mainstay therapy offered in neonatal life. Over the past 4
decades, however, the Norwood operation has translated into
steady improvements in HLHS survival from 0% initially to a
current 5-year survival of 60%-65%.6,7 In parallel with surgical reﬁnements, novel percutaneous strategies have broadened the therapeutic options for paediatric and selected fetal
subjects with HLHS. As a result of improved survival during
childhood, an increasing number of palliated HLHS patients

will reach early adult life; however, their long-term outcomes
remain uncertain.8 In this article, we review
current clinical management considerations for patients with
HLHS across the lifespan, from fetus to adult, and we focus
on areas of uncertainty with suggested directions for future
research (Fig. 1).
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HLHS Nomenclature, Deﬁnition and Etiologies
The term HLHS encompasses a wide spectrum of
developmental abnormalities of the left ventricle (LV) that
result in small left-sided heart structures. What is signiﬁed by
HLHS has been controversial and even confusing as the term
has been loosely used to describe a wide spectrum of disorders affecting LV size. The deﬁnition put forward by the
Nomenclature Working Group of the Association for European Paediatric Cardiology is a spectrum of cardiac malformations with the following features: normally related great
arteries in the absence of a common atrioventricular junction, signiﬁcant LV hypoplasia, valve atresia/stenosis or hypoplasia at aortic and/or mitral valves, and hypoplasia of the
ascending aorta and aortic arch.9 It has recently been suggested that an intact ventricular septum should be included
in these diagnostic criteria.10 Typically, the various structural
components of the left heart are affected in subjects with
HLHS including the inﬂow portion containing the mitral
valve, the trabecular segment of the LV, the outﬂow
component including LV outﬂow tract, and the aorta
(including the aortic valve, the ascending aorta, and the
aortic arch with the requisite presence of aortic coarctation).9
Sometimes the term HLHS is physiologically characterised
(rather than anatomically deﬁned) as an LV incapable of
supporting the systemic circulation; this approach can prove
misleading as hemodynamics may evolve over time in
response to variations in loading conditions and differing
approaches to therapy. Nevertheless, establishing whether the
LV is capable of supporting the systemic circulation will
determine whether a biventricular circulation is a realistic
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therapeutic goal. The term “hypoplastic left heart complex”
was introduced by Tchervenkov et al. to describe a heart
with normally related great arteries in the absence of common atrioventricular junction, with small left heart structures
but without aortic or mitral valve stenosis and typically
associated with a small aorta and aortic arch.11 This variant
could be considered an extreme form of aortic coarctation
with associated LV hypoplasia.12
The various diagnostic subgroups of HLHS are deﬁned by
the extent of inﬂow and outﬂow obstruction present in the
LV. Speciﬁc categories include mitral valve atresia with aortic
valve atresia, mitral valve stenosis with aortic valve atresia,
and mitral valve stenosis with aortic stenosis (Fig. 2). Atresia
of the mitral valve is due to either the absence of the left
atrioventricular connection (the most common form) or the
presence of an imperforate mitral valve. In the context of
mitral or aortic atresia, a staged univentricular approach is
the only therapeutic option. In contrast, in the setting of
aortic and mitral stenosis, the LV size can be deemed
“borderline” and decision making between univentricular and
biventricular strategies can be challenging and will be driven
by interpretation of adequacy of size and function of various
LV structures. In patients with mitral stenosis, the hypoplastic LV is characteristically thick-walled with an endocardial layer of ﬁbroelastosis. In patients with mitral atresia,
blood ﬂow cannot enter the LV cavity, which is typically slitlike and diminutive in size; endocardial ﬁbroelastosis (EFE) is
usually absent in these cases. Coronary artery abnormalities
can be associated with HLHS, particularly in patients with
mitral stenosis and aortic atresia where cameral-coronary
ﬁstulae may be present but are not typically associated
with outcomes.
One of the most consistent features among the spectrum
of HLHS is the almost uniform compromise of the LV
outﬂow tract with complete atresia of the aorta typifying the
most severe expression of disease. This has led to speculation
about the central role of aortic valve and LV outﬂow tract
development in the pathogenesis of HLHS. Recent genetic
insights pertaining to valve and ventricular morphogenesis
have highlighted the potential contributions of different
genes and signalling pathways to the development of HLHS
(Fig. 3).13,14 Hickey et al. determined that the NOTCH1/
Hey pathway could be important for the pathogenesis of
HLHS because this particular pathway is involved in both
endocardial cushion development required for valve development and aortic arch/isthmus development.13 Although
NOTCH1 variants have been observed in HLHS, they are,
however, relatively uncommon abnormalities and their precise role in disease pathogenesis remains uncertain. Another
gene involved in outﬂow tract development is the gap
junction protein, named gap junction alpha-1 (GJA1)e
encoded protein which encodes the connexin-43 subunit of
gap junction channels.15 Although GJA1 is important for
LV outﬂow tract development, its role in pathogenesis of
HLHS remains inconclusive. A second group of genes of
potential interest are those that encode transcription factors
considered to be essential for cardiac morphogenesis. One
such example is Hand1, a basic helix-loop-helix transcription
factor that contributes to the balance between cardioblast
proliferation and differentiation.16-18 Given its essential role
in LV development, Hand1 may be considered a strong
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candidate gene for HLHS pathogenesis. One study identiﬁed a HAND1 frameshift mutation in 24 of 31 formalinﬁxed HLHS hearts,19 but in subsequent studies, the role
of Hand1 in the pathogenesis of HLHS could not be
conﬁrmed. Sarcomeric genes have been implicated in the
pathogenesis of HLHS, stemming from the observation that
the genetic variants of the myosin heavy chain 6 (MYH6)
gene20 have been reported to be associated with poorer
HLHS outcomes.21 Current data suggest that MYH6 can be
considered a disease-modifying rather than a disease-causing
gene that contributes to the risk of development of right
ventricular (RV) systolic dysfunction; importantly, this
observation may signal the presence of a subset of patients
genetically predisposed to development of RV dysfunction.
Based on current genetic knowledge, HLHS is unlikely to
be caused by single gene mutations or gene variants.
While genetics may play a role in the pathogenesis of
HLHS, additional factors are likely to be equally important
contributors. One such factor is the extent of ﬂow through the
LV cavity, which is recognised as a key determinant of LV
development.22 Decreased ﬂow attributable to outﬂow tract
obstruction, reduced ﬂow through the mitral valve related to
valve dysfunction, or reduced right-left shunting through the
foramen ovale may individually or cumulatively inﬂuence
extent of ﬂow through the LV cavity with consequent adverse
effects on growth and development. Recently, a fetal mouse
model of HLHS was created by ultrasound-guided microinjection of an embolising biomaterial contributing to occlusion
of the left atrial inﬂow and resulting in signiﬁcant hypoplasia of
the LV.23 This model has the potential to facilitate study of the
molecular mechanisms of ﬂow reduction and consequent
ventricular hypoplasia which could allow for a deeper understanding of the causes of, and possible novel treatments for,
HLHS. Although ﬂow is unquestionably a critical determinant
of left heart development, it is unlikely to be the sole
contributor to HLHS morphogenesis. Rather, HLHS is likely
to be a common phenotypic expression of various underlying
pathogenic mechanisms. While some forms may be primarily
caused by deranged ﬂow dynamics, other subtypes of HLHS
may arise from abnormal cardiomyocyte development with
intrinsic derangements at the level of genes that direct fetal
ventricular development such that some HLHS variants may
in fact be manifestations of a speciﬁc type of cardiomyopathy.24 This ﬁnding may explain why some forms of HLHS
respond favourably to fetal aortic valvuloplasty while others do
not. In addition, the development of RV systolic dysfunction
in a subset of patients with HLHS points toward the presence
of an intrinsic myocyte abnormality. Undoubtedly a deeper
understanding of the mechanistic underpinnings of HLHS
may allow for identiﬁcation of subgroups of patients with
distinct myogenic developmental abnormalities, which may
contribute to enhanced risk stratiﬁcation for late adverse outcomes, such as RV systolic dysfunction.
Finally, it should be noted that HLHS has been described
in the context of other established genetic syndromes. The
most common syndrome associated with HLHS is Turner
syndrome (TS). A study looking at the Texas Births Defect
Registry data identiﬁed TS in about 2% of all HLHS patients
and that it was associated with a signiﬁcant impact on mortality.25 The diagnosis of TS is important to consider in all
female patients diagnosed with HLHS.
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Figure 1. Summary of potential interventions for hypoplastic left heart syndrome (HLHS) across the lifespan. BCPC, bidirectional cavopulmonary
connection; BT, Blalock-Taussig; TCPC, total cavopulmonary connection.

Fetal Diagnosis of HLHS and the Role of Fetal
Interventions
The diagnosis of HLHS can be made relatively easily
during fetal life after identiﬁcation of a small LV cavity on the
fetal 4-chamber view in the presence of normally related great
arteries, absence of a common atrioventricular junction, and
no ventricular septal defect, reﬂecting the key morphologic
components that deﬁne HLHS. The mitral valve atresia
subtype is typically associated with a diminutive LV with
concomitant aortic atresia. The mitral stenosis variant
invariably includes the presence of a hypertrophic LV with
either aortic stenosis or atresia. The ascending aorta is typically
small, and retrograde ﬂow is seen in the context of aortic
atresia. Common associations include arch hypoplasia and the
substrate for coarctation of the aorta. Flow in the aortic arch is
retrograde or bidirectional in the presence of aortic stenosis
(which can include some antegrade ﬂow across the aortic
valve). The diagnosis of HLHS should be reserved for only
those lesions with left-heart valve atresia or stenosis and a
hypoplastic LV cavity. Other lesions, such as coarctation of
the aorta, can present in fetal life with smaller left-heart
structures, including small mitral and aortic valves, but are
lacking stenoses at the level of the mitral and aortic valves.
“Hypoplastic left heart complex” can be considered the more
extreme form of this entity. Because the prognosis of differing
lesions is distinct, it is important to accurately distinguish
between disease variations.
A unique subgroup of patients is deﬁned by the presence of
severe aortic stenosis with associated mitral stenosis or hypoplasia. Severe aortic stenosis can present with LV hypertrophy,
EFE, and a small LV cavity or, alternatively, with a dilated LV
with reduced LV systolic function. The fetal natural history of
aortic valve stenosis diagnosed at midgestation suggests the
presence of a process in evolution, whereby LV dilation and
dysfunction are initially seen to grow, with progressive loss of
LV capacity, over subsequent weeks, resulting in hypoplasia of
the LV at the time of birth.26-28 It is therefore a logical
assumption that treatment of aortic valve stenosis early in fetal
life may facilitate later LV growth as a result of reduced
pressure loading and increased ﬂow through the LV, thus
preventing downstream development of LV hypoplasia.
Consequently, fetal aortic valvuloplasty was introduced as a
preemptive interventional strategy to prevent later

development of HLHS and to increase the chances of successful biventricular repair. While initial procedural success
was reported in the 1990s, there were ongoing challenges
pertaining to optimal technique and appropriate selection of
patients.29 Further study of the natural progression of disease
has resulted in a reﬁned approach to patient selection for fetal
intervention.30 Despite the procedural risk, which remains
signiﬁcant with risk of fetal demise approximately 10% in
expert centres, outcome data suggest that up to 43% of liveborn fetuses could successfully undergo biventricular repair as
a result of fetal intervention.31 However, these data require
comparison with similar fetuses not undergoing fetal aortic
valvuloplasty to ascertain the incremental value of intervention
compared with natural evolution of the underlying congenital
heart disease. Notably, data from a European registry on fetal
aortic stenosis revealed that up to 33% of fetuses with aortic
stenosis and emerging HLHS successfully underwent biventricular repair without preceding fetal intervention, suggesting
that the therapeutic beneﬁt of fetal intervention on the aortic
valve may be relatively modest.32 Subsequent data from the
same registry, however, demonstrated improved survival in the
fetal intervention group, independently from the type of circulation ultimately achieved.33
Adequacy of the atrial septal shunt has been another
intuitive area of focus for the fetal interventionalist. Patients
with HLHS and a restrictive atrial septum have long been
recognised as a high-risk subgroup of patients who can present
with severe hypoxemia and marked pulmonary congestion
after birth, because sufﬁciency of the atrial communication is
essential for adequate mixing of blood as well as decompression of the left atrium in the context of small left-side structures. Moreover, fetal atrial restriction may result in
developmental abnormalities of the lungs (including pulmonary venous wall thickening or arterialisation, lymphatic
dilation in the lungs, or pulmonary lymphangiectasia), further
complicating management of the single-ventricle patient and
contributing to elevated mortality and morbidity in this
subgroup despite successful neonatal decompression.34,35
Fetal intervention including septoplasty and/or stent placement is geared toward acute amelioration of hemodynamics in
this very high-risk population; however, the impact on outcomes remains uncertain.36,37 The International Fetal Cardiac
Intervention Registry published the results of 47 fetal
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Figure 2. Morphologic subtypes of hypoplastic left heart syndrome as demonstrated on echocardiography. LA, left atrium; LV, left ventricle; RA,
right atrium; RV, right ventricle.

interventions on the atrial septum.37 Despite procedural
success in 77% of the interventions, fetal demise was observed
in 13%, with no difference in postnatal survival in those with
compared with without fetal intervention. Overall survival to
hospital discharge was extremely low, 35%, indicating that
despite achievement of a technically successful fetal intervention, HLHS patients with a restrictive atrial septum remain a
very high-risk group. Identiﬁcation of patients with potential
for atrial restriction during fetal life can be enhanced through
the application of acute maternal hyperoxygenation, which
contributes to increased pulmonary blood ﬂow by reducing
pulmonary vascular resistance. In patients with HLHS, this
manoeuvre can be used to gauge pulmonary vasodilatory capacity, which is signiﬁcantly reduced in patients with atrial
septal restriction and thus can identify patients with abnormal
pulmonary vascularity who may prove to be poor candidates
for fetal intervention.38-40 In addition, acute maternal
hyperoxygenation may facilitate identiﬁcation of fetuses who
may need urgent atrial septostomy after birth. A logical
extension would be to determine whether chronic maternal
hyperoxygenation could potentially affect left heart growth by
increasing ﬂow though the left-side structures. An initial study
by Kohl suggested a potential impact of maternal hyperoxygenation on the growth of fetal left-side structures,41 but a
pilot study by Lara et al. demonstrated that the effect of
chronic oxygen exposure on growth of left-side structures is
likely modest.42 In a small study on chronic maternal
hyperoxygenation, Edwards et al. observed slower fetal head
circumference growth in the treatment group compared with
the control group, with no effect on neurodevelopmental
outcomes at 6 and 12 months after birth.43 These data
indicate that further studies are necessary to elucidate the
potential risks and beneﬁts associated with this approach.44
Fetal diagnosis has undoubtedly changed the management
and outcomes of patients with HLHS and has improved the
understanding of the natural history of the development of
HLHS, paving the way for the introduction of novel

interventional therapies, albeit with a somewhat limited
impact on longer-term outcomes. Most importantly, fetal
diagnosis has allowed for extensive discussions with the parents about therapeutic options in the near term and outcomes
in the longer term. In the event that the decision is made to
continue on with pregnancy, perinatal care planning can
occur, which typically includes delivery at an expert centre,
initiation of prostaglandins after delivery and performance of
timely balloon atrial septostomy in those with signiﬁcant atrial
restriction.45,46
Postnatal Diagnosis and Postnatal Management
After birth, the diagnosis of HLHS is established by means
of echocardiography, which is the ﬁrst-line imaging technique
and, for the majority of patients, the only modality necessary
to establish a diagnosis and to guide further management. A
full segmental anatomic approach allows for clear delineation
of the anatomic features, including subtyping, assessment of
the aorta and aortic arch, evaluation of ductal patency and
shunting, and interrogation of sufﬁciency of the atrial
communication. In the context of aortic and mitral atresia, the
LV cavity is typically severely hypoplastic. Surgical decision
making requires assessment of RV systolic function and
severity of tricuspid valve regurgitation; tricuspid valve abnormalities are common in HLHS, and signiﬁcant tricuspid
regurgitation has been associated with poorer outcomes.47 In
the majority of patients with HLHS, decision making and
surgical planning is based on echocardiographic data only.
One notable exception is for subjects with aortic stenosis and
mitral stenosis where the presence of a borderline LV may
allow for successful biventricular repair. This patient subset is
generally considered to be a challenging one to manage
because candidate selection for a biventricular vs a univentricular approach can be nuanced and therefore difﬁcult to
establish with conﬁdence. An erroneous decision to pursue a
biventricular strategy can result in high operative mortality.48
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Figure 3. Proposed genetic and physiologic etiologies that contribute to the pathogenesis of hypoplastic left heart syndrome (see text for further
details). LV, left ventricle; LVOT, left ventricular outﬂow tract; PFO, patent foramen ovale.

Careful selection of patients for either strategy requires
thoughtful integration of morphologic and physiologic data
sets. Based on retrospective analysis of outcome data, different
multivariable equations have been proposed to aid with decision making in patients with left outﬂow obstruction.
Scoring systems, such as the Rhodes score49 or the Congenital
Heart Surgeons Society calculator,50 have been proposed for
patients with critical aortic stenosis, using echocardiographic
dimensions such aortic valve diameter and LV length corrected for patient size. These, however, rely on morphologic
information alone without incorporation of dynamic parameters such as valve integrity, ventricular function (systolic or
diastolic), or ﬂows. With the advent of cardiovascular magnetic resonance imaging (CMR), it has become possible to
add higher-ﬁdelity volumetric information along with detailed
ﬂow measurements, which can further facilitate clinical decision making.51 Of note, CMR data have demonstrated that
echocardiography signiﬁcantly underestimates LV volumes
and that ﬂow data do not necessarily correlate with size of
aortic and mitral valves.51 In addition, CMR allows for superior delineation of the extent of EFE. The criteria used at
The Hospital for Sick Children in Toronto are based on the
integration of echocardiographic and CMR data. Biventricular
repair is considered to be a viable option in patients with
aortic and mitral valve z scores > 3. In those with z scores
< 3, CMR is performed, and biventricular repair is typically
offered to subjects with an indexed LV end-diastolic volume
(LVEDVi) > 25 mL/m2 along with ascending aortic ﬂow > 2
L/min/m2 if in the absence of major aortic or mitral valve
disease or signiﬁcant EFE. Patients with LVEDVi < 18 mL/
m2 are referred for univentricular palliation. As discussed in
more detail below, the hybrid procedure is a temporising
approach which enables postponement of the ultimate decision to commit to univentricular vs biventricular approach by
allowing time for the LV to grow.52 This approach is typically
applied to “intermediate” patients with LVEDVi of 18-25
mL/m2. After application of bilateral pulmonary arterial bands
and stenting at ductal level ( atrial septostomy) patients are
reassessed after 2 to 3 months, and if there is sufﬁcient growth
of the LV with improvement in LV output, a biventricular

strategy can be offered at that time. The approach adopted at
Children’s Hospital Boston for LV recruitment allows for a
longer period for LV adaptation and delays the decision to
convert from a univentricular to a biventricular strategy to 2-3
years of age; guidance is provided from morphologic and
physiologic data sets, including cardiac catheterisation and
CMR with measurement of LVEDVi.53
Management Strategies for Patients With HLHS
and Early Outcomes
The treatment of HLHS was revolutionised by the introduction of the Norwood operation in the early 1980s.54,55
The intrinsic concept of the Norwood approach is to designate the RV as the systemic ventricle by connecting the main
pulmonary artery to the reconstructed aorta, disconnecting
the pulmonary circulation, and redirecting pulmonary blood
ﬂow, which is accomplished in 3 distinct stages of surgical
palliation (Fig. 4). Stage 1 of the Norwood palliation includes
a Damus-Kaye-Stansel connection between the hypoplastic
ascending aorta and the main pulmonary artery. This is achieved by dividing the main pulmonary artery proximal to the
bifurcation and closing the distal pulmonary artery with a
patch. The proximal pulmonary artery is then sewn to the
aorta, often using a patch for augmentation. The pulmonary
blood ﬂow is delivered via a modiﬁed Blalock-Taussig shunt
or by an RVetoepulmonary artery conduit (referred to as the
Sano modiﬁcation).56 The initial neonatal operation requires
cardiopulmonary bypass with circulatory arrest and deep hypothermia or with selective cerebral perfusion and results in
parallel systemic and pulmonary circulations. An optimal
shunt fraction (pulmonary/systemic blood ﬂow, or Qp/Qs)
can be difﬁcult to maintain at the time of transitional circulation and is further associated with signiﬁcant mortality and
morbidity in the early postoperative period and in the interstage time between stages 1 and 2. As pulmonary vascular
resistance changes signiﬁcantly over the ﬁrst weeks of life,
there can be important shifts in ﬂow from the systemic to the
pulmonary circulation that can be inﬂuenced by shunt size,
pulmonary vascular resistance, and/or systemic vascular
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Figure 4. Staged palliation for hypoplastic left heart syndrome. Stage 1: Norwood or hybrid approach; stage 2: bidirectional cavopulmonary
connection (BCPC) or Glenn shunt; stage 3: total cavopulmonary connection (TCPC) or Fontan circulation. Ao, aorta; BT, Blalock-Taussig; IVC,
inferior vena cava; LPA, left pulmonary artery; PA, pulmonary artery; PV, pulmonary valve; RPA, right pulmonary artery; RV, right ventricle; SVC,
superior vena cava; TV, tricuspid valve. Reproduced from Barron et al.146 with permission from Elsevier.

resistance. Too much pulmonary blood ﬂow can affect systemic perfusion and can result in volume loading of the RV
which can then lead to a cascade of progressive RV dilation,
worsening tricuspid regurgitation, and ultimately RV systolic
failure. Conversely, insufﬁcient pulmonary blood ﬂow can
cause cyanosis and may reﬂect shunt stenosis, pulmonary
branch stenosis, or increased pulmonary vascular resistance.
Management strategies should target optimisation of the factors determining a balance of pulmonary and systemic
perfusion, which requires active management in the ﬁrst
months of life both during the hospital stay and after
discharge. Introduction of a home monitoring programs based
on daily reporting of oxygen saturations (target 75%-90%),
weight gain, and oral intake have translated into a reduction in
interstage mortality.57-59 Stage 2 is generally performed at the
age of 6 months and consists of a bidirectional superior cavopulmonary connection (BCPC). Typically, the pulmonary
vascular resistance can be expected to be low and the superior
vena cava (SVC) can provide enough blood ﬂow to sustain the
pulmonary circulation. Preoperative SVC ﬂow has been
demonstrated to be predictive of postoperative BCPC saturations; speciﬁcally preoperative ﬂow < 1.6 L/min/m2 or
< 0.5 L/min has been associated with post-BCPC mortality.60
This again underscores the importance of incorporating
physiologic information into surgical decision making and

demonstrates how detailed ﬂow information can contribute to
risk stratiﬁcation and prediction of outcomes. Following
BCPC insertion, patients can be expected to have more hemodynamic stability along with baseline saturations of
80%-85%. At 5 to 6 months of age, SVC ﬂow will generally
contribute to 40%-50% of total cardiac output, but as children grow the contribution of inferior vena cava (IVC) ﬂow
increases and the proportional enlargement of the lower body
exceeds that of the upper body. This results in progressive
desaturation and exercise restriction when children are 2 to 3
years old. At this stage of life, the third and ﬁnal surgical
procedure is performed to achieve redirection of the IVC ﬂow
to the pulmonary circulation (a total cavopulmonary
connection or TCPC) by either a lateral tunnel or an
extracardiac conduit (modiﬁed Fontan operation). This
approach redirects the entire systemic venous circulation to
the pulmonary circulation, bypassing the heart entirely. Often
a fenestration is created at the time of stage 3 to facilitate the
transition to the Fontan circulation. The fenestration allows
systemic venous decompression, and right-to-left shunting
contributes to cardiac output at the expense of arterial desaturation. A fenestration can be closed in the catheterisation
laboratory (if not spontaneously closed), typically 6 to 12
months after the surgical procedure, thereby achieving Fontan
completion.
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Figure 5. Cardiovascular magnetic resonance imaging to rule out anatomic Fontan obstruction in a 25-year-old woman with a new diagnosis of
protein-losing enteropathy. Fontan circuit (asterisks) is unobstructed in (left) axial imaging and (right) coronal magnetic resonance angiogram.

The mortality and morbidity associated with this staged
palliative approach can be formidable, with the most robust
data currently available provided by the Pediatric Heart
Network single-ventricle reconstruction study.61 This randomised trial was originally designed to compare the surgical
outcomes of the Norwood approach with the more recent
modiﬁcation using an RVepulmonary artery conduit as
proposed by Sano. Although the modiﬁed Blalock-Taussig
shunt can be more difﬁcult to manage in the early postoperative stage owing to challenges achieving a stable balance
between systemic and pulmonary circulations, the Sano
modiﬁcation, although more stable postoperatively, can
contribute to pulmonary artery distortion resulting in the
need for additional interventions to rehabilitate the RVe
pulmonary artery conduit or the pulmonary arteries. A main
conclusion from the Pediatric Heart Network trial was that
transplant-free survival after 12 months was 74% for the RVe
pulmonary artery conduit vs 64% for the modiﬁed BlalockTaussig shunt, which was statistically signiﬁcant, although a
lasting survival beneﬁt of the Sano modiﬁcation could not be
demonstrated after 3 and 6 years.7,62 As expected, subjects
with RVepulmonary artery conduits went on to require
additional interventions for pulmonary artery stenosis. These
data report an overall medium-term transplant-free survival of
approximately 60% for the Norwood strategy, independently
from shunt type. The Pediatric Heart Network trial was a
pivotal study that allowed for comparison of surgical outcomes
between 2 techniques in expert centres across North America.
Risk factors for increased mortality after stage 1 included
prematurity, low birth weight, systemic ventricular dysfunction, tricuspid regurgitation, restrictive/intact atrial septum,
and presence of other congenital abnormalities. The introduction of multidisciplinary teams with interstage home
monitoring techniques and referral to high-volume centres
with expertise in more nuanced clinical care have translated
into better outcomes.63 Multicentre data have highlighted the
importance of centre experience as an important determinant
of outcome and that all procedures should be centralised
within centres of excellence.64
Alternative interventional strategies have been proposed to
delay the extensive aortic reconstruction completed as part of
the stage 1 palliation in the neonate which could be beneﬁcial
in the early management of particularly high risk patients,

such as those born prematurely or with low birth weights. The
hybrid approach was initially proposed by the Leeds group in
the United Kingdom but was ultimately abandoned owing to
problems with ductal stent adequacy (Fig. 4).65 The hybrid
procedure was reintroduced and further optimised by the
Giessen group in Germany with subsequent adoption by
centres worldwide.66 Cardiopulmonary bypass is avoided in
the neonatal period with the use of a combined surgicalinterventional approach. The initial step of the hybrid
approach consists of bilateral pulmonary artery banding with
stenting of the ductus arteriosus  atrial balloon septostomy.
This creates a parallel circulation with the systemic RV
providing blood supply to the banded (protected) pulmonary
circulation and to the systemic circulation through the stented
ductus arteriosus. If the atrial communication is restrictive, an
atrial septostomy is performed at the time of the hybrid
procedure or in later follow-up. The aortic arch continues to
be perfused in a retrograde fashion if there is insufﬁcient
antegrade ﬂow. Of note, retrograde perfusion can be
compromised by arch obstruction after ductal stenting and
needs to be monitored carefully. In addition, coronary
perfusion is dependent on adequate retrograde ﬂow. A stage 2
approach is completed around 6 months of life and combines
aortic arch reconstruction, ductal stent removal, and a BCPC.
The Giessen group reported a 15-year survival rate of 77%
with the use of this approach in their centre, which included
higher-risk patents.67 Modiﬁcations to the hybrid procedure
have been proposed at different centres.68 These include the
use of a reverse shunt between the main pulmonary artery and
the aorta to avoid problems with retrograde ﬂow in the aortic
arch after ductal stenting as well as variations in the timing of
atrial septal interventions.69 One of the ongoing concerns
after the hybrid procedure is the need for subsequent pulmonary artery interventions,70 which places these patients at
elevated risk of complications at the time of Fontan completion. In most centres, the hybrid approach is reserved for those
patients who are at high risk and considered to be poor candidates for the Norwood procedure, as a bridge either to
Norwood stage 1 or to stage 2.
Medical and surgical management choices are directed by
multiple factors, including allocation of resources, centre
experience, and practitioner preference. Although the Pediatric Heart Network trial could not identify a survival
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Figure 6. Cardiovascular magnetic resonance image demonstrating
hepatocellular carcinoma (arrow) in a 29-year-old man with palliated
hypoplastic left heart syndrome after a lapse of care of 10 years.

difference between stage 1 procedures utilizing a BlalockTaussig shunt vs an RVepulmonary artery conduit, the
Congenital Heart Surgeons Society observational cohort
study, including 454 propensity-matched newborns with
HLHS, demonstrated a 6-year survival beneﬁt in patients
undergoing the RVepulmonary artery conduit modiﬁcation.71 These data have largely resulted in more centres
favouring the Sano modiﬁcation, though it should be noted
that decision making regarding surgical approach should ultimately be tailored to patient-speciﬁc characteristics.72
Because practices between centres remain varied and
continue to evolve, it is difﬁcult to determine percentages of
each type of stage I procedure currently performed globally.
A matter of considerable ongoing debate relates to whether
care for complex heart disease should be centralised within
specialised centres where signiﬁcant expertise in treatment can
be amassed and multidisciplinary teams providing streamlined
patient management can be assembled. Both centre experience
and centre volume have been ﬂagged as possible determinants
of patient outcome, which may explain the signiﬁcant variability in survival observed following the Norwood palliation.73 A study looking at the impact of the number Norwood
operations performed per year in 53 centres in the United
States has suggested that approximately 14% of the betweencentre mortality variation can be explained by the relative
volumes within a centre; however, additional important
between-centre differences persist despite adjustment for incentre volumes. These observations suggest that volume is
not the sole determinant of outcome and, in fact, desirable
outcomes can also be achieved in lower-volume centres.
Further study is required to elucidate additional factors that
can further determine between-centre variability in outcomes.
An important factor to consider is the cost associated with
management of HLHS patients undergoing the Norwood
operation. Data from centres in the United States reveal that
costs are high although varied across surgical centres
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performing the stage I Norwood operation (ranging from
US$50,559 to US$230,851).74 Differences in cost can be
attributed, at least in part, to variations in complication rates
and lengths of hospital stay. In high-cost centres, complications were more often seen, including pleural effusions, seizures, wound infections, thrombus, liver dysfunction, sepsis,
and necrotising enterocolitis, which contributed to longer
hospital admissions. Apart from the expense of the initial
Norwood operation, the costs associated with life-long care for
these patients are considerable, though as yet not well studied.75,76 Contemporary data deﬁning the ﬁnancial burden
imposed on the health care system by the HLHS population
are necessary but lacking. Adequate resources for management
of these patients may not be readily available in all health care
systems, leading to important disparities in health care; in
extreme cases, compassionate care may be the only option in
an under-resourced environment.77 To better understand
minimum care required for acceptable outcomes, health care
systems beyond the United States (which delivers relatively
costly care) should be scrutinised to promote active HLHS
management in lower-resourced environments.
Neurodevelopmental Outcomes in the HLHS
Population
The paediatric literature identiﬁes those with HLHS as a
vulnerable population with increased risk of morbidity and
mortality, distinguishing these individuals among the wider
spectrum of patients with single-ventricle physiology.78
Concomitant with decreasing surgical mortality has been an
increasing awareness of the quality of life (QOL) of survivors,
with recent emphasis placed on neurodevelopmental and
psychosocial outcomes. Children with palliated HLHS have
been noted to have deﬁciencies in cognitive function, gross
and ﬁne motor development, and speech and language
achievement.79-82 Additional impairments have been documented for QOL, functional status, and behavioural adaptation
in
school-age
children
with
HLHS.83
Neurodevelopmental deﬁcits are now recognised at the most
frequent paediatric morbidity in the HLHS population, and
contemporary trials include neurodevelopmental outcomes as
a robust study end point alongside traditional outcomes such
death and transplant-free survival.80,81
Compromise in neurodevelopmental outcomes in the
HLHS population is likely multifactorial and the culmination
of a variety of etiologies, including prenatal hemodynamics,
fetal development, genetic determinants, neonatal characteristics, perioperative management, interstage complications,
and age at Fontan completion.84-86 Although surgical strategy
selected for the ﬁrst palliative stage has not emerged as a
feature associated with later neurocognitive outcome, current
evidence is pointing toward the association of intrinsic patient
factors and general medical morbidity in the ﬁrst year as
factors most highly associated with impaired neurodevelopment in those born with HLHS.80,85,87,88 Recognition
of the association between pathogenic copy number variants
in a subset of single-ventricle patients and inferior neurocognitive and growth outcomes may allow for early identiﬁcation of patients at risk.89
Whereas the majority of publications describe neurodevelopmental outcomes exclusively in children, a recent
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Table 1. Surveillance testing for cardiac and extracardiac complications in the HLHS population after the Fontan operation
Test
Outpatient visit with physical
examination
Electrocardiography
Echocardiography
Holter
Lab work (BNP, liver function, renal
function)
Cardiopulmonary exercise study
Cardiac magnetic resonance
Cardiac computed tomography
Abdominal ultrasound
Cardiac catheterisation

Childhood

Adolescence

Adulthood

Every 6-12 months

Every 6-12 months

Every 6-12 months

Every 6-12 months
Every 12 months
Directed by symptoms
Every 3 years

Every 12 months
Every 12 months
Directed by symptoms
Every 12 months

Every 6-12 months
Every 12 months
As directed by symptoms
Every 12 months

First test around age 8 years
Age > 8 years
As needed
Age > 8 years
As directed by symptoms

Every 2 years
Every 3 years
As needed
Every 3 years
As directed by symptoms

Every 1-3 years
Every 2-3 years
As needed
Every 1-2 years
As directed by symptoms

BNP, B-type natriuretic peptide; HLHS, hypoplastic left heart syndrome.
Source: American Heart Association, Inc.145

study sought to describe neurodevelopmental outcomes in the
adolescent and adult after Fontan palliation. In that study,
107 single-ventricle patients (55% male) after Fontan palliation were studied at a mean age of 23  8 years and were
compared with control groups of patients with biventricular
circulations (consisting of transposition of the great arteries
[n ¼ 50] and normal hearts [n ¼ 41]). Although patients with
HLHS were not identiﬁed per se, 31% of the population had
predominantly RV morphology presumably inclusive of
HLHS. Mean z scores were lower in all neurocognitive domains in the Fontan subjects compared with control subjects,
and impairment was more pronounced in adults compared
with adolescents. Cerebral lesions were a universal ﬁnding in
the Fontan population, and all global brain volumetric measures were smaller in the Fontan subjects. Notably, global
brain volumes were found to be associated with neurocognitive outcomes.90
Clinical and Patient-Reported Outcomes Late
After Fontan Palliation for HLHS
Despite early successes following Fontan surgery in childhood, complications become increasingly common in later
life. Chronically elevated Fontan circuit pressures along with
decreased output from the heart contribute to the extreme
fragility of the Fontan circulation. For the population of
Fontan patients as a whole, life expectancy is truncated
compared with the average population; when expressed in
terms of standardised mortality ratio, the hypothetical risk of
death of a 40-year-old with congenital heart disease is similar
to that of a 75-year-old without congenital heart disease.91 As
Fontan survivorship continues to expand, our understanding
of the development of late complications continues to evolve
in general, although much remains unknown, speciﬁcally for
those born with HLHS.92
The ﬁrst survivors of surgical palliation for HLHS are only
now entering early adult life and reﬂect the pioneering days of
surgical intervention and evolving perioperative management
strategies. While RV dominance has been identiﬁed as a
strong predictor of poor survival particularly at the pre-BCPC
phase, improvement in outcome has been observed over
time.93 The era effect on survivorship is underscored by data
from a large binational cohort study from the same authors
who observed a striking difference in HLHS survivorship
according to decade of birth: before 1990 the proportion was

1% (1/173) and after 2000 it increased to 16% (80/500).94
Contemporary estimates suggest that nearly two-thirds of
subjects with HLHS operated on in the best centres today can
be expected to reach adulthood.6,7,94
Based on existing paediatric data, it is clear that when
compared with other forms of congenital heart disease, HLHS
is a relative outlier and survival is substantially lower compared
with other anatomic lesions resulting in single-ventricle
physiology.95 Data from the Australia and New Zealand
Fontan Registry of more than 1000 Fontan cases demonstrated a striking difference in 10-year freedom from Fontan
failure (deﬁned as death, transplantation, reoperation, or poor
functional status) in the HLHS group compared with other
morphologies in the registry (79% vs 92%; P < 0.001), and
HLHS anatomy was identiﬁed as the primary predictor of
Fontan failure (hazard ratio 3.8, 95% conﬁdence interval 2.07.1; P < 0.001).94 In a study focused on patients with
extracardiac Fontan connections only, with a mean follow-up
of 6.7  3.5 years, HLHS was predictive not only of late
Fontan failure (deﬁned as late death, transplantation, New
York Heart Association functional class III or IV, or proteinlosing enteropathy), but also of prolonged hospital stay
(prolonged effusions) and adverse events (including late failure, reoperation, percutaneous intervention, pacemaker implantation, thromboembolic event, or supraventricular
tachycardia).96 While underlying HLHS morphologic subtype
has not been clearly associated with survival, the presence of
aortic atresia has been recently observed to be independently
associated with adverse events in the HLHS population at a
mean follow-up of 6.4  4.7 years.97
Given the young age of the cohort of HLHS survivors
entering adulthood, mid- and long-term outcomes remain
incompletely undeﬁned but likely include a myriad of intracardiac and extracardiac complications that are likely to increase with time (Figs. 5 and 6). A recent study focused
exclusively on outcomes of adults with HLHS surviving to
> 18 years of age.8 That multinational study reported on the
outcomes of 59 patients at 7 centres (median age 21 years,
oldest survivor 28 years). Despite a relative short period of
follow-up in adult life (median 3.9 years) a Fontan-speciﬁc
major adverse cardiovascular event was evident in 24% of
the population studied (deﬁned as death, end-stage heart
failure with transplant listing, hospitalisation for heart failure
requiring intravenous medications, sustained ventricular
tachycardia,
protein-losing
enteropathy,
or
major
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thromboembolic event) (Fig. 5). This strikingly high adverse
event rate appears to differentiate patients with a Fontan
circulation for underlying HLHS compared with those
referred for Fontan palliation for other underlying lesions.
Although scant, existing data point toward a relatively guarded
prognosis for adult survivors with HLHS. Type and frequency
of surveillance testing as outlined for the general Fontan
population cardiovascular system is likely applicable to the
HLHS population (Table 1), with the caveat that some
complications, such as protein-losing enteropathy and plastic
bronchitis, may occur more frequently in HLHS subjects and
a higher level of vigilance for these sequelae is therefore
necessary.98 When Fontan failure is suspected, a full diagnostic work-up for Fontan failure is indicated and management will be driven by etiology and clinical status.99
As an adjunct to clinical outcomes, patient-reported outcomes pertaining to health-related QOL (HR-QOL) provide
valuable metrics related to health status that are of interest to
subjects and their health care providers. A recent meta-analysis
reviewed 50 publications that addressed HR-QOL in children, adolescents, and adults with a Fontan circulation. In
total, data from 2793 individuals were available for review and
the authors determined that, compared with reference patients, those with a Fontan circulation had lower scores across
all domains. Older age at assessment was associated with
poorer total HR-QOL as well as compromised emotional and
social functioning. The diagnosis of HLHS was speciﬁcally
associated with inferior social functioning.100 Recent data
indicate that individuals with congenital heart disease are at
increased risk of deﬁcits in executive function and that this is
particularly problematic in patients with single-ventricle
physiology.101 In addition, sexual dysfunction appears to be
more prevalent in this population.102 Whether patients with
HLHS differ from an HR-QOL perspective compared with
their peers within the wider cohort of Fontan patients is a
topic worthy of further exploration. Speciﬁcally designed
studies are necessary to explore HR-QOL and should include
validated scoring systems such as those developed by the
Assessment of Patterns of Patient-Reported Outcomes in
Adults with Congenital Heart Disease-International Study
(APPROACH-IS)103 and the International Consortium for
Health Outcomes Measurement.104 Such data will be
important for guidance of management strategies for this atrisk patient population.
Knowledge Gaps and Future Directions
Despite the dramatic improvement in childhood survival
achieved over recent decades, the HLHS population remains a
challenging group of patients to manage and as such consumes a
substantial proportion of the resources in paediatric cardiac
centres. There are important gaps in knowledge that require
further study before improvements in short- and long-term
outcomes can be realistically achieved. Various studies have
cited development of RV dysfunction, at any stage, as one of the
critical determinants of poor clinical outcomes.71,105-107
Research focused on various aspects of RV systolic dysfunction, including pathophysiology, early identiﬁcation, prevention, and treatment, may translate into improvement in
long-term outcomes. Identiﬁcation of patients at risk for
developing RV dysfunction by imaging and/or genetics could
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help to identify patients who are poor candidates for the Norwood strategy.108 Serial monitoring of RV function with the use
of echocardiography measures such as fractional area change, RV
strain, and tricuspid annular plane systolic excursion can help in
early detection and risk stratiﬁcation.107,109-113 Although the
initial selection of surgical strategy does not seem to have
important impact on RV systolic function,105,114-119 strategies
for medical preservation of the RV may be a promising avenue of
future study. Recent data suggest that digoxin use in the interstage is associated with better survival, likely related to an effect of
RV remodelling,120 but other potential medical therapies
deserve similar exploration. This will require a more reﬁned
understanding of potential for RV remodelling as well as of the
impact of HLHS on RV function. Preliminary data indicating
that there is potential beneﬁt from transcoronary intramyocardial injection of stem cells during surgical
palliation121-123 have resulted in prospective trials designed to
study the potential use of stem cell therapy during surgical
palliation. Other techniques for managing failing Fontan physiology are emerging as new technologies for mechanical circulatory support are becoming available, and results with
ventricular assist devices are encouraging at both pre- and postFontan stages.124-126 Recent advances in computational ﬂow
dynamics and 4-dimensional magnetic resonance imaging have
contributed to a deeper understanding of factors that contribute
to energy losses in the Fontan circuit, and the translation of this
technology is enabling optimised patient-speciﬁc Fontan
design.127-130 Insights from these technologies have also enabled
design of more “futuristic” models of a Fontan circulation,
including the possible incorporation of a pulsatile subpulmonary
“neoventricle” from engineered heart tissue, thus providing
additional energy to drive pulmonary blood ﬂow as well as other
devices designed to propel blood through the Fontan
circuit.131,132
As tricuspid valve regurgitation is another important
determinant of long-term outcomes, research directed toward
a deeper understanding of the mechanisms of progressive
tricuspid valve dysfunction in HLHS could result in optimisation of surgical techniques and strategies for repair.133-136 As
neurologic outcomes remain uncertain, further study into
factors that contribute to poor neurologic outcomes are
required before development of preventive strategies can
occur.
Coupled with the knowledge that the number of subjects
alive following Fontan palliation is projected to double in the
next 2 decades and that the HLHS subset can be expected to
have poorer outcomes compared with the larger Fontan
population, considerations pertaining to delivery of end-of-life
care will become increasingly relevant for this high-risk population. Therapeutic options for those with a failing Fontan
physiology are extremely limited. Medical therapies can provide only temporary symptomatic relief. Completed and
ongoing trials have been designed to explore the potential
beneﬁt of pulmonary vasodilators in the larger Fontan population with some beneﬁcial effect noted on exercise capacity
in recent studies.137-142 Surgical strategies such as Fontan
conversion or heart transplantation are relatively high-risk and
are applicable only to a minority of patients, and are therefore
rarely undertaken. A 2019 analysis of all adults who underwent heart transplantation in United States hospitals from
2004 to 2014 included 93 Fontan patients and found their
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in-hospital post-transplantation mortality to be 5 times that of
non-Fontan recipients (26% vs 5%; P < 0.001).143 Emerging
data are pointing toward potential beneﬁt in lymphatic
drainage interventions or external ventilation strategies,
although further study is required before these options can be
more widely applied in clinical practice.144,145
Conclusion
Advances in care for patients with HLHS across the lifespan have resulted in current survival rates of approximately
60% to 65% for children who have undergone staged palliation. This reﬂects the investment of signiﬁcant resources over
recent decades. Important morbidities continue to be associated with the various treatment strategies. With an expanding
cohort of HLHS reaching adulthood following Fontan
completion, there is a growing concern that this is a population at particular risk for early Fontan failure. Future therapeutic innovations would ideally target novel therapies for
preservation of RV systolic function as well as maintenance of
tricuspid valve integrity, optimisation of Fontan hemodynamics, and improvement of neurocognitive outcomes.
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