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ABBREVIATIONS AND ACRONYMS

2D 2-Dimensional
3D 3-Dimensional
AA Aortic atresia
ABG Arterial blood gas
ACE Angiotensin-converting enzyme
Ao Aorta
AoV Aortic valve
AS Aortic stenosis
Asc Ao Ascending aorta
ASD Atrial septal defect
AV Atrioventricular
AVV Atrioventricular valve
AVSD Atrioventricular septal defect
BCPS Bidirectional cavopulmonary shunt
BNP Type B natriuretic peptide
BP Blood pressure
b-PAB Bilateral pulmonary artery banding
BW Birth weight
CHD Congenital heart disease
CO Cardiac output
CoA Coarctation of aorta
CPB Cardiopulmonary bypass
c-S2P Comprehensive S2P
CT Computed tomography
DA Ductus arteriosus
Desc Ao Descending aorta
DHCA Deep hypothermic circulatory arrest
DO2 Oxygen delivery
ECG Electrocardiogram
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ECHSA European Congenital Heart Surgeons
Association

ECLS Extracorporeal life support
ECMO Extracorporeal membrane oxygenation
EFE Endocardial fibroelastosis
FiO2 Fraction of inspired oxygen
FO Foramen ovale
Hb Haemoglobin
Hct Haematocrit
HLHC Hypoplastic left heart complex
HLHS Hypoplastic left heart syndrome
HR Heart rate
h-S1P Hybrid stage 1 palliation
IAA Interrupted aortic arch
IAS Intact atrial septum
ICU Intensive care unit
IPCCC International Paediatric and Congenital

Cardiac Code
ISNPCHD International Society for Nomenclature of

Paediatric and Congenital Heart Disease
IS-1 Interstage 1
IS-2 Interstage 2
ISV Infants with Single Ventricle
LA Left atrium
LCOS Low cardiac output syndrome
LPA Left pulmonary artery
LV Left ventricle
MA Mitral atresia
MBTS Modified Blalock–Taussig shunt
MPA Main pulmonary artery
MRI Magnetic resonance imaging
MS Mitral stenosis
MV Mitral valve
NEC Necrotizing enterocolitis
NIRS Near infrared spectroscopy
NPCQIC National Paediatric Cardiology Quality

Improvement Collaborative
PA Pulmonary artery
PAB Pulmonary artery banding
pCO2 Partial pressure of carbon dioxide
PGE1 Prostaglandin E1
PHT Pulmonary hypertension
PTFE Polytetrafluoroethylene
PV Pulmonary valve
PVR Pulmonary vascular resistance
Qp Pulmonary blood flow
Qs Systemic blood flow
RA Right atrium
RBCs Red blood cells
RCP Regional cerebral perfusion
RCT Randomized controlled trial
r-FO Restrictive foramen ovale
RPA Right pulmonary artery
RR Respiratory rate
RV Right ventricle
S1P Stage 1 palliation
S2P Stage 2 palliation
SaO2 Arterial oxygen saturation
SO2 Oxygen saturation
STS CHSD Society of Thoracic Surgeons Congenital Heart

Surgery Database

SV Single ventricle
SVC Superior vena cava
SvO2 Mixed venous SO2

SVR Systemic vascular resistance
SVRT Single Ventricle Reconstruction Trial
TAPVD Totally anomalous pulmonary venous

drainage
TOE Transoesophageal echocardiography
TR Tricuspid regurgitation
TV Tricuspid valve
VO2 Oxygen uptake
VSD Ventricular septal defect

‘The doer alone learneth’.

Friedrich Nietzsche

Also Sprach Zarathustra: Ein Buch für Alle und Keinen (1883)

1. INTRODUCTION AND METHODOLOGY

A widely cited description of hypoplastic left heart syndrome
(HLHS) was provided by Lev in 1952, although references to
this anatomical entity had appeared sporadically over the pre-
ceding 400 years. The syndrome was named in 1958 by
Noonan and Nadas [1, 2]. Although specific figures for all of
Europe are not readily available, the HLHS phenotype occurs in
�0.016–0.036% of live births in Canada and the USA. Thus,
each year �56–126 newborns in Canada and 640–1440 in the
USA are affected [3–7]. Estimates for the incidence of HLHS
(among all live births) in Germany, Croatia and Belgium are
0.016%, 0.017% and 0.009%, respectively [8]. The incidence is
probably in transition to some extent, because accurate foetal
diagnosis and termination of pregnancy have become increas-
ingly prevalent in many countries. HLHS represents 2–9% of
congenital heart disease (CHD) cases but accounts for 23% of
neonatal deaths from congenital heart malformations [9–13].
Although it is not the most critical issue in child health world-
wide, success with treatment of HLHS has become a new stand-
ard for assessment of the quality of care delivered by cardiac
teams worldwide. Importantly, the technology and knowledge
base developed for treatment of HLHS have had far reaching
implications for dealing with other complex paediatric prob-
lems, both cardiac and non-cardiac.

Co-authors were primarily nominated, approved and invited
by the European Association for Cardio-Thoracic Surgery
(EACTS) Congenital Domain chairman and/or the Guidelines Task
Force chairman, and the Association for European Paediatric and
Congenital Cardiology (AEPC). The contributing authors repre-
sent primarily teams and institutions with a large and favourable
clinical and/or research experience with HLHS. All surgical co-
authors are EACTS members. To recapitulate contemporary
clinical practice, we have tried to invite representatives from all
medical and surgical specialties whose scope of interest includes
infants with HLHS. In the creation of these guidelines, the authors
have considered all relevant published literature and their con-
siderable individual and collective experience with patients with
HLHS. All recommendations made in the guidelines are qualified
with appropriate weight of evidence statements [14]. These
guidelines cover initial foetal diagnosis of HLHS [with brief refer-
ence to some non-HLHS variants and unbalanced
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atrioventricular septal defect (AVSD) when appropriate] through
to (but not including) stage 2 palliation (S2P). Class of recom-
mendation and level of evidence are defined as in previous
guidelines (Tables 1 and 2).

In PICOT format, the scope of the guidelines inquiry could be
framed as follows:

The specific primary questions addressed in the paper are as
follows:

1. What are the relevant standard definitions and anatomical spec-
trum of HLHS?

2. How does HLHS physiology influence presentation and treatment?
3. How is HLHS best diagnosed prenatally and postnatally?
4. How does prenatal treatment influence the course of HLHS after

birth?
5. What is the influence of prenatal diagnosis on delivery planning?
6. What are the postnatal treatment options for HLHS (prior to sur-

gery) based on presentation?
7. What are the relevant current surgical options and technical

strategies?
8. What is the role of hybrid stage 1 palliation (h-S1P), and which

techniques are applicable?
9. How can patients with HLHS best be managed in the intensive care

unit (ICU) after surgery?
10. How should patients be managed during interstage 1 (IS-1) follow-

ing Norwood or h-S1P?
11. What are the outcome expectations in the current era, based on

multi-institutional databases?

Literature searches were conducted primarily in PubMed and
institutional collections. Initial searches in PubMed (using no
time limits) for ‘HLHS’ returned 3711 publications. In the final
version of the manuscript, 704 (19%) source references are

cited. Articles were selected based on relevance and scientific
merit, as determined by the co-author for each subheading
relating to HLHS (see Table of Contents). No a priori inclusion
or exclusion criteria were used. Priority was given to random-
ized controlled trials (RCTs) (of which there were 2) and to
larger and/or multicentric studies. All co-authors had the

opportunity to read and propose edits for all sections of the
manuscript, irrespective of primary interest. It is well appreci-
ated that RCTs are rare in the paediatric cardiac literature, espe-
cially relating to HLHS. Because there is little information in the
literature from RCTs, this guidelines paper is (of necessity)
weighted heavily towards observational studies and expert
opinion, which form the basis for the great majority of papers
reviewed. Guideline recommendations can be considered to be
consensus statements from the co-authors based on personal
experience and review of extant literature.

It is recognized by the authors that the surgical treatment of
infants with HLHS has not been embraced by all practitioners,
families and societies. In fact, in many parts of the world, active
treatment may be impractical or even impossible, based on local
resources. There are philosophical issues as well, which may take
into account (among other things) the wisdom of treatment of
critically ill neonates whose best outcome may still be compro-
mised from both cardiac and neurodevelopmental points of
view. It is widely accepted by practitioners and institutions that
both termination of pregnancy and withholding definitive post-
natal treatment for HLHS in favour of ‘comfort care’ (i.e. without
any expectation of survival) remain ethically justified. The latter
strategy is often termed ‘compassionate care’, although the term
is not precise, and in no way implies that active treatment of
HLHS is not compassionate. This is a complex area of discussion
that is well beyond the scope of these guidelines, which are
meant to help in applying definitive treatment strategies to new-
borns (and foetuses) whose families (after receiving the best
available information in an impartial manner) desire that
approach. In all cases, our role is to provide the best support
possible.

Problem Intervention Comparison Outcome Time frame

HLHS
(foetus,
newborn,
infant)

• Diagnosis
• Resuscitation
• Surgical and hybrid treatment
• Intensive care (preoperative

and postoperative)
• Interstage 1 care

• Natural history
• No active treatment
• Palliative care

• Preoperative deaths
• Operative deaths
• Survival through interstage

1 to stage 2 palliation

• Foetus to stage 2 palliation
• No time limitations on

literature review

HLHS: hypoplastic left heart syndrome.

Table 1: Classes of recommendations

Classes of recommendations Definition 

Class I Evidence and/or general agreement that a given treatment 
or procedure is beneficial, useful, effective. 

Class II Conflicting evidence and/or a divergence of opinion about 
the usefulness/efficacy of the given treatment or 
procedure. 

Class IIa Weight of evidence/opinion is in favour of 
usefulness/efficacy. 

Class IIb Usefulness/efficacy is less well established by 
evidence/opinion. 

Class III Evidence or general agreement that the given treatment or 
procedure is not useful/effective and in some cases 
harmful. 

Table 2: Levels of evidence

Level of evidence A Data derived from multiple randomized clinical trials or 
meta-analyses. 

Level of evidence B Data derived from a single randomized clinical trial or 
large non-randomized studies. 

Level of evidence C Consensus of opinion of experts and /or small studies, 
retrospective studies, registries. 
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The long-term outcome for HLHS survivors has become better
defined over the past decade as we follow patients with HLHS
into their young adult years. Many (but not all) patients with
HLHS who have had a Fontan operation will require a heart
transplant for some manifestation of Fontan failure. A heart
transplant has been referred to as the ‘fourth stage’ in the surgical
treatment of HLHS, although the time course varies considerably
from case to case. Although maintenance of suitability for a heart
transplant [especially pulmonary artery (PA) development and
preservation] should be borne in mind as a tertiary goal in the
treatment sequence, the issues relating to heart transplantation
are beyond the scope of these guidelines. Heart transplantation
as a primary treatment for infants with HLHS, although used
more liberally in the 1980s and 1990s, is now reserved for excep-
tional cases who are not candidates for a Norwood or h-S1P
strategy. This specific topic is also not dealt with in these
guidelines.

2. ANATOMY AND NOMENCLATURE

2.1 Definitions

HLHS encompasses a heterogeneous group of congenital cardiac
anomalies characterized by the presence of a hypoplastic or vir-
tual left ventricle (LV), usually not forming the apex of the heart,
with the aorta (Ao) and/or mitral hypoplasia or atresia. The term
HLHS includes:

1. Mitral atresia (MA)/aortic atresia (AA)
2. Mitral stenosis (MS)/AA
3. MS/aortic stenosis (AS)
4. MA/AS + ventricular septal defect (VSD)
5. Hypoplastic left heart complex (HLHC) (hypoplastic Ao, LV is small

or not able to support systemic circulation).

We do not include double outlet right ventricle (RV) with a
small LV, congenitally corrected transposition of the great arteries
with a large VSD and a small LV, an unbalanced AVSD with a
small LV or long-segment subaortic AS with AS, VSD and Ao arch
hypoplasia [15].

The common feature of HLHS is a functional single ventricle
(SV) chamber in association with some degree of hypoplasia of
the ascending (Asc) Ao or arch. The physiological consequence is
that systemic blood flow (Qs) is provided (completely or partially)
by the RV via a ductus arteriosus (DA). Thus, the DA and
adequate mixing at the atrial level are essential for postnatal sur-
vival. A restrictive or closed foramen ovale (FO) may result in pul-
monary oedema and hypoxia and fatal lung parenchymal disease
[16, 17].

2.2 Hypoplastic left heart syndrome versus
hypoplastic left heart complex

HLHS is synonymous with severe hypoplasia of the left heart
structures, in which Qs cannot be guaranteed. It may be defined
as a spectrum of cardiac malformations with normally aligned
great arteries without a common atrioventricular valve (AVV),
characterized by underdevelopment of the left heart, with signifi-
cant hypoplasia of the LV [including atresia, stenosis or

hypoplasia of the aortic or mitral valve (MV), or both valves], and
hypoplasia of the ascending Ao (Asc Ao) and Ao arch. HLHC sits
at the milder end of the spectrum of HLHS and is characterized
by underdevelopment of the left heart with significant hypoplasia
of the LV and hypoplasia of the Ao valve (AoV) or the MV, or
both valves, in the absence of intrinsic valvar stenosis or atresia
of the AoV or the MV, and with hypoplasia of the Asc Ao and Ao
arch. The MV and AoV are minute, with or without dysplasia of
the leaflets, or abnormalities of the tendinous cords or papillary
muscles [18].

The terms AS and MS imply that there is fusion at the level of
the valvar leaflets and maldevelopment of the valve apparatus
(hence true valvar stenosis). In contrast, hypoplasia of the AoV,
MV and LV indicates that the valves are small but not intrinsically
stenotic [16, 17].

2.3 Morphological approach to hypoplastic left
heart syndrome

Four patterns of left ventricular morphology are recognized
[19–21]:

1. A ‘slit-like ventricle’ characterized by a flattened, virtual LV
within the left posterior aspect of the ventricular mass, which
can be identified indirectly by the coronary vessels on the epi-
cardial surface encircling the LV as happens in the normal heart.
This form is associated with MA and AA. No valve tissue or
endocardial fibroelastosis (EFE) is detected. The atrioventricular
(AV) junction is muscular.

2. A ‘miniature LV’ with a nearly normal size and parietal thickness but
not forming the cardiac apex, associated with normal Ao and MV
(i.e. small but not stenotic). In MS and AS, the LV can be nearly nor-
mal in size and parietal thickness but does not form the cardiac
apex. The Ao and MV are anatomically normal.

3. A ‘small LV cavity with a thick parietal wall’, associated with a
wide range of AoV malformations, either stenotic or atretic, and
MS. EFE is usually recognizable as a firm, whitish layer on the LV
endothelial surface that, besides the thick parietal wall, further
contributes to the stiffness of the LV. It can be focal, involving
the papillary muscles or septum, or diffuse, covering all the ven-
tricular cavity with severe thickening due to deposition of EFE.
There is no association between the severity of the EFE and the
size of the AoV.

4. LV ‘dilation’ associated with mitral regurgitation, with leaflet redun-
dancy, thin LV parietal wall and giant left atrium (LA), which can pro-
duce right chamber compression.

2.4 Aortic valve and mitral valve

AA or AS is often characterized by restricted cusp excursion and
post-stenotic dilation of the Asc Ao. In AA, an imperforate mem-
brane guards the hypoplastic annulus and Asc Ao; 3 well-formed
commissures can still be identified.

Congenital AS includes a wide range of morphological fea-
tures, from tricuspid AoV valve dysplasia or asymptomatic bicus-
pid AoV, to a unicuspid, severely stenotic valve and annular
hypoplasia. They can be dysplastic with nodular degeneration
and thickening. The normal structure of the leaflets comprises a
fibrosa covered by the ventricularis and the arterialis and by the
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spongiosa located on the ventricular side between the fibrosa
and the ventricularis. In the setting of dysplasia, the structure is
altered, with a loss of fibrosa integrity, mucoid degeneration and
nodular thickening. The dysplastic leaflets are usually thicker and
more rigid than normal ones.

HLHS with MS/AS manifests with severe AS and LV remodel-
ling to variable degrees. There may be hypoplasia or dilation, if
the latter is associated with mitral regurgitation. HLHS can occur
with a borderline LV or even a relatively normal LV. Valve steno-
sis is due, in most cases, not only to the fusion of the leaflet with
the rudimentary commissures but also (sometimes mainly) to
irregular cusp thickening. In the setting of a unicuspid valve,
there is 1 commissure, with an eccentric intrinsically stenotic
commissural orifice, 1 well-formed interleaflet triangle and a
small Ao annulus and dysplastic leaflet with myxoid nodular
excrescences (usually located on the LV aspect of the valve). Two
raphes can be identified as remnants of the commissures, indi-
cating a lack of leaflet separation or fusion. Bicuspid AoV are
non-stenotic, but stenosis is often present when there is associ-
ated dysplasia of the leaflets. Two well-formed commissures and
interleaflet triangles and 1 aborted triangle relating to the raphe
can be identified. Even a tricuspid valve (TV) can be stenotic due
to leaflet dysplasia. With dysplasia there is irregular cusp thicken-
ing with nodular excrescences protruding into the AoV orifice,
hampering its opening.

The MV can be recognized as a nodule of white tissue in the
MA with a slit-shaped LV. In a miniature LV, the MV leaflets are
thin, with well-separated fine chordae and papillary muscles. In a
small LV with a thick parietal wall, usually associated with MS/AA,
the MV can have thick leaflets, short thick (but separate) chordae
and small papillary muscles coated with EFE. Dysplasia of the
leaflets is a common feature.

The Asc Ao and Ao arch can be hypoplastic to different
extents, reflecting the amount of blood flowing through the
ventricles into the Ao. In all subtypes, it is narrower than
the pulmonary trunk. In MA/AA, the Asc Ao and aortic arch are
the narrowest; in miniaturized ventricles with well-formed
valves, the Asc Ao is largest. In cases with small LV and a thick
parietal wall, the Ao is of an intermediate dimension. In some
cases, there is paraductal coarctation due to exuberant DA
tissue.

2.5 Atrial septum

The morphology of the atrial septum at birth influences the
pathophysiology and haemodynamic state of the neonate. In
the setting of HLHS, a restrictive FO (r-FO) is reported in 25% of
cases and intact interatrial septum in 1% of pathological series
and 6% of clinical series. The closed or r-FO produces foetal
hydrops and LA hypertension. Abnormal lung development
occurs, characterized by pulmonary cystic lymphangiectasia
and pulmonary vein muscularization, which persists postnatally,
with an impact on survival both at birth and later when bidirec-
tional cavopulmonary shunt (BCPS) is attempted. The lack of
communication between the atria prevents systemic oxygen-
ated placental blood from reaching the left heart, the Asc Ao
and the systemic circulation. The premature closure or restric-
tion of the FO results in the diversion of blood flow from the LA
and cardiac chamber remodelling. The RV and TV are well
developed because they handle the entire Qs, which reaches
the right atrium (RA). The TV can show some degree of leaflet

dysplasia and abnormalities of the subvalvular apparatus. The
pulmonary trunk is dilated, and the DA is prominent because it
carries the entire systemic circulation. The LV is usually small
with hypoplasia and dysplasia of the MV apparatus, often
associated with EFE. The Ao is hypoplastic with normal origin of
the coronary arteries. The AoV is hypoplastic, with the entire
leaflet spectrum, from imperforate to unicuspid, bicuspid or
tricuspid.

Three different patterns of the atrial cavity and atrial septum
can be recognized in HLHS with intact or r-FO [18, 22, 23]:

• Type A: A relatively large LA with a thick septum secundum
and a thin septum primum adherent to each other, often asso-
ciated with a leftward and posteriorly deviated septum pri-
mum, and massively dilated pulmonary veins. The
decompression pathway from the LA can be to the innominate
vein, the right superior vena cava (SVC) and the RA. This path-
way is unobstructed.

• Type B: A small, muscular LA with circumferential thickening of
the atrial walls and a thick ‘spongy’ muscular atrial septum
without distinction between the septum primum and septum
secundum. The LA appears muscular and the pulmonary veins
are usually small.

• Type C: A giant LA with a thin, rightwards bulging septum and
identifiable septum primum and secundum, in the setting of
severe mitral regurgitation. The pulmonary veins are usually
large.

2.6 Pathophysiology

In the setting of AA/MA or AA/MS, which represents the most
severe form of HLHS, the systemic circulation is supported by the
RV with flow in the Ao arch and the Asc Ao retrogradely through
the DA. In some patients with a mild form of HLHS, those with
AS/MS, those with AS and LV hypoplasia or those with HLHC,
the systemic circulation may depend only partially on the RV and
DA, because flow to the Asc Ao and to various portions of the
aortic arch and branches is supplied by antegrade flow from the
LV. In rare cases of hypoplastic left heart structures without
intrinsic valve stenosis or atresia, the systemic circulation may be
entirely dependent on the LV, although such patients are usually
in severe congestive cardiac failure and require surgical
intervention.

2.7 Epidemiology

HLHS represents 8–12% of heart defects of infants with critical
heart disease [24]. Untreated, it is universally fatal and accounts
for 25% of deaths in the first few weeks of life [25]. There is a ten-
dency towards a lower prevalence over the last decade [26]. The
majority of such children have situs solitus and concordant AV
and ventriculo-arterial connections. The RA, RV, TV and PAs are
normal in size and character. An atrial septal defect (ASD) allows
mixing of LA and RA atrial blood. The pulmonary veins may be
dilated, particularly in the presence of a highly restrictive intra-
atrial communication. Coarctation of the Ao (CoA) coexists in at
least 80% of affected infants, although the severity is variable. The
coronary arteries are usually normal. However, in the presence of
MS, the vessel walls may be thicker, with multiple coronary artery
connections to the LV.
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2.8 Associated heart anomalies

Associated anomalies of HLHS include totally anomalous pulmo-
nary venous drainage (TAPVD), TV and pulmonary valve (PV),
coronary arterial anomalies, interrupted aortic arch (IAA), VSD
and abnormalities of the systemic veins. Structural anomalies of
the PV are rare. A bicuspid PV has been reported in 4% of cases.
The presence of associated heart anomalies is important in deter-
mining the surgical approach [26, 27].

2.9 Associated syndromes

Genetic syndromes are present in �10–25% of patients with
HLHS, including Turner and Noonan syndrome, trisomy
anomalies, Holt–Oram syndrome, CHARGE association and
Jacobsen syndrome [28–30]. However, studies involving non-
syndromic family members have suggested that heritability is
complex [31]. No single disease-causing pathway has yet been
identified.

2.10 Histomorphological substrates and vascular
abnormalities

Cases of HLHS with AA/MA or with MA + VSD + and a patent
AoV may have normal myocardial architecture at birth and nor-
mal coronary vasculature. Subtypes of HLHS with patent inflow
and obstructed outflow present with disarray of the myocyte
architecture and thick myocardium. Such hearts are prone to
vascular abnormalities, such as coronary artery fistulas or
sinusoids.

Microscopic evaluation of HLHS specimens with ventriculo-
coronary connections demonstrate that sinusoids from the endo-
cardial surface may extend into the myocardium [31]. The
sinusoids frequently exist with EFE of the LV. The luminal diame-
ters of the coronary arteries and ostia in HLHS are not different
from those of control specimens.

Focusing on the microvasculature, Salih et al. [32] described an
interesting finding that unoperated hearts with HLHS have a
higher mean and maximal diffusion distance from any arbitrary
point to the nearest capillary than do normal age-matched con-
trol hearts.

3. IMAGING

During infancy, the dominant imaging modality for HLHS is
echocardiography because of its non-invasive nature, availability
and portability in all clinical settings from the ICU to the outpa-
tient clinic. The complementary use of magnetic resonance imag-
ing (MRI), computed tomography (CT) and angiography before
and after different surgical stages is also of value (Tables 3 and 4
and Fig. 1).

Finally, through all surgical approaches, assessment of RV and
TV function (reviewed in a separate section) is vital. There will
be a high degree of institutional variability as to the exact
approach taken, based on modality availability, local expertise
and preference. Thus, the aim will not be to strictly define a
‘right’ or ‘wrong’ approach but to critically examine all
approaches.

3.1 Haemodynamic changes after birth

The postnatal assessment of HLHS should take into account the
prenatal findings. The changes in loading conditions and
the potential closure of foetal shunts in the transition from the
prenatal to the postnatal circulation affect the interpretation of
the images. There is an increase in systemic vascular resistance
(SVR) due to the loss of the placental circulation after birth,
coupled with hormonal changes such as an increase in cortico-
steroids and vasopressin. Pulmonary vascular resistance (PVR)
falls dramatically, due largely to inflation of the lungs and
release of pulmonary vasodilators such as endogenous
nitric oxide [33]. The resulting increase in pulmonary blood flow
(Qp) means that pulmonary venous return increases, increasing
the LA pressure. Without administration of prostaglandin E1
(PGE1), the DA will constrict and close, with implications
for maintenance of systemic arterial blood flow. The ductus
venosus will also close following the loss of the placental
circulation at birth.

These changes may be highly relevant for clinical decision-
making after birth. For example, an LV that appears severely
hypoplastic in the context of HLHC may appear larger following
increased pulmonary venous return to the LA after birth. In clas-
sical HLHS, the longer-term outcome will inevitably be a func-
tionally SV circulation. The imaging specialist needs to be aware
of the requirements for effective haemodynamics, including
adequate RV function, minimal TV and PV regurgitation, unob-
structed systemic arterial pathways and low PVR.

With these features in mind, prenatal findings that raise spe-
cific concerns for postnatal management include the following:

• Significant tricuspid regurgitation (TR): This condition can be
anticipated to worsen postnatally with increased systemic arte-
rial pressure and vascular resistance.

• Impaired RV function: Higher systemic pressures and SVR will
be expected to affect RV function adversely.

• Intact atrial septum (IAS) or r-FO: This situation has adverse
effects on pulmonary vascular development, leading to pulmo-
nary hypertensive changes and pulmonary lymphangiectasia.
Pulmonary vein Doppler assessment has been used to predict
severe restriction, and foetal cardiac MRI is being increasingly
used to identify abnormal lung development (nutmeg lung)
[33]. This modality has been helpful in identifying cases at par-
ticularly high risk after birth or potential candidates for septal
perforation.

Birth weight (BW), gestational age at delivery and extracardiac
anomalies (e.g. diaphragmatic hernia) may have a major impact
on the initial therapeutic approach and prognosis [34, 35].

3.2 Preoperative imaging in classical hypoplastic
left heart syndrome

The dominant initial modality for preoperative imaging in classi-
cal HLHS is transthoracic echocardiography (Fig. 2). Other imag-
ing modalities (CT/MRI/angiography) should be used when
relevant questions remain following echocardiographic assess-
ment. A full sequential segmental echocardiographic examination
should be performed [36, 37]. Patency of the MV and AoV should
be documented, along with the morphology of the LV (slit-
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shaped, dilated/globular, hypoplastic). Features of particular
importance may be considered systematically as follows:

1. Life-maintaining structures:
a. Atrial septum: The atrial septum can be assessed with

echocardiography, but the clinical picture is essential [7]. As Qp
increases, the transatrial Doppler gradient increases. The judge-
ment of severe restriction at the FO is better based on poor sys-
temic arterial SO2 (SaO2) (reflecting reduced pulmonary venous
return to the systemic circulation) and pulmonary vein Doppler
interrogation, particularly significant ‘a’ wave reversal, i.e. flow
from the atrium into the pulmonary veins during atrial contrac-
tion (Fig. 3).

b. Ductus arteriosus: DA patency is essential to support Qs. In classi-
cal HLHS, the DA is usually large and straight, arising in the usual
position, with predominantly right-to-left flow of low velocity
(<2 m/s). Higher velocity right-to-left flow indicates DA
restriction.

2. Prognostic features:

a. Ventricular function: Poor RV function is a predictor of mortality
throughout surgical palliation (see later detailed section on assess-
ment of RV function) (Fig. 4).

b. Tricuspid valve function: Significant TR is a poor prognostic factor
in HLHS, especially if noted prenatally (with low SVR and pres-
sure). Conversely, TR that was not present at birth may reflect vol-
ume loading due to high, uncontrolled Qp, which may improve
when addressed during the operation (see later detailed section
on assessment of TV).

c. Pulmonary valve function: The PV (neo-AoV post-S1P) should be
competent and non-stenotic. Significant stenosis and/or regurgi-
tation (but not a bicuspid PV alone) may preclude a Norwood
operation. When the neo-Ao is constructed, there is potential for
further distortion of the PV; thus function should be assessed
both preoperatively and intraoperatively. The PV can be imaged
using 2-dimensional (2D) echocardiographic imaging and colour
Doppler, and the number of cusps can be assessed using a high
parasternal short-axis view.

d. Branch pulmonary arteries: Well-developed PAs, free of obstruc-
tion, are essential for an effective SV circulation [38]. They may
become distorted through staged surgical palliation, but intrinsic

Table 3: Advantages and disadvantages of different supplementary imaging modalities

Echocardiography Magnetic resonance imaging Computed tomography Angiography

No radiation No radiation Radiation Radiation
Moderate time use Time-consuming Rapid acquisition Time-consuming
No anaesthetic May require anaesthetic (centre

dependent)
Can be done ‘awake’ in some cases May require anaesthetic (centre

dependent)
Non-invasive, no contrast Non-invasive, can be done with-

out contrast
Non-invasive, contrast required Invasive and contrast required

No robust flow assessment,
some volume assessment

Quantitative assessment of vol-
umes and flow

Cannot assess volumes and flow Surrogate measures of flow only

Cannot calculate PVR When combined with catheter
can calculate PVR

Cannot assess PVR Can calculate PVR with flow assumptions

Cannot proceed to interven-
tion if required

Cannot proceed to intervention
if required

Cannot proceed to intervention
if required

Can proceed to intervention if required

PVR: pulmonary vascular resistance.

Table 4: Comparison of various non-invasive imaging modal-
ities for different anatomical areas

Area Echocardiography Magnetic
resonance
imaging

Computed
tomography

Pulmonary veins ++ +++ +++
Systemic veins ++ +++ +++
Atrial septum +++ + +
Tricuspid valve +++ ++ -
Right ventricular
function

++ +++ -

Right ventricular
volume

+ +++ +

Coronaries ++ +++ +++
Aortic arch ++ +++ +++
Branch pulmonary
arteries

+ +++ +++

Shunt/conduit + ++ +++
Stents + + +++
Major airways - + +++
Lung parenchyma - + +++

Figure 1: Multimodality imaging pathway for hypoplastic left heart syndrome.
Ao: aorta; BCPS: bidirectional cavopulmonary shunt; CT: computed tomogra-
phy; MRI: magnetic resonance imaging; PA: pulmonary artery.
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Figure 2: Morphological characteristics in case of classical hypoplastic left heart syndrome on echocardiogram and magnetic resonance scan. (A and B) Mitral atresia
and aortic atresia; (C and D) mitral stenosis and aortic atresia; (E and F) mitral stenosis and aortic stenosis. LA: left atrium; LV: left ventricle; RA: right atrium; RV: right
ventricle.

Figure 3: Life-maintaining structures. Small restrictive foramen ovale (A) with significant A-wave reversal on pulmonary vein Doppler scan (B). Large DA with coarcta-
tion of the aorta (C). DA: ductus arteriosus; DAo: descending aorta; LPA: left pulmonary artery; MPA: main pulmonary artery; PDA: patent DA.
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hypoplasia is very important. Branch PAs are often well seen with
echocardiography, but if there are significant concerns, CT or MRI
can provide further information. Spiral origin of the branch PAs
may be observed, usually in the context of non-classical HLHS,
and may be important for the surgeon.

e. Ascending aorta: The perceived significance of Asc Ao size as a
surgical risk factor varies [39, 40]. Size is of theoretical importance
due to the retrograde nature of coronary perfusion after before
and after S1P. The measurement is usually made in the mid Asc
Ao, which in patients with MA/AA is often <2 mm in diameter.

f. Coronary arteries: Coronary arterial origins in HLHS are typically
normal [41]. Coronary artery (to ventricular cavity) fistulae may be
observed, particularly in the MS/AA type of classical HLHS,
wherein the LV is typically globular in shape. Reports of the signif-
icance of such findings vary from a definite impact on prognosis
to little or no impact [40, 41]. Coronary artery fistulae are best
seen by highlighting the LV in the colour box and reducing the
scale. Sometimes they can be traced to coronary arteries; other
times they are just seen as ‘flickers’ of flow.

3. Surgical relevance:
a. Arch position and branching: In classical HLHS the Ao arch is usu-

ally left-sided, but a right arch, as well as abnormalities of branch-
ing, can occur [42]. The morphology of the arch has implications
for surgical reconstruction, and an aberrant right subclavian has
implications for arterial shunt placement [43, 44]. The latter also
has implications for placement of a radial artery pressure moni-
toring line, because the aberrant right subclavian may be

sacrificed at the time of reconstructing the arch. Arch sidedness
and branching are often seen clearly on foetal imaging, but if
there is doubt, CT or MRI can be used (Fig. 5).

b. Systemic venous anatomy: The number of superior caval veins is
important for later BCPS. Interruption of the interior vena cava
with azygous continuation is also essential to note, as BCPS will
complete the total cavopulmonary connection (except for hepatic
venous drainage).

c. Pulmonary venous drainage: The drainage of the pulmonary veins
to the LA should be established using a combination of echocar-
diographic views including the superior ‘crab’ view, which can
show the drainage of most or all veins. Superiorly directed flow
from the LA through a persisting levoatrial cardinal vein should
be sought. TAPVD is suspected when there is a pulmonary venous
confluence separate from the LA. This is particularly relevant with
obstruction to pulmonary venous drainage, because there may
have been long-standing pulmonary venous hypertension during
foetal life with implications for growth and development of the
pulmonary circulation. This situation can translate into an unac-
ceptably high PVR to achieve an effective SV circulation. Non-
obstructed TAPVD does not preclude S1P but has prognostic
importance for PVR. Suspected abnormalities of the pulmonary
venous drainage can be confirmed on CT, MRI or angiography.
Postoperative review of repaired TAPVD using the same modal-
ities is also indicated. Partially anomalous pulmonary venous
drainage to the caval veins is not important for S1P but is relevant
at later stages.

Figure 4: Prognostic factors. Tricuspid regurgitation (A); branch pulmonary arteries (B); stenotic pulmonary valve (C); and small ascending aorta (D).
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3.3 Preoperative imaging in hypoplastic left heart
syndrome variants

Individual cardiac anatomy and loading conditions must be con-
sidered. For example, an ASD may direct blood flow left to right
or render assessment of MS difficult. Ventricular volumes can be
assessed quantitatively by MRI but only form part of the picture,
because patients may have an adequate ventricular size with
inadequate valves, or an apparently ‘small’ ventricle may be dis-
counted in the presence of a large left-to-right atrial shunt [45].

3.3.1 Critical aortic stenosis. The morphology of the AoV
should be assessed in terms of numbers of cusps and leaflet
fusion. Measurements of the left heart structures should be
made and z-scores calculated. Assessment of the MV size,
stenosis and regurgitation is important to guide the initial
approach. EFE is often seen in AS as a white layer on the endo-
cardium, often affecting the papillary muscles and affecting MV
function. Identification of EFE is subject to observer error on
echocardiography. Late gadolinium enhancement on MRI may
assist in assessing the severity and distribution of EFE but may
be technically difficult in early infancy [46]. Different scores
have been proposed to predict the likelihood of successful
biventricular repair in the short term [47–49]. However, some
patients will develop pulmonary hypertension (PHT) due to LV
diastolic dysfunction. In others, further procedures for MS, EFE
or even Ross/Konno surgery may be necessary to optimize bor-
derline bi-V physiology. The h-S1P can be used to delay deci-
sions concerning risk stratification and SV or bi-V repair beyond
the neonatal period.

3.3.2 Hypoplastic left heart complex. Loading conditions in
severe CoA can make assessment of the left heart difficult. In
patients with this condition, it is best to allow the PVR to fall to
allow the left heart to be ‘challenged’ prior to making a decision.
z-Scores can be used to assess the relative sizes of the structures,
but many of the available algorithms are designed for critical AS
and may not be applicable in HLHC.

3.3.3 Unbalanced atrioventricular septal defect.
Assessment should be made of associated features, e.g. AoV

issues and CoA. The size of the ventricular and atrial compo-
nents should be noted. Malalignment of the atrial and ventricu-
lar septa predicts difficulty in septation. Assessment of the AV
valve itself and the size of each component can provide addi-
tional information. Scores are available to assess different areas,
e.g. ratio of left AV valve area to total AV valve area and inflow
angle [50–52].

3.4 Intraoperative imaging for Norwood stage 1
palliation

Imaging modalities in the operating room comprise clinical
assessment using invasive methods as well as echocardiography
(Fig. 6). There are a number of potential approaches to intrao-
perative imaging of the initial operation. Epicardial echocar-
diography can be extremely useful but is very operator
dependent, and good communication between the surgeon and
imaging specialist is essential. Not all views are possible,
because fragile patients will not tolerate prolonged attempts.
Transoesophageal echocardiography (TOE) can be performed
using a size-appropriate probe but can also compromise venti-
lation and haemodynamics. TOE has been facilitated by the
development of ‘micro’ TOE probes suitable for the smallest
infants, now extending to weights <2 kg [53, 54].
Transoesophageal intravascular ultrasound catheters have been
employed (off label) in selected cases [55, 56]. Advantages of
TOE include multiplane images that can be generated while the
surgeon operates. The epicardial approach has the advantage
that components of the S1P can be readily imaged, including
the shunts and the reconstructed Ao arch, which may be more
technically difficult with TOE. Intravascular probes have limited
imaging planes, are expensive and are designated as single use.
There are few comparative studies of the different modalities,
and the choice is institution-dependent. A summary of the TOE/
epicardial views is shown in Tables 5 and 6.

Following the operation, the imaging specialist needs to con-
sider the haemodynamic picture and address surgical concerns
(Fig. 6). If there is concern over any surgical technical issue, then
additional imaging modalities may be required. This applies par-
ticularly to areas of the repair that are difficult to assess by echo-
cardiography, for example, shunts and branch PAs. Some centres
may have the ability to perform exit angiography with a portable

Figure 5: Further preoperative computed tomographic images. Right aortic arch with aberrant right subclavian artery (A), hypoplastic branch pulmonary arteries (B)
and abnormal morphology of the pulmonary veins (C).
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C-arm or in a hybrid operating room, but moving to a catheter
laboratory or CT may take time and increase clinical risk. For
cases requiring extracorporeal membrane oxygenation (ECMO),
it may be better to perform further investigations after stable
extracorporeal support has been established.

Structured echocardiographic operative reporting systems
such as the Technical Performance Score may provide a useful
metric for HLHS surgery but should always be considered
in the context of the clinical picture [58, 59]. Thus, due to the lim-
itations of echocardiographic assessment alone outlined above,
an ‘optimal’ score based on echocardiographic imaging should
not preclude further investigation if there are clinical concerns.

Imaging of the RV–PA conduit can be challenging because any
pressure from a probe placed directly on the shunt or conduit
can cause haemodynamic compromise. The RV–PA conduit is
anterior and more accessible than a modified Blalock–Taussig
shunt (MBTS). If the shunt or conduit is seen, attention should be
paid to both proximal and distal anastomoses and the lie of the
tube graft, which should not be kinked. Flow in an MBTS can be
affected by the size of the innominate artery, and significant flow
acceleration in this area should be noted. In RV–PA conduits,

proximal obstruction from ventricular muscle is possible. If the
shunt or conduit cannot be seen, then flow in the branch PAs
and haemodynamics may help assess the Qp.

3.4.1 Echocardiographic views. Parasternal short- and long-
axis views are similar to those obtained with transthoracic echo-
cardiography. Tilting the echo probe anteriorly will bring in the
neo-Ao and Ao-PA connection. Directing the echo-beam inferi-
orly will bring in the TV. A four-chamber type view can be
obtained by moving the probe towards the apex of the heart. A
high long axis may be possible by placing the probe over the
neo-Ao or shunt. This view can also interrogate the reconstructed
Ao arch.

3.5 Imaging after Norwood stage 1 palliation atrial
communication

Resection of the entire atrial septum is generally not advisable or
possible, particularly in cases with a small LA, so in most new-
borns residual tissue will be seen. Assessment is, as

Figure 6: Intraoperative assessment of the Norwood procedure. Unrestrictive foramen ovale (A); unobstructed neoaorta (B); flow in the proximal aortopulmonary
connection (C); unobstructed aortic arch (D); flow in the shunt (E); and flow in both undistorted branch pulmonary arteries (F).
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preoperatively, based on a combination of echocardiographic
parameters and the clinical status of the baby, including evidence
of congestion on the chest X-ray. Due to high Qp, the transatrial
gradient should not be used alone (Fig. 7).

1. Neoaortic valve: It is essential to assess for stenosis or regurgita-
tion, either intrinsic to the valve or caused by distortion follow-
ing S1P. Assessment includes 2D, colour and Doppler
echocardiography. Pulsed-wave Doppler permits localization of
the level of stenosis.

2. Aorta-pulmonary artery connection and coronary flow: The connec-
tion can be challenging to image, and in the presence of ventricular
dysfunction or changes on the electrocardiogram (ECG), further
imaging modalities may be required. Torsion of the native Asc Ao
and anastomotic narrowing are the key issues.

3. Aortic arch: All components should be assessed, from the Asc Ao to
the distal arch. Pulsed-wave Doppler can be useful to assess the
exact level of obstruction. Obstruction can arise from torsion of the
arch, anastomotic suture lines, residual ductal tissue or degenerative
changes in the patch material employed. It is useful to know the
exact reconstructive technique employed. Arch obstruction can usu-
ally be seen clearly on echocardiographic scans, but CT and MRI can
give more precise information [60].

4. Pulmonary blood flow: Assessment consists of review of the branch
PAs and the mode of Qp. Branch PAs can thrombose, have anasto-
motic narrowing or become twisted, rotated or stretched. The MBTS
can usually be seen clearly on echocardiographic scans but viewing
the more anterior RV–PA conduit can be more difficult. With both
the MBTS and the RV–PA conduit, both ends of the shunt as well as
the calibre must be reviewed. The type of RV–PA conduit (ringed or
not) should be noted before the assessment, along with the insertion

technique (trans-myocardial, ‘dunk’ technique). The RV–PA conduit
can lie either to the left or to the right of the neo-Ao, and this infor-
mation should be known prior to assessment.

If SaO2 remains low despite what appears to be adequate
patency on echocardiographic scans, or if there seems to be PA
distortion, then consideration should be given to another imag-
ing modality. Angiography allows intervention if required, but
CT and MRI are less invasive [61, 62]. After S1P, CT provides bet-
ter resolution and is quicker than MRI and therefore might be
better tolerated by a non-anaesthetized patient. Doppler flow
patterns differ between the MBTS and RV–PA conduit, the latter
having more pulsatility. Pulsed Doppler interrogation at differ-
ent points may highlight a significant step-up in velocity, indi-
cating a stenosis. Additionally, if flow velocity through the shunt
is low, the shunt may be large or the PVR still elevated.

3.6 Imaging after hybrid stage 1 palliation (see also
Hybrid section)

Assessment after h-S1P involves the specific anatomical interven-
tions plus continued review of RV and TV function (see later spe-
cific sections on RV and TV) (Fig. 8). Specific areas of concern
include:

1. Atrial communication: An atrial septostomy may be performed at
the same time as h-S1P. Even after an atrial intervention, r-FO can
recur. A transatrial gradient alone is not sufficient to assess the FO,
because the derived gradient is dependent both on pulmonary
venous return and the size of the FO. Pulmonary venous flow pat-
terns should be assessed as well as the transatrial gradient. Bilateral

Figure 7: Post-Norwood echocardiography (A–F). Modified Blalock–Taussig shunt flow (A) and Doppler scan (D); proximal right ventricle–pulmonary artery conduit
(B) and Doppler scan (E); distal right ventricle–pulmonary artery conduit and branch pulmonary arteries (C) and Doppler scan (F).
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pulmonary artery banding (b-PAB) Doppler interrogation shows
changes with an increasingly r-FO. The wave form shifts from saw-
tooth to pulsatile, with a lower diastolic velocity. This pattern can
‘normalize’ after a successful atrial intervention.

2. Pulmonary artery banding: The usual pattern for pulmonary artery
banding (PAB) is sawtooth. As stated previously, a loss of this pattern
in combination with clinical and echocardiographic evidence of r-
FO can be helpful. If the sawtooth pattern is not present without evi-
dence of r-FO, the cause could be increased PVR or a loose band. A
chest X-ray may differentiate between the 2 potential causes. Each
b-PAB should be assessed separately, and the best position for
Doppler interrogation is the high parasternal short axis.

3. Ductus arteriosus stent: Velocity through the DA stent trends
upwards with time. Early high velocity (>2 m/s) or a significant
upward trend may suggest stent obstruction due to stent neo-intimal
proliferation or DA constriction if the stent has not completely cov-
ered the DA tissue. Pulsed Doppler interrogation should be
performed:
a. Prior to stent placement
b. Proximal, mid and distal stent (intraoperatively)
c. Beyond the stent

4. Retrograde arch flow: In the absence of antegrade Ao arch flow,
obstruction of retrograde flow into the native arch may occur due
to arch hypoplasia/CoA or the ductal stent. This can compromise
coronary blood flow, leading to myocardial ischaemia with reduced
cardiac function and/or ischaemic ECG changes. An increased retro-
grade systolic velocity into the transverse arch may be seen but is
often underestimated with echocardiography. If obstruction is sus-
pected, then CT or angiography should be considered.

5. Reassessment of the left heart: If the hybrid procedure has been per-
formed to allow further growth and assessment of left heart struc-
tures, it is important that a full left heart assessment, as described
previously, be performed.

3.7 Assessment prior to bidirectional
cavopulmonary shunt

Timing of the BCPS is optimal at �3–6 months of age [63]. The
Single Ventricle Reconstruction Trial (SVRT) did not show any dif-
ference in cardiac size or function between S1P with MBTS and
S1P with RV–PA conduits when studied with echocardiography
[64, 65]. However, adverse remodelling was noted in the latter
group when assessed with computational haemodynamic models
[64] (Fig. 9).

A successful BCPS requires adequate branch PAs and normal
downstream resistance. A recent review of practice confirmed that
most children undergo cardiac catheterization prior to BCPS [65] to
assess suitability. However, in most children there are no concerns
about the distal resistance; therefore, non-invasive assessment with
echocardiography and MRI/CT is sufficient, yielding comparable
results compared to angiography [61, 66, 67]. If there are concerns
about the PVR, or if intervention is being considered for either a
shunt or branch PAs, then a cardiac catheter study should be per-
formed. In addition to assessing the branch PAs and the number,
size and position of the SVC, operated areas should be reviewed as
described previously, with further assessment of the RV and TV
function. At this assessment, it is important to confirm the pulmo-
nary venous drainage, because anomalous veins draining to the
SVC will need to be dealt with during the BCPS operation.

Cardiac CT has emerged as another modality to reduce the
risk of the anaesthetic required (in some centres) for catheteriza-
tion. MRI and CT can show changes in structure and function as
well as assist with surgical planning in cases with complex arch
obstruction [68, 69]. Volume loading of the RV is often seen after
S1P, with reduced function and TR, the latter attributed to annu-
lar dilation and distraction of papillary muscles [70]. After BCPS
(with cavitary volume reduction) the function often improves

Figure 8: (A–E) Echocardiography after hybrid stage 1 palliation. Left pulmonary Doppler scan in the presence of restrictive foramen ovale (note trace is more ‘pulsa-
tile’ than ‘sawtooth’) (A and C); left pulmonary artery Doppler scan after septostomy (note trace has regained ‘sawtooth’ pattern); (B and D) distal stent obstruction on
computed tomography (E).
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[71]. For that reason, impaired contractility per se is not a contra-
indication to BCPS but potentially an indication for earlier S2P.
In contrast, improvement in moderate or severe TR is seldom
seen after BCPS, possibly due to significant TR being caused by
an intrinsic abnormality in the TV rather than volume loading
alone.

3.8 Right ventricular volume and function

In order to interpret functional metrics in HLHS, changes in RV
preload must be understood. When PVR falls postnatally, assum-
ing that there is unobstructed flow across the FO, preload
increases. An S1P aims to regulate Qp through a restrictive shunt
(or b-PAB). As a child grows, the diameters of systemic-to-pul-
monary shunts, RV to PA conduits and PABs remain relatively
constant, possibly leading to a gradual fall in effective RV preload.
Likewise, after BCPS, only blood from the SVC will reach the pul-
monary circulation, with a fall in Qp/Qs, leading to a significant
fall in preload [72] (Fig. 10).

The current standard for measuring RV volume, flow and RV
ejection fraction is cardiac MRI, although CT is emerging as a
comparable modality [69]. MRI has the additional benefits of
quantifying TR and providing anatomical information required
for BCPS, including the size of the branch PAs, shunt imaging
and adequacy of Ao arch reconstruction. For volume assessment,
3-dimensional (3D) echocardiography and cardiac MRI
correlate well in adults and older children [73, 74], but there is a
bias for the former to produce lower volume measurements
than cardiac MRI, which appears most marked in smaller patients
[73–75].

Assessing RV systolic function in HLHS is problematic, given the
changes in volume loading summarized above. Virtually all metrics
of cardiac function are load dependent, so caution should be
observed in the interpretation of results. Most studies have
addressed the impact of systolic ventricular function on outcome,
but diastolic function is also extremely important, particularly when
the ventricle becomes ‘preload deprived’ following the BCPS.

Favourable RV systolic function predicts early survival after S1P
[76, 77]. However, subjective assessment of RV function in HLHS
by echocardiography is challenging, with poor agreement with
MRI, even in experienced hands [78]. Objective echocardio-
graphic assessment of RV systolic function in HLHS is particularly
difficult given the complex morphology, anteriorly located RV
and coarse trabeculations. In clinical practice, a number of differ-
ent parameters have been applied, most of which have simply
been extrapolated from assessment of the bi-V circulation. There
are few studies of ‘normal’ ranges in HLHS, and often RV values
from patients with a structurally normal heart are used for com-
parison. Recent studies have compared functional data from nor-
mal hearts to HLHS with preserved or reduced systolic function
to guide expectations [79]. Furthermore, recent data have shown
the impact of LV morphology on myocardial deformation. There
is reduced septal deformation in cases with larger LVs [80]. The
presence of RV apical bulging, related to a larger LV, also has a
negative impact on global RV deformation, with an impact on
clinical outcome [81]. Serial measurement of RV deformation
using speckle tracking has been shown to affect surgical outcome
when assessed post-S1P or pre-BCPS, so this means of analysis
may be useful prognostically but must take into account the
morphological differences within the HLHS group [82–84]. In
practice, these measures may be more useful in tracking patients

Figure 9: (A–F) Assessment prior to bidirectional cavopulmonary shunt. Classical Norwood procedure: angiogram of modified Blalock–Taussig shunt and branch pul-
monary arteries (A) and magnetic resonance imaging 3-dimensional reconstruction (D); Norwood procedure with right ventricle–pulmonary artery conduit: angio-
gram of polytetrafluoroethylene tube with some proximal narrowing (B) and magnetic resonance imaging 3-dimensional reconstruction (E) with some proximal
narrowing; arch reconstruction with some distal narrowing on the angiogram (C) and the magnetic resonance imaging (F).
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Table 5: Suggested structure for intraoperative assessment based on echocardiographic and clinical factors

Area of interest Suggested echocardiographic views Echocardiographic findings Other evidence

Atrial septum and
foramen ovale

Epicardial parasternal short axis
Epicardial and TOE four-chamber
TOE 0� , 45� , 90�

Optimal: Mean gradient <2 mmHga

Adequate: Mean gradient 2–4
mmHg
Inadequate: Mean gradient >4
mmHg

Pulmonary haemorrhage may sug-
gest LA hypertension

Proximal arch Epicardial parasternal long axis
TOE 60�

Optimal: Peak gradient <20 mmHg
Adequate: Peak gradient 20–40
mmHg or <30% discrete narrowing
on 2D or colour
Inadequate: Peak gradient >40
mmHg or >30% discrete narrowing
on 2D or colour

Gradient between the upper and
lower limb arterial lines >20
mmHg

Distal arch Epicardial parasternal long axis
Epicardial high long axis
High mid-oesophageal TOE views

Optimal: Peak gradient <20 mmHg
Adequate: Peak gradient 20–40
mmHg or <30% discrete narrowing
on 2D or colour
Inadequate: Peak gradient >40
mmHg or >30% discrete narrowing
on 2D or colour

Gradient between the upper and
lower limb arterial lines >20
mmHg

Ao-PA connection
and coronary flow

Epicardial high parasternal long axis (anterior tilt)
Epicardial high parasternal short axis
TOE 60� view

Concern on echo 2D and/or colour
Poor RV function

Ischaemic features on ECG

Qp Epicardial parasternal short axis
Epicardial parasternal long axis
Epicardial high long axis

Good flow in shunt/conduit and
both branch PAs without distortion

SO2

Arterial pulse pressure

TV Epicardial parasternal long axis
Epicardial four-chamber
TOE 0� four-chamber view, 60� , 90� and 120�

TOE transgastric

Grade of TR
Flail chords

CVP trace may be pulsatile in
severe TR

aOptimal: accept. Adequate: team discussion about accepting. Inadequate: operative revision indicated. NB: Where numbers are quoted, this was designed on
postoperative echocardiograms.
CVP: central venous pressure; 2D: 2-dimensional; ECG: electrocardiogram; LA: left atrium; PA: pulmonary artery; Qp: pulmonary blood flow; RV: right ventricle;
SO2: oxygen saturation; TOE: transoesophageal echocardiogram: TR: tricuspid regurgitation; TV: tricuspid valve.

Table 6: Summary of evidence for imaging at each stage

Stage Imaging modality Evidence

Foetal Echocardiography
Foetal MRI

Echocardiography is the standard method used in all institutions
Foetal MRI may be considered if available to look at lung parenchyma
or complex arch anatomy [2, 57]

Preoperative Echocardiography
Cardiac MRI
Cardiac CT
Angiography

Echocardiography is the standard method used in all institutions
Cardiac MRI or CT may be used if available to clarify complex anatomy
Angiography in selected cases

Intraoperative Epicardial echocardiography
Transoesophageal echocardiography
Exit angiography

Echocardiography is the standard method for assessment but is not
uniformly performed. Epicardial echocardiography or TOE depends
on unit preference and facilities
Some institutions use exit angiography for unexplained desaturation
or suspicion of arch obstruction

After SP1 Echocardiography
Cardiac MRI
Cardiac CT
Angiography

Echocardiography is the primary method of monitoring, with use of
CT, MRI or angiography if there are concerns. This will be unit
dependent and based on available facilities. Angiography is often con-
sidered the best modality if an intervention is felt likely

Pre-BCPS assessment Echocardiography
Cardiac MRI
Cardiac CT
Angiography

Transthoracic echocardiography with 3D and TOE added for concerns
over the AVV is standard. For assessment of BCPS there is no differ-
ence in MRI alone versus angiography [31, 32]. Some centres use CT
rather than MRI

AVV: atrioventricular valve; BCPS: bidirectional cavopulmonary shunt; CT: computed tomography; 3D: 3-dimensional; MRI: magnetic resonance imaging; SP1:
stage 1 palliation; TOE: transoesophageal echocardiogram.
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over time than as absolute values, but even this may be difficult
in patients undergoing different procedures that have an impact
on loading conditions. Furthermore, the presence of significant
TR permits the RV to decompress into the RA, with further
impact on reliable assessment of RV contractility function.
Table 7 summarizes the techniques applied in clinical practice
and some of their limitations [80–83, 85].

1. Tricuspid annular plane systolic excursion [57, 86]

• Quick and easy to perform

• Correlates with exercise capacity after Fontan [87]
2. Fractional area change [88, 89]

• Better correlation when automated method is used
3. Pressure change with time [90]

• Reliant on TR and loading conditions

Table 7: Summary of range of right ventricular function techniques that are applied in clinical practice and some of their limitations

Method Advantages Disadvantages

TAPSE Simple and rapid • No HLHS normal ranges
• Longitudinal function only
• Translational motion

RV FAC Moderately easy to perform
Good correlation with MRI EF

• Automated FAC more repeatable than manual
• No HLHS ‘normal’ ranges

TR dP/dT Simple and rapid • No HLHS ‘normal’ ranges
• Only applies if TR is present

Pulsed tissue Doppler of TV annulus Simple and rapid • No HLHS ‘normal’ ranges
• Longitudinal function only

MPI Easy to calculate using TDI
Pulsed Doppler scan of blood flow requires inflow and outflow views

No correlation with MRI

S:D ratio TR necessary to calculate
Prognostic value in adults

Impact of heart rate on values

3D echo Aims to measure true RV volumes and EF Variable correlation with MRI EF
2D strain Measures deformation of myocardium

Automated/highly repeatable
Correlates with MRI EF

• No HLHS normal ranges
• Impact of different morphology
• Impact of different vendor software

2D: 2-dimensional; 3D: 3-dimensional; dP/dT: change in pressure/change in time; EF: ejection fraction; FAC: fractional area change; HLHS: hypoplastic left heart
syndrome; MPI: myocardial performance index; MRI: magnetic resonance imaging; RV: right ventricle; S:D: systolic:diastolic; TAPSE: tricuspid annular plane sys-
tolic excursion; TDI: tissue Doppler imaging; TR: tricuspid regurgitation; TV: tricuspid valve.

Figure 10: Echocardiographic assessment of right ventricular function. (A) Tricuspid annular plane systolic excursion; (B) right ventricle; (C) dP/dT fractional change
area; (D) tissue Doppler imaging; (E) speckle tracking; 3-dimensional right ventricular volume and (F) functional analysis. dP/dT: change in pressure/change in time;
LV: left ventricle; TV: tricuspid valve.
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4. Tissue Doppler [91, 92], myocardial performance index [93–95], sys-
tolic-to-diastolic time ratio [96]

5. Important to correct for age and heart rate (HR)
6. For non-tissue Doppler methods, TR must be present

• 3D Echocardiography [75, 97]

• Less accurate in smaller children

• Useful for assessment of TV

• No difference in 3D volume and function between different
shunt-conduit types [73]

7. Speckle and strain [70, 86, 98, 99]

• Investigation of synchrony

• Can be used to improve previously manual measures: FAC,
tricuspid annular plane systolic excursion

• Has been studied in relation to Qp source. Abnormal cir-
cumferential deformation in RV–PA conduit cases [100]

8. Diastology [101, 102]

• Due to differences in SV preload, standard measures cannot
be interpreted in the same way

3.9 Tricuspid valve assessment

In HLHS, 12% of right AVVs are bicuspid, and a further third are
moderately or severely dysplastic [103] (Fig. 11). 2D echocardiog-
raphy has significant limitations in defining TV anatomy and
regions of regurgitation, and a systematic correlation with surgi-
cal findings has shown relatively poor agreement [104].

The investigation of the mechanism of TR is particularly
important because of the need for TV repair during staged sur-
gical procedures in about a third of patients. Structural

abnormalities include dysplasia, apical displacement of leaflets
(as in Ebstein anomaly), bi-, tri- or quadrileaflet morphology,
leaflet tethering and/or prolapse and accessory orifices.
Superimposed on the morphological abnormalities are func-
tional components, including RV dysfunction, RV dys-syn-
chrony and TV annular dilation.

The introduction of real-time 3D echocardiography has facili-
tated assessment by permitting projection of rendered en face
views of the TV as well as systematic ‘dissection’ of the TV using
multiplanar reformatting techniques [105]. These techniques,
when combined with 3D colour flow and Doppler, permit map-
ping of regions of TR as well as identification of leaflet number,
clefts and failures of coaptation. The size of the TV annulus can
also be accurately measured in all planes. Most software permits
the above interrogation of the valvar structure and gives a semi-
quantitative guide to severity of TR.

In a research setting, a 3D echocardiographic approach can be
quantified to compute a TV tethering volume, which correlates
with the indexed RV volume, severity of TR and outcome [106].
Recent work following patients pre-S1P through to BCPS has
shown that TR is associated with greater leaflet size and prolapse
rather than failure of coaptation [107]. Aside from morphological
considerations, there appears to be a relationship between myo-
cardial contraction patterns and severity of TR in HLHS. In a 2D
strain study, patients with a large difference between the RV free
well and septal peak systolic strain had worse TR than those with
a smaller difference. Similarly, a high dispersion of time to peak
systolic strain was associated with more severe TR. Thus, the
competence of the TV needs to be considered in the context of
RV function [108].

Figure 11: Assessment of the tricuspid valve. 3-Dimensional multiplanar reformat (A), 3-dimensional rendering (B) and 2-dimensional rendering with colour (C).
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Imaging for hypoplastic left heart syndrome at various time points

Preoperative assessment of classical hypoplastic left heart syndrome

Recommendations Classa Levelb

Transthoracic echocardiography is sufficient to plan initial surgery in most cases I C

CT or MRI should be performed because of anatomical concerns (e.g. pulmonary venous drainage path) I C

Chest CT for clinical suspicion of lung disease such as pulmonary lymphangiectasia I C

Angiography should principally be used when catheter intervention is being considered I C

3D echocardiography may assist in imaging the tricuspid valve to assess morphology and regurgitation I C

Additional features in the preoperative assessment of hypoplastic left heart complex

The size of the left heart structures should be measured and the z-scores, calculated I C

Cardiac MRI may be used to define the extent of EFE IIb C

Predictive scores can be used to aid decision-making for SV versus bi-V circulation in critical AS IIa C

Predictive scores can be used to aid decision-making for SV versus bi-V circulation in unbalanced AVSD IIa C

Intraoperative assessment of the Norwood procedure

Intraoperative transoesophageal or epicardial echocardiography should be used in conjunction with haemodynamic
assessment

I C

Exit angiography or CT should be considered for clinical concerns, particularly for anatomy less accessible to
echocardiography

I C

Postoperative assessment of the Norwood procedure

Transthoracic echocardiography should be the initial imaging modality, to include all operated regions: atrial commu-
nication, neo aortic valve, aortic-pulmonary artery connection, coronary flow, arch reconstruction, source of Qp and
branch pulmonary arteries

I C

Angiography or CT should be considered for clinical concerns unanswered by echocardiography I C

Postoperative assessment of the hybrid procedure

Transthoracic echocardiography should be the initial imaging modality for postoperative assessment to include all
operated regions: atrial communication, DA stent, aortic arch flow, bilateral pulmonary artery banding

I C

Angiography or CT should be considered if clinical concerns are unanswered by echocardiography I C

Pre-bidirectional cavopulmonary shunt assessment

Initial imaging modality for pre-bidirectional cavopulmonary shunt assessment is transthoracic echocardiography I C

Cardiac MRI or CT can be used instead of angiography prior to bidirectional cavopulmonary shunt IIa B

Cardiac catheterization, if there are indications for PVR measurement or intervention I C

Right ventricular function assessment

Objective echocardiographic measures of RV function should be used where possible. Subjective assessment is
unreliable

IIa C

3D echocardiography for functional assessment of the RV, but agreement with MRI is suboptimal IIa B

Cardiac MRI is the standard for measurement of RV volume and function I B

TV assessment

2D echocardiography has limitations in defining anatomy with poor agreement with surgical findings IIa C

3D echocardiography should be considered when there is significant TR to image TV morphology and regions of
regurgitation

I C

aClass of recommendation.
bLevel of evidence.
AS: atrial stenosis; AVSD: atrioventricular septal defect; bi-V: biventricular; 3D: 3-dimensional; EFE: endocardial fibroelastosis; CT: computed tomography;
DA: ductus arteriosus; MRI: magnetic resonance imaging; PVR: pulmonary vascular resistance; Qp: pulmonary blood flow; RV: right ventricular; SV: single
ventricle; TV: tricuspid valve; TR: tricuspid regurgitation.
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4. PRENATAL DIAGNOSIS AND ASSESSMENT

Prenatal detection of CHD, including HLHS, has increased over
the past several decades [109–111]. Although prenatal diagnosis
of CHD has not consistently correlated with lower mortality, the
ability to optimize perinatal care (i.e. preventing DA closure with
PGE1 early after birth) may alter the natural history by improving
the preoperative haemodynamic status, with reduction of acido-
sis and end organ injury [112–117]. It is well known that HLHS
survivors have a high incidence of neurodevelopmental and psy-
chological impairment, influenced by multifactorial and cumula-
tive risk factors along the continuum of care [118]. There is a
growing body of literature revealing characteristic developmental
brain abnormalities and altered cerebral blood flow patterns
present in the foetus and neonate with HLHS [118–120]. Prenatal
diagnosis may have implications for guiding in utero therapies
designed to improve cerebral blood flow and oxygen delivery
(DO2) to the developing foetal brain and will be an important
area of investigation to identify modifiable variables that ulti-
mately improve longer-term outcomes for patients with HLHS.
Finally, early diagnosis of HLHS enables time for detailed coun-
selling regarding the diagnosis and implications as well as oppor-
tunities to provide support for families making decisions about
the pregnancy and the care of the foetus.

4.1 Timing of prenatal detection

HLHS and its variants can be accurately diagnosed with foetal
echocardiography. Classical forms with a severely hypoplastic LV
can be detected at 11–14 weeks but more commonly in mid-ges-
tation at 18–22 weeks during the standard foetal anatomy screen-
ing ultrasound [121–123].

4.2 Guidelines for foetal diagnosis of hypoplastic
left heart syndrome

Guidelines for cardiac screening in the foetus have been devel-
oped by several professional organizations [123–125]. Standard
four-chamber views demonstrate size discrepancy between
chamber sizes (Fig. 12). However, variants of HLHS such as an
unbalanced AVD with severe asymmetry or borderline LV in
complex CoA or critical AS with evolving HLHS may be not
detected in early gestation due to the subtlety of LV hypoplasia
or structural abnormalities of the MV or AoV. Incorporation of
outflow tract views and the three-vessel tracheal view allows for
comparison of PA, ductal arch and Ao arch sizes in order to iden-
tify size discrepancies that may be early markers of evolving
HLHS and warrant serial prenatal evaluations (Fig. 12 and
Table 8).

These views are particularly effective in early gestation
[121, 122]. Abnormal cardiac screening views should be reviewed
by a foetal cardiologist for more comprehensive anatomical and
physiological evaluation and family counselling.

4.3 Critical components of prenatal detection

Once a diagnosis of HLHS is suspected or confirmed, serial ana-
tomical and physiological assessments are necessary (Table 8).
The typical prenatal haemodynamics in HLHS are illustrated in
Fig. 13. In addition to the recommended imaging and Doppler
components of the standard foetal echocardiogram, imaging
components include evaluation of the systemic and pulmonary
venous connections, size of the atrial communication, the pres-
ence and degree of TR, ventricular function and HR [123]. Flow

Figure 12: Important foetal echocardiographic views demonstrating differences between a normal heart and hypoplastic left heart syndrome. (A) Four-chamber view
of a normal heart; (B) four-chamber view of hypoplastic left heart syndrome; (C) three-vessel tracheal view of normal heart; (D) three-vessel tracheal view of hypoplas-
tic left heart syndrome showing smaller AA with flow reversal. AA: aortic atresia; DA: ductus arteriosus; LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ven-
tricle; SVC: superior vena cava; T: trachea.
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restriction across the atrial septum may not be recognized until
the third trimester concomitant with increasing foetal Qp.

Evaluation for extracardiac abnormalities, including chromo-
some abnormalities and growth impairment, should also be
incorporated because these comorbidities can adversely impact
outcomes [30, 126, 127]. The foetus with HLHS tends to be
smaller than normal, with declining growth rates particularly in
late gestation (Table 8) [128, 129]. Changes in cerebral and pla-
cental blood flow and progressive impairment of brain

development have been demonstrated in late gestation. We rec-
ommend serial evaluations of the foetus with HLHS to include
not only assessment of the cardiovascular physiology but also
biometric and Doppler assessments of placental and cerebral
blood flow into the third trimester.

Several anatomical and physiological risk factors have been
identified in the foetus with HLHS (Table 9) [34, 130–133].

Serial follow-up with foetal echocardiography and consultation
with a foetal cardiologist is recommended throughout gestation.
Four- to 6-week intervals are generally considered appropriate.
Evaluation in late gestation >_36 weeks is beneficial to identify risk
factors that may impact the stability of the foetus at delivery (i.e.
r-FO, changes in ventricular function, growth restriction).

4.4 Delivery planning

Delivery planning for a foetus with HLHS should involve commu-
nication and coordination with a multidisciplinary team that
includes at minimum the obstetrical team, maternal-foetal spe-
cialist, paediatric cardiologist and neonatologist and/or cardiac
intensivist. Delivery should occur in a hospital with access to
on-site neonatology or cardiology care, which can facilitate the
initial evaluation/stabilization of the newborn, securing of intra-
venous access and initiation of a PGE1 infusion (Table 9). Due to
the need for cardiovascular resources, delivery should occur in a
hospital setting that is close to a specialized cardiac centre [134].
In the absence of risk factors, there are no data to support elec-
tive caesarean or preterm delivery [135]. Spontaneous delivery is
encouraged up to 40 weeks, and elective deliveries should be no
earlier than 39 weeks, because adverse neonatal outcomes have
been associated with elective delivery even at 37–39 weeks [123,
136, 137]. The overall goal is to optimize a baby’s maturity at
delivery, improve perinatal health and thereby increase the post-
natal treatment options.

4.5 ‘High risk’ hypoplastic left heart syndrome:
restrictive foramen ovale or intact atrial septum

An r-FO occurs in 6–20% of foetuses with HLHS [22, 123, 138].
Because the total Qp demand in utero is low, the foetus with an
r-FO may have minimal alterations detected by ultrasound.
However, upon separation from the maternal circulation, the Qp
increases five-fold, and the baby can develop severe hypoxaemia,
ultimately with significant morbidity and mortality [33, 131, 139–
147] (Fig. 14).

Significantly restrictive left-to-right shunting leads to LA and
pulmonary venous hypertension as well as abnormal pulmonary
vascular and parenchymal development (e.g. arterialization of
the pulmonary venous vasculature, pulmonary lymphangiectasia
and PHT) [22, 33, 34, 131, 138–140, 144, 146, 148]. With foetal
cardiac MRI, the appearance of a ‘nutmeg lung’ indicates pulmo-
nary lymphangiectasia secondary to pulmonary venous obstruc-
tion [33, 149–152].

4.6 Foetal echocardiographic evaluation in
hypoplastic left heart syndrome with restrictive
foramen ovale/intact atrial septum

Direct imaging of the size of the atrial communication can be
challenging, although the presence of a high velocity Doppler

Table 8: Key imaging components for hypoplastic left heart
syndrome foetal echocardiogram

Component Imaging aim

Cardiac
Situs Assess for features of heterotaxy
Foetal heart rate Rate, rhythm
Pulmonary veins Delineate anatomy, assess for

decompressing vein
Doppler assessment: measure VTI
of forward to reverse flow

Interatrial communication Size and Doppler velocity
Tricuspid regurgitation Qualitative assessment
Venous duct Doppler assessment of flow pattern
Right ventricular function Qualitative assessment
Ductus arteriosus Doppler to confirm unrestrictive flow
Ascending aorta Size and direction of flow
Aortic isthmus Size and Doppler assessment of

flow pattern
Extracardiac

Middle cerebral artery Doppler
Placental function Umbilical artery Doppler

Uterine artery Doppler
Effusion/hydrops
Foetal somatic growth
Extracardiac structural defects

VTI: velocity time integral.

Figure 13: Prenatal blood flow patterns in the (A) foetus with normal heart and
(B) foetus with HLHS. Flow across the atrial septum (*) is right to left in the normal
heart and left to right in the foetus with HLHS. The foetus with HLHS relies on
left-to-right shunting across the atrial septum. Retrograde flow is also demon-
strated in the transverse and ascending aorta. Red arrows: oxygenated blood,
blue arrows: deoxygenated blood and purple arrows: mixed blood. (Modified
with permission from Herberg U, Hövels-Gürich H. Neurological and psychomo-
tor development of foetuses and children with congenital heart disease—causes
and prevalence of disorders and long-term prognosis. Z Geburtshilfe Neonatol
2012;216:132–40.). HLHS: hypoplastic left heart syndrome.
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gradient (>0.6 m/s) is concerning (Fig. 15). Traditional 2D echo-
cardiographic measurement of the FO diameter is not necessarily
predictive of postnatal status [147]. Doppler assessment of the
pulmonary venous flow in the third trimester is a reliable and
reproducible tool for evaluating the integrity of the atrial septum.
In a foetus with a normal heart, the pulmonary vein flow should
be antegrade into the LA with biphasic systolic and diastolic
peaks, with low velocity (or absent) flow during atrial contraction.

In the setting of HLHS with a wide-open or only mildly r-FO,
antegrade flow will occur with systolic and diastolic peaks and
with a low velocity, retrograde peak during atrial contraction
[130, 144, 152, 153] (Fig. 16A–D). With greater degrees of flow
restriction, retrograde flow increases. A velocity time integral of
the antegrade and retrograde flow into the LA is a marker for the
degree of atrial restriction (Fig. 16D). It is vital that pulmonary
venous Doppler assessments be incorporated as a routine

Table 9: Diagnostic ‘red flags’ for hypoplastic left heart syndrome

Anatomical risk factors Anatomical findings Physiological findings Intervention/implication

r-FO, IAS FO size
Atrial septum bowing to right
atrium, left atrial dilation
Pulmonary vein distension,
decompressing vein

Pulmonary vein Doppler:
VTIf/VTIr <3 increases risk for
immediate postnatal
intervention

Maternal hyperoxygenation
to assess pulmonary
vasoreactivity
Foetal intervention to
decompress left atrium
Delivery in specialized car-
diac centre

Ventriculocoronary com-
munications (associated
with Ms/AA)

Multiple colour Doppler sig-
nals in right ventricle and/or
left ventricular myocardium

Right ventricle dysfunction Tricuspid regurgitation Qualitative assessment
Effusion Shortening fraction
Hydrops Ejection fraction

Variants of HLHS
HLHS with TAPVD Obstructed TAPVD Flow obstruction in connect-

ing vein
Increased risk of death
Delivery in a specialized
surgical centre

Critical atrial stenosis,
evolving HLHS

Dilated left ventricle, EFE Foetal balloon
valvuloplasty

HLHS with heterotaxy Situs, venous anomalies Foetal bradycardia or heart
block

Extracardiac disease
Extracardiac anomalies
Chromosomal disease
Growth restriction

AA: aortic atresia; EFE: endocardial fibroelastosis; HLHS: hypoplastic left heart syndrome; IAS: intact atrial septum; MS: mitral stenosis; r-FO: restrictive foramen
ovale; TAPVD: totally anomalous pulmonary venous drainage; VTIf/VTIr: velocity time integrals for forwards and reverse pulmonary valve flow on pulmonary
venous Doppler.

Figure 14: Foetal and neonatal circulation in HLHS. (A) In the foetus with unrestrictive foramen ovale, pulmonary venous blood shunts into the RA; (B) in the foetus
with a restrictive foramen ovale, obstruction to LA egress leads to LA and pulmonary congestion and intrauterine pulmonary hypertension; (C) After birth, the lungs
expand with an increased pulmonary blood flow and worsening left atrium and pulmonary hypertension. Insufficient interatrial mixing results in marked hypoxae-
mia). (Modified with permission from Herberg U, Berg C, Geipel A, Gembruch U, Breuer J. Foetal therapy: what works? Closed interatrial septum. Cardiol Young
2014;24 Suppl 2:47–54). FO: foramen ovale; HLHS: hypoplastic left heart syndrome; IAS: intact atrial septum; LA: left atrium; RA: right atrium.
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component of the foetal echocardiographic assessment in HLHS,
and repeated with serial examinations into the third trimester.

To predict the severity of atrial flow restriction and need for
urgent intervention on the atrial septum at birth, a classification
algorithm based on flow patterns in the pulmonary veins has
been developed: ‘low risk’ for foetuses with velocity time integrals
for forwards and reverse PV flow >5 (unobstructed FO), ‘medium
risk’ with a pulmonary velocity time integrals for forwards and
reverse PV flow between 3 and 5 (mildly r-FO) and ‘high risk’
with a pulmonary velocity time integrals for forwards and reverse
PV flow <3 [123, 153] (Fig. 16D). In addition, pulmonary venous
A-wave duration >_90 ms has been used as the threshold for atrial
decompression [154]. Testing for foetal pulmonary vasoreactivity
with maternal hyperoxygenation is a supplemental diagnostic
tool and a helpful adjunct for risk stratification. Oxygen is a PA
vasodilator and should lead to augmented Qp in the setting of
normal pulmonary vasculature. Oxygen provided to the mother

via face mask is transmitted into the foetal circulation and pul-
monary vasculature. The degree of pulmonary vasoreactivity can
be assessed by changes in PA Doppler flow patterns before and
after maternal hyperoxygenation. The absence of a normal vaso-
dilatory response in the foetus with HLHS is a poor prognostic
marker suggestive of abnormal pulmonary vasculature [155–157].

HLHS with severely r-FO or IAS is associated with high
perinatal and perioperative mortality, with an odds ratio of 4.0
(confidence interval 1.3–12.3) for preoperative death [27]. The
1-month survival rate ranges from 30% to 50% [22, 34, 131, 142,
146, 158]. The overall survival rate to S2P or to a heart transplant
ranges from 0% to 42% [140, 146]. Patients with a prenatal diag-
nosis of IAS who had immediate transcatheter intervention had a
highly significant survival benefit compared to those who were
not diagnosed prenatally and therefore underwent either delayed
intervention or no intervention (P < 0.001) [140]. Still, the mortal-
ity probability for babies with HLHS and r-FO/IAS after successful

Figure 16: Representative spectral Doppler sample in pulmonary veins from (A) normal foetal heart demonstrating antegrade flow throughout cardiac cycle;
(B) hypoplastic left heart syndrome foetal heart with small degree of flow reversal with atrial contraction; (C) hypoplastic left heart syndrome foetal heart with signifi-
cant flow reversal representing severe atrial restriction; and (D) sample measurement of VTI Doppler scan. PV: pulmonary valve; RPV: right pulmonary valve; VTI:
velocity time integral.

Figure 15: Key echo findings of hypoplastic left heart syndrome with restrictive foramen ovale. (A) Four-chamber hypoplastic left heart syndrome view showing
dilated left atrium and pulmonary veins, left-to-right bowing of atrial septum; (B) colour Doppler scan revealing small atrial shunt; (C) spectral Doppler scan of restric-
tive atrial shunt showing high velocity shunting. LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ventricle.
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neonatal septostomy remains significantly higher compared to
that of those without atrial obstruction (P < 0.03).

4.7 Foetal intervention in hypoplastic left heart
syndrome with restrictive foramen ovale/intact
atrial septum

Foetal intervention can be offered to foetuses with HLHS with r-
FO or IAS; criteria for consideration of a foetal intervention are
shown in Table 10 (Fig. 17).

Early decompression of the LA may prevent ongoing pulmo-
nary vascular changes [148], decrease the need for immediate
perinatal interventions (caesarean delivery, immediate postnatal
access to cardiac therapy procedures and neonatal resuscitation)
and may result in better S1P survival [143, 159]. Early gestational
age, the need for large needles and the risk of spontaneous clo-
sure of the created atrial communication must be considered,
and optimal timing is yet to be defined. In foetuses undergoing
atrial septoplasty, an atrial communication >_3 mm was associated
with a decreased need for emergency postnatal atrial septoplasty
and better S1P survival [159]. A limitation of foetal balloon-septo-
plasty is that the FO can again become restrictive or close as ges-
tation progresses. Atrial stents may perform better, with a trend
towards improved discharge survival [143, 154, 159].

Foetal death related to the septostomy procedure was
reported in up to 13% of cases, and despite successful decom-
pression, the long-term outcome remains poor compared to
standard-risk HLHS (44–58% survival after successful foetal inter-
vention) [143, 154, 159]. This outcome may be related to irrever-
sible pulmonary vascular changes. Studies are needed to develop
comprehensive criteria that identify foetuses with reversible PHT,
incorporating foetal echocardiography, cardiac MRI and mater-
nal hyperoxygenation.

4.8 Delivery of foetuses with hypoplastic left heart
syndrome and restrictive foramen ovale/intact
atria septum

Delivery of a foetus with HLHS and severely r-FO or IAS should
occur in a specialized cardiac centre where resources are avail-
able for emergency intervention to decompress the LA (catheter-
ization with ballooning or stent, surgery, ECMO). In this scenario,
a planned caesarean delivery may be necessary to ensure that all

personnel are available for the necessary coordination of multi-
disciplinary care [123, 160].

4.9 Other ‘high risk’ hypoplastic left heart
syndrome features

HLHS in the setting of TAPVD, especially with in utero flow
obstruction, has a bad prognosis (3-year mortality rate is 27%
without obstruction vs 73% with obstruction) [161]. As in HLHS
with r-FO/IAS, egress from the pulmonary veins is obstructed,

Table 10: Criteria for foetal atrial septostomy/stent implantation in hypoplastic left heart syndrome with restrictive foramen
ovale/intact atrial septum

1. Severe restriction on echocardiography
� Foramen ovale diameter <_1 mm on colour Doppler scan or closed or a decompressing vein from left atrium with flow obstruction
� Pulmonary venous Doppler scan consistent with high atrial pressure (to-and-fro flow, forward/reverse velocity time integral <3)
� Pulmonary venous A-wave duration >_90 ms

2. Anatomical subtype
� Left atrium large enough to allow perforation of the atrial septum and insertion of a balloon or stent

3. Timing
� At any time in the setting of foetal hydrops (salvage procedure)
� Consider risk factors for procedure-related losses: early gestational age, large-sized needle and restriction or spontaneous closure of created defects

4. Perinatal management: see Table 9

Figure 17: In utero intervention in a foetus with hypoplastic left heart syn-
drome and restrictive foramen ovale or intact atrial septum. The catheter is
advanced transabdominally into the uterine wall and through the foetal chest,
aimed at the atrial septum. The balloon is inflated (A) and a defect is created
(B). A coronary stent mounted on a balloon is deployed at the atrial septum (C)
to create a permanent interatrial communication (D). (Modified with permis-
sion from Herberg U, Berg C, Geipel A, Gembruch U, Breuer J. Foetal therapy:
what works? Closed interatrial septum. Cardiol Young 2014;24 Suppl 2:47–54).
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which ultimately leads to pulmonary vascular obstructive disease
and severe hypoxia at birth. TAPVD is commonly seen in the set-
ting of heterotaxy, which is associated with multiple extracardiac
conditions that can adversely affect prognosis. Due to limited Qp
in the foetus, the degree of obstruction cannot be accurately
graded. Therefore, delivery of any foetus with TAPVD should
occur in a specialized centre with immediate access to emer-
gency cardiovascular services such as ECMO or surgical and cath-
eter-based interventions.

Other high-risk features identified in a foetus with HLHS,
which may be associated with neonatal cardiovascular instability
and poor longer-term outcomes, include severe TR, RV dysfunc-
tion and congenital heart block. Ventriculocoronary artery fistu-
las, typically associated with the MS/AA, have been associated
with worse outcomes, although conflicting data have been pre-
sented in the literature [162–164]. No specific in utero interven-
tions are available to address these high-risk lesions.

4.10 Emerging hypoplastic left heart syndrome in
critical aortic stenosis with uncertain prognosis:
indications for foetal intervention

Natural history studies have demonstrated that in foetuses with
severe AoV stenosis and normally sized or dilated LV, left heart
growth arrest can occur at mid-gestation, leading to an univen-
tricular circulation at birth [165, 166]. The goal of foetal Ao valvu-
loplasty is to interrupt the sequence/trigger responsible for LV
arrest by decompression of the LV and augmentation of flow
across all left-sided structures. Intrauterine foetal Ao valvuloplasty
promotes growth and function of LV structures [167–169] and
may improve the likelihood of bi-V circulation at birth [170–172].
To identify foetuses at high risk of UV circulation at birth (critical
AS with emerging HLHS), echocardiographic criteria have been
developed from retrospective studies (Table 11) [173, 174].

In cases with poor LV function, severe EFE and severe MS, foe-
tal intervention cannot restore left ventricular function. Selection
criteria for foetal Ao valvuloplasty must identify foetuses at high
risk to develop HLHS but with the capability to improve LV func-
tion and growth after foetal intervention. Current criteria are
given in Table 11 [175]. Appropriate echocardiographic assess-
ment, patient selection for intervention and counselling are crit-
ical, because there is a risk of procedure-related foetal demise
(currently 11%, range 8.8–25%). Postnatal outcome depends not
only on a successful prenatal intervention but also on postnatal
treatment strategies requiring multiple interventional as well as
operative procedures. Of live-born babies, survival with a bi-V
outcome ranged from 38% to 68.6% [176, 177]. It should be
emphasized that the strategy is evolving rapidly, and results are
likely to improve.

4.11 Prenatal counselling

Prenatal counselling for CHD is an important element in the care
of the foetus and the parents. There are many issues to discuss,
but cerebral development is of major concern, especially when
only retrograde perfusion of the foetal Ao arch (as in AA) is
involved. Multiple neurodevelopmental abnormalities have been
identified in survivors, but the findings are variable and not seen

in every patient. There are multiple factors to consider in any
prediction model, most of them not under the control of the
treating team. Comprehensive details of neurodevelopmental
outcome in HLHS are beyond the scope of these Guidelines
(although volumes have been written on this topic in the past
20 years).

Counselling involves at minimum:

1. Description of the anatomical features of the diagnosis
2. Anticipated prenatal management
3. Anticipated perinatal course and management options
4. Description of data regarding longer-term outcomes
5. Inclusion of limitations of prenatal diagnosis to accurately predict

longer-term outcomes.

Referral to a foetal cardiologist is recommended so that
parents can receive the most reliable information regarding diag-
nostic findings, natural history, contemporary management prac-
tices and outcome data. The literature clearly demonstrates high
rates of stress, anxiety and depression in parents receiving a diag-
nosis of CHD [178, 179]. Counselling is often offered in conjunc-
tion with a foetal cardiology nurse specialist and/or social
worker. Multiple counselling sessions may be necessary, and
inclusion of a consultation with a cardiothoracic surgeon, inten-
sivist or other support personal such as a psychologist may also
be beneficial. Key themes that arise for prenatal counselling
include timely access to consultation, information regarding
expectations and outcomes, providing written material and/or
references regarding the diagnosis, reassurance that parents are
not at fault for the diagnosis and access to peer support [180].

Importantly, parents should be provided with all potential
management options for the pregnancy and postnatal care,
which may include timely pregnancy termination, comfort care
or surgical intervention. Providers are obliged to provide realistic
expectations and remain neutral with regards to parental deci-
sion-making. Discussions should also include recommendations
for delivery based on the anticipated needs of the baby at the
time of birth. If present, risk factors should be reviewed with
parents. Moreover, prenatal intervention options should be
reviewed, if appropriate, and include any contemporary out-
comes regarding risks and benefits to both foetus and the
mother.

Table 11: Predictors of the development of hypoplastic left
heart syndrome in critical aortic stenosis

Foetal echocardiographic
variables

Selection criteria for foetal
aortic valvuloplasty

Aortic stenosis Aortic valvar stenosis
Retrograde flow in the
transverse aortic arch

Aortic annulus z-score >-3.5

LV dysfunction MV annulus diameter z-score >_-2
Monophasic mitral inflow LV long-axis z-score >0
Left-to-right atrial shunting MR or aortic stenosis Doppler

gradient >_20 mmHg

LV: left ventricle; MR: mitral regurgitation; MV: mitral valve.
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5. DIAGNOSIS AND MANAGEMENT OF
HYPOPLASTIC LEFT HEART SYNDROME IN THE
NEWBORN

The clinical condition of a newborn with HLHS relates to the car-
diac morphology and its consecutive pathophysiology, in partic-
ular DA patency, the quality of the pulmonary vein drainage to
the TV pathway, coronary and cerebral perfusion and the func-
tion of the RV and TV [2, 76, 181–186]. The majority of neonates
with HLHS born in high resource settings are diagnosed antena-
tally and managed prospectively from delivery. Universal screen-
ing by SaO2 (pulse oximetry) is effective in postnatal detection of
CHD and may enable early detection of HLHS if has been missed
in utero. Typically, the neonate is tachypnoeic and the pre- and/
or post-ductal values are <93% in HLHS, but SaO2 >93% does not
exclude neonatal HLHS. If HLHS is not detected early after birth,
then over the first days of life, with the fall in PVR or constriction
of DA that naturally occurs, the imbalance of PVR to SVR leads to
a pulmonary run-off with low Qs. DA constriction is associated
with a pale, poorly perfused newborn, with high HR and low-vol-
ume pulses. A medium-frequency murmur together with a

hyperactive precordium can occur with heart failure-related TR
[187–189]. During the assessment, the SaO2 values should be
interpreted in the context of the respiratory rate (RR).
Tachypnoea in the context of high SaO2 (>93%) represents a
leading clinical sign of severe heart failure (Ross III or IV) [8].
Tachypnoea together with severe hypoxaemia might be associ-
ated with a significant pulmonary congestion. Rarely, the pres-
ence of highly r-FO or IAS, or obstructed TAPVD with pulmonary
congestion, may lead to immediate postnatal deep cyanosis and
respiratory distress requiring urgent intubation and resuscitation
followed by consideration of a catheter-based or surgical inter-
vention [22]. Such neonates have parenchymal lung disease (lym-
phangiectasia), and the presence of tissue hypoxia may lead to
impaired ventricular function and even multiple organ failure.

5.1 Further diagnostic steps

Once HLHS is suspected, transthoracic echocardiography should
immediately be performed. Of note, echocardiography is indicated
in any newborn with persistent tachypnoea to exclude HLHS or to
initiate sufficient treatment (class IIa, level C). The differential

Foetal diagnosis of hypoplastic left heart syndrome

Recommendations Classa Levelb

An obstetrical foetal anomaly scan should be performed at 18–22 weeks of gestation I C

During the obstetrical foetal anomaly scan, cardiac imaging should include, at minimum, a four-chamber view, out-
flow tract views and three-vessel tracheal view

I C

It is recommended that a foetal cardiologist confirm the diagnosis of HLHS and provide counselling in conjunction
with a multidisciplinary team that may include a maternal–foetal medicine specialist, obstetrician, neonatologist,
paediatric cardiac surgeon, nurse specialist, psychologist and/or social worker

I C

Foetal echocardiographic evaluation of HLHS should include detailed evaluation of the atrial septum, pulmonary
veins (anatomy and Doppler flow patterns), ventricular function and TV (for regurgitation)

I C

Foetal karyotyping should be offered following prenatal diagnosis of HLHS, particularly in the presence of extracar-
diac anomalies, to provide information regarding delivery management and prognosis

I C

After a foetal diagnosis of HLHS and initial consultation, serial foetal echocardiographic follow-up is recommended
at 4- to 6-week intervals, and at >_36 weeks in order to assess for the evolution of high-risk features (such as flow
restriction across the atrial septal communication), which may affect delivery management

I C

In the foetus with HLHS and concern for a restrictive atrial septal communication (r-FO), maternal hyperoxygena-
tion may be considered to test pulmonary vasoreactivity for prognostic purposes

IIb C

In the foetus with an r-FO, foetal intervention to augment the size of the atrial septal communication may be con-
sidered to improve perinatal and longer-term outcomes

IIb C

In foetuses with critical AS and features of emerging HLHS, foetal intervention may be considered to improve ante-
grade flow across the AoV in an effort to achieve a biventricular outcome

IIb C

In the absence of risk factors, it is recommended that delivery of a foetus with HLHS occur spontaneously up to 40
weeks. Elective delivery planning (induction of labour or caesarean delivery) is recommended no earlier than 39
weeks as long as there are no obstetrical risk factors

I B

It is recommended that a foetus with HLHS be delivered at a hospital with availability of immediate on-site neonatal
care, intravenous prostaglandin E1 therapy, cardiac consultation and capability for timely transfer to a specialized
facility for surgical intervention

IIa B

For the high risk HLHS foetus with r-FO or IAS, delivery is recommended in a specialized cardiac centre with imme-
diate access to specialists who can perform emergency interventions (cardiac catheterization, cardiac surgery,
extracorporeal membrane oxygenation)

IIa B

aClass of recommendation.
bLevel of evidence.
AoV: aortic valve; AS: aortic stenosis; HLHS: hypoplastic left heart syndrome; IAS: intact atrial septum; r-FO: restrictive foramen ovale; TV: tricuspid valve.
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diagnosis is sepsis, which is often considered the primary diagnosis.
Therefore, a chest X-ray is indicated for analysing consecutive or
concomitant lung parenchymal disease (class IIa, level C). The chest
X-ray of HLHS neonates may show signs of congestion, or a ‘white’
lung. Mild cardiomegaly, an eight-shaped heart silhouette and uni-
or bilateral prominence of pulmonary vascular markings might sug-
gest obstructed TAPVD [190, 191]. The ECG may be normal, with
the typical neonatal findings of right-axis deviation and right ven-
tricular hypertrophy, but in some cases T-wave inversion appears
across all precordial leads [192].

Echocardiography is the modality of choice for a definitive
diagnosis [193, 194]. The left heart structures need to be carefully
analysed to detect the subtypes of HLHS or differential diagnoses
such as discordant transposition of the great arteries with hypo-
plastic sub-Ao right heart structures, unbalanced AVSD or double
outlet RV with a small LV. Ventricular function is additionally
influenced by the persistence of coronary obstructions and fistu-
lae [78, 195, 196]. Cerebral blood flow assessment with the
Doppler technique (especially right cerebral arteries) and assess-
ment of the coeliac trunk are useful for interpreting the haemo-
dynamic stability of a newborn with HLHS. Echocardiography
facilitates decision-making for immediate cardiac interventions
[197, 198]. Preoperative diagnostic cardiac catheterization should
be reserved for diagnosis of complex additional lesions.
Additional preoperative imaging such as cardiac MRI is useful in
experienced centres as a non-invasive strategy (preferably with-
out the need for intubation for anaesthesia).

Considering that the natural course of untreated HLHS is fatal,
the goal of postnatal care is to allow reconstructive surgery
(Norwood or h-S1P) under stable haemodynamic conditions [6,
134, 199].

A neonatal heart transplant is reserved for babies in which
reconstructive surgery is not opportune [200–202]. Significant
institutional differences in organization and postnatal care of
newborns with HLHS still exist. In most instances, especially in
the absence of a prenatal diagnosis, the newborn with HLHS
must be stabilized in a neonatal ICU and transported to a centre
in which definitive surgical care is available. A stable newborn
with diagnosed or suspected HLHS should be placed on a low-
dose infusion of PGE1 (5–10 ng/kg/min) to hold open the DA
and avoid side effects (apnoea, early drop of PVR).
Administration of oxygen and intubation/ventilation should be
avoided (class IIa, evidence level B). These measures favour high
Qp/Qs and have been linked to a higher incidence of complica-
tions [200, 202]. Depending on the institutional strategy, umbili-
cal venous and arterial lines should be considered for
immediate care to facilitate safe administration of medications
(PGE1).

5.2 Monitoring and ongoing care

The clinical status of a newborn with HLHS will dictate the care
strategy used prior to definitive intervention [203, 204].

Postnatal management of patients with hypoplastic left heart syndrome

Recommendations for initial assessment Classa Levelb

Undiagnosed neonates with persistent tachypnoea or desaturation require transthoracic echocardiogram to rule
out congenital heart disease, including HLHS

IIa C

Cardiac imaging should include global cardiac function, structures by four-chamber view, outflow tract views, aortic
arch, coeliac trunk and cerebral blood flow

I C

A paediatric cardiologist should confirm the diagnosis of HLHS and provide counselling to the parents in conjunc-
tion with a paediatric cardiac surgeon

I C

Echocardiographic evaluation of HLHS should define the HLHS type, including the situs, cardiac variants and
detailed evaluation of the left ventricle and function, ventricular septal defect, atrial septum, pulmonary veins (anat-
omy and Doppler flow patterns), aortic arch including flow patterns (antegrade, retrograde) right ventricular func-
tion and tricuspid valve (see Table 9 for more information about ‘foetal red flags’)

I B

If extracardiac abnormalities are detected, testing for chromosomal abnormalities is indicated to provide additional
information for postnatal counselling and prognosis

I C

Newborns with HLHS and restrictive DA, r-FO, TAPVD, PV stenosis or non-restrictive FO with high Qp should be
considered for immediate transcatheter or surgical intervention

IIa B

X-ray radiography to be undertaken by clinical indication only IIb C

ECG should be performed to exclude arrhythmias IIb C

aClass of recommendation.
bLevel of evidence.
DA: ductus arteriosus; ECG: electrocardiogram; HLHS: hypoplastic left heart syndrome; PV: pulmonary valve; Qp: pulmonary blood flow; r-FO: restrictive
foramen ovale; TAPVD: totally anomalous pulmonary venous drainage.

EA
C

TS
/A

EP
C

G
U

ID
EL

IN
ES

443EACTS/AEPC Guidelines / European Journal of Cardio-Thoracic Surgery

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article/58/3/416/5898365 by U

niversiteit Leiden / LU
M

C
 user on 30 Septem

ber 2022



5.2.1 The stable newborn with hypoplastic left heart syn-
drome. The primary goal of care in a stable neonate with HLHS
awaiting an intervention is minimal handling in a tranquil envi-
ronment, with a PGE1 infusion at 5–10 ng/kg/min to preserve
patency of the DA. Preoperative monitoring of patients with
HLHS in the ICU includes RR and pattern, pre- and post-ductal
pulse oximetry, continuous ECG and intermittent non-invasive
systolic and diastolic blood pressure (BP) in the right arm (if an
anomalous right subclavian artery is excluded). To detect a BP
gradient between the right and left arm, an additional systolic
and diastolic BP measurement should be performed in all
extremities. Usually, fluids should be administered without
restriction, according to standard neonatal recommendations.
Fluid balance should be carefully monitored; however, insertion
of a Foley catheter is not justified unless the patient is haemody-
namically compromised. Tissue perfusion monitoring with serial
testing for blood lactate levels and near infrared spectroscopy
(NIRS) is only necessary in a decompensated phase. Use of cen-
tral lines (other than umbilical) should be minimized in the pre-
operative period unless the patient remains critically ill or needs
cardiac catheterization.

Provision of nutrition to the neonate with HLHS is a contro-
versial area. Some centres maintain stable neonates with HLHS
nil by mouth and undertake surgical S1P within a few days of
birth, whereas others advocate enteral feeding in this context
[205, 206]. It has been suggested that in stable babies, enteral
feeds may even protect against necrotizing enterocolitis (NEC),
provided there is adequate enteral flow, as assessed by coeliac
arterial Doppler imaging [207, 208]. Stable neonates who will
wait longer for an intervention for clinical reasons (e.g. low BW)
will by necessity receive enteral feeding. A stable neonate with a
longer waiting time to intervention, with an RR <60/min and a
HR <130/min (both at rest), may receive nasogastric feeds and
accept oral food intake, even from the mother’s breast.

5.2.2 The unstable newborn with hypoplastic left heart
syndrome. Initial management of the sick neonate with HLHS
should focus on stabilization by balancing Qp and Qs to optimize
systemic DO2 [209–211]. Patients with severe metabolic acidosis
and cardiogenic shock require emergency measures recom-
mended in neonatal advanced life-support algorithms, including
intubation and ventilation [212]. The PGE1 infusion should be
started at a higher dose (20 ng/kg/min) while considering which

is the appropriate interventional pathway (see also section on h-
S1P). Central venous and arterial catheters should be placed for
sampling and monitoring. To assess mixed venous SO2 (SvO2),
consider sampling in the innominate vein to avoid overestima-
tion due to atrial left-to-right and arterial right-to-left shunt
dependence.

The level of SaO2 depends on the proportions and the oxygen
saturation (SO2) of the 2 components of Qs. If the pulmonary
venous blood is not fully saturated due to pulmonary parenchy-
mal disease, O2 should be given, as for any patient with lung dis-
ease, the goal being to achieve a maximal SaO2 of 80–85% (with
adequate Qs). In the context of SvO2 <50% or an arterio-venous
SO2 difference >40%, further therapeutic efforts are directed to
improving Qs. In this context, haemoglobin (Hb) >12 g/dl is
adequate and 14 g/dl is optimal.

Newborns admitted in shock with metabolic acidosis because
of an obstructed DA that is unresponsive to high doses of PGE1
with catecholamine (e.g. norepinephrine) infusion should be con-
sidered for a percutaneous or trans-PA ductal stent [213, 214].

If there is evidence of low Qs despite a seemingly adequate
DA, especially in the presence of a non-restrictive Qp or r-FO,
emergency b-PAB should be considered to limit pulmonary run-
off. If, in addition, there is cyanosis and refractory hypoxaemia,
the patient should be considered for atrial septostomy followed
by b-PAB.

Although intubation and ventilation are required to support
the baby, sedation and analgesia should be administered in the
form of ketamine or opioids (low-dose morphine or fentanyl)
together with benzodiazepines supplemented by non-opioids
such as paracetamol. Alternative agents include alpha-2 agonists
such as dexmedetomidine or clonidine [215–217].

Once adequate stabilization has been achieved, it may be
possible to reduce the PGE1 dosage (5–10 ng/kg/min) unless
there is an associated left heart obstruction such as CoA. If cate-
cholamines have been used as a rescue therapy (with high-dose
PGE1), both should be reduced if feasible, aiming for normal BP
(term neonates > systolic 65 and diastolic >35 mmHg measured
in the upper body) supporting adequate perfusion of the coro-
nary and cerebral circulation. Milrinone (0.5–1 mg/kg/min) can
be continued until S1P, but catecholamines should be stopped
prior to S1P if this procedure is not performed emergently
[218]. In a baby who has been successfully weaned from cate-
cholamines and stabilized, extubation to air may be feasible.

Recommendations for initial treatment

Intervention Classa Levelb

Prostaglandin E1 (low dose) should be administered I B

Oxygen should be administered only by strict indication IIa B

Intubation and ventilation should be used only by strict indication IIa B

Stable neonate: Minimal handling in a tranquil environment, with heart rate, respiratory rate, SaO2 + blood pressure monitoring I B

Unstable neonate: Resuscitation, including intubation and ventilation and placement of central and invasive monitoring lines I B

aClass of recommendation.
bLevel of evidence.
SaO2: arterial oxygen saturation.
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DO2 is limited in HLHS, and one should aim for the lowest
effective HR and SVR to optimize diastolic filling time, with SaO2

maintained between 75% and 85%. Useful medications that can
be considered to achieve this are dexmedetomidine, clonidine,
digoxin and b1-receptor blockers. Use of continuous milrinone
infusion may be helpful [219–221].

5.2.3 Major prematurity and very low birth weight. The
incidence of low BW (<2.5 kg) among newborns with HLHS is
almost 10–15%, similar to the overall incidence of prematurity or
low BW in neonates with other CHD [222, 223]. Low BW is a risk
factor for S1P, with technical and physiological challenges [222].
Comorbidities from other organ systems (central nervous system,
renal, gastrointestinal) increase the risk in both the short and
long term [223–225]. Multi-institutional studies have demon-
strated increased mortality rates for low-BW infants with HLHS
undergoing S1P, through IS-1 [54]. From a worldwide perspec-
tive, several strategies are currently utilized for premature infants
with HLHS including compassionate care only, early Norwood
procedure, h-S1P for bridging to Norwood, a heart transplant
and a hybrid variant consisting of b-PAB with continuous PGE1
infusion [as a bridge to later Norwood or comprehensive S2P
(c-S2P)] [199, 200, 224–227]. In preterm newborns the lowest
effective dosage of continuous PGE1 infusion should be used
(<5 ng/kg/min); in most cases, 1–2 ng/kg/min is sufficient, with
or without additional oral caffeine supplementation [211].
Sometimes, continuous positive airway pressure or continuous

humidified nasal airflow without O2 is useful to avoid intubation
and ventilation.

6. ANAESTHESIA FOR HYPOPLASTIC LEFT HEART
SYNDROME SURGERY

A schematic for SV physiology has the heart receive and mix pul-
monary and systemic venous return, then function as a single
pumping chamber to supply Qp and Qs in parallel. The primary
goal is to balance Qp and Qs throughout a patient’s perioperative
course. Manipulating vascular resistance and blood flow can be
achieved by various means, and understanding these options is
important to successful anaesthetic management. Although insti-
tutional care will differ, communication and understanding
among the various medical teams involved and the patient’s
parents are important factors for a successful outcome.

6.1 Preoperative assessment

A standard anaesthetic preoperative assessment will be made,
but the considerations below are important when tailoring the
anaesthetic plan to the timing and type of surgical treatment.
Whilst this narrative is relevant to surgical treatment undertaken
on cardiopulmonary bypass (CPB), it is also applicable for anaes-
thetic management during the placement of PABs, h-S1P and
non-cardiac procedures (e.g. exploratory laparotomies, line
placements, radiologic examinations) for which CPB is not
required but anaesthesia is.

6.2 Cardiac diagnosis

Details of the cardiac anatomy of each patient are important
because they can affect the conduct and stability of the patient
under anaesthesia as well as the overall prognosis [44]. Although
controversy exists regarding Asc Ao size as an influence for surgi-
cal death, it, along with an r-FO, AV valve regurgitation and/or
anomalous coronary and head and neck vessels, will influence
the stability of the patient under anaesthesia. Anomalous head
and neck vessels will influence placement of monitoring lines.
Antegrade flow through the AoV can make interpretation of
SaO2 more difficult. Genetic disorders and other conditions may
coexist with HLHS [228]. Syndromes can indicate the potential
for a difficult airway. Conditions associated with micrognathia
with a small airway require downsizing of the tracheal tube.
Turner’s syndrome will result in a guarded HLHS prognosis.
Patients with DiGeorge syndrome may have abnormal calcium
metabolism, and blood products will need to be irradiated if
required.

6.3 Current condition of the patient

The timing and the course of any patient’s treatment depend on
the initial presentation. Over 75% of HLHS cases have an antena-
tal diagnosis: Once the child is born, 30% will be stable, maintain-
ing a DA for Qs on a PGE1 infusion, self-ventilating in air [113,
142]. Some patients will require inotropic support and/or preop-
erative ventilation to improve physiological stability, especially
those with significantly high Qp/QS. A small subgroup will have
an r-FO or IAS and may require urgent treatment to decompress

Guidelines for therapeutic measures to increase oxygen deliv-
ery in hypoplastic left heart syndrome prior to stage 1
palliation

Strategy Classa Levelb

Continuous, lowest effective dose of
prostaglandin E1 infusion

I B

Balloon atrial septostomy to treat pul-
monary congestion and to increase Qp
in cases of insufficient inter-circulatory
mixing

I B

Bilateral pulmonary banding for low car-
diac output based on a high Qp and
widely patent DA

I B

Inodilators (milrinone) to support right
ventricular function, if adequate coro-
nary perfusion pressure is maintained

IIa B

Monitor for restrictions at DA, FO and
aortic isthmus with echocardiography
and clinical assessment

IIa C

Minimize VO2 via adequate O2 carrying
capacity. Consider continuous dexmede-
tomidine or clonidine infusion, oral b1-
blocker, digoxin

IIb B

aClass of recommendation.
bLevel of evidence.
DA: ductus arteriosus; FO: foramen ovale; Qp: pulmonary blood
flow; VO2: oxygen uptake.
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the LA and pulmonary veins. Because this group has a worse
prognosis, many teams advise delivery at a children’s hospital
with cardiac surgical facilities, where the baby can receive imme-
diate care, be it cannulation for extracorporeal life support (ECLS)
or urgent surgical repair [142, 229, 230]. A postnatal diagnosis fol-
lowing DA closure predictably leads to cardiovascular collapse
and poor systemic perfusion, requiring resuscitation.

Patients weighing <2 kg and those with significant prematurity
or evidence of intrauterine growth retardation can pose technical
difficulties. That, coupled with the problems associated with pre-
maturity (neurological sequelae, lung disease, altered drug
metabolism) will influence treatment decisions and choices [231,
232].

6.4 Anaesthetic agents

Anaesthetic induction can be via an inhalational or intravenous
technique, depending on centre preference. Traditionally, main-
tenance anaesthesia is opioid based, though doses differ depend-
ing on institution. Opioids produce cardiovascular stability and
can potentially attenuate inflammatory responses. Doses of fen-
tanyl up to 50 lg/kg have been used [233, 234]. Because high
doses of opioids have some disadvantages, some experts advo-
cate a more balanced anaesthesia, adding volatile or hypnotic
agents such as isoflurane and ketamine, especially when early
weaning from mechanical ventilation is planned [235]. Recently,
some centres have converted to remifentanil infusions, which do
allow for rapid titration and early tracheal extubation. Use of vol-
atile agents may, in theory, convey cardiac protection by influ-
encing ischaemic preconditioning [236]. In addition, results from
some animal studies suggest that volatile anaesthetics may also
confer neuroprotection [237].

6.5 Neurodevelopment and anaesthesia

There are concerns with early exposure to anaesthesia as it
relates to delayed neurodevelopment [238]. Most anaesthetic
agents have been implicated in animal studies to stimulate neu-
ronal apoptosis [239, 240]. Reassuringly, preliminary intermediate
results from an RCT show no difference in neurodevelopment at
2 years, comparing 2 treatment strands of an awake local anaes-
thetic technique versus sevoflurane volatile anaesthesia for ingui-
nal hernia repair in infants. These data may be relevant to the
HLHS scenario as well [241].

Alpha-2 agonists such as dexmedetomidine and clonidine are
increasingly used in paediatric cardiac anaesthesia as an anaes-
thetic-opioid sparing adjuncts [242]. Clonidine is useful during h-
S1P procedures to control HR and swings in SVR, and these
agents may have the additional advantage of preventing tachyar-
rhythmias [200, 243, 244]. Moreover, these agents have not been
shown to cause neuronal apoptosis in animals and may even
confer neuroprotection against volatile agent-induced neuronal
apoptosis in humans [245]. However, current clinical evidence is
conflicting, demonstrating the difficulty in reproducing or extrap-
olating evidence from animal studies [246, 247].

6.6 Monitoring

At induction of anaesthesia, all patients should have standard
monitoring devices in place. The DA makes measuring preductal

and post-ductal SaO2 and plethysmography useful. Given the
potential for significant dead space ventilation, the end tidal CO2

monitor will not always reflect the arterial partial pressure of car-
bon dioxide (pCO2), particularly if PABs are in place.

6.6.1 Arterial pressure monitoring. The choice of operation,
its various stages and the preferred perfusion techniques during
the operation will affect the siting of the arterial lines. Anomalous
head and neck vessels will have a bearing on placement. An arte-
rial line in the right arm will be useful if selective regional cere-
bral perfusion (RCP) is planned. A combination of both a right
arm arterial line and one sited in a lower limb, usually a femoral
arterial, helps track both cerebral and descending Ao (Desc Ao)
perfusion. The use of this configuration may also help to detect a
gradient across the neo-Ao and arch, which might signal the
need for intraoperative revision. Many centres are utilizing ultra-
sound guidance for placement of monitoring lines to promote
user accuracy and efficiency, reducing stress on the fragile preop-
erative patient.

6.6.2 Central venous access. The S1P is usually the initial stage
in a surgical pathway heading towards a BCPS, and subsequently,
a Fontan circulation. Neonates with complex cardiac defects are
prone to thrombosis, and central lines are a potential source
[248–250]. SVC stenosis or thrombosis can produce significant
morbidity, and most centres will initially avoid placing lines in
this critically important vessel [251, 252]. Femoral central
venous lines are common, but umbilical and direct atrial lines
are also used. All can induce thrombosis, but atrial lines may
pose more problems if thrombosis occurs, due to the higher
risk of emboli. Use of heparin-bonded central venous catheters
and infusions of low-dose heparin through these lines are
standard of care in many centres, but evidence of benefit is
unclear [253]. The incidence of sepsis from indwelling umbilical
lines increases exponentially over time, usually prompting their
early removal but necessitating other central venous access. An
improperly placed umbilical catheter with its tip in the hepatic
region can result in liver necrosis or venous obstruction if caus-
tic or if hypertonic solutions are infused. More recently, patients
often come to the operating room with peripherally inserted
central catheters, which may be less thrombotic. However, their
small internal diameter often precludes their reliable use for
volume expansion.

6.6.3 Additional monitoring. Intraoperative echocardiography
is a standard of care that can be achieved adequately by either
epicardial or transoesophageal probes. TOE has the advantage of
a continuous monitor and does not interrupt the procedure or
preoccupy the surgeon’s hands. The probe can cause trauma and
perforation to the upper oesophagus and obstruct both the air-
way and cardiac structures in neonates [254, 255]. The choice
usually depends upon the availability of a neonatal size TOE
probe and the preference and experience of the cardiac centre
(see section on imaging).

Arterial blood gas (ABG), glucose and lactate analyses have
been the mainstays for monitoring the adequacy of ventilation,
acid-base management on CPB and tissue perfusion. SvO2 is
another marker of DO2 and oxygen uptake (VO2) and has been
used in the management of cardiac patients both by intermittent
sampling or by continuous measurement with direct catheter
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placement [256]. Significant interest has developed using NIRS,
which correlates well with SvO2 and has the advantage of being
non-invasive [257–259]. Because the normal range of NIRS values
has not been established, and individual regional variations in
SaO2 exist, debate rages as to the value of NIRS as a surrogate
monitor for global DO2. In practice, most teams do use intrao-
perative NIRS in some capacity.

6.7 Precardiopulmonary bypass

6.7.1 Balancing pulmonary blood flow/systemic blood
flow and maintaining cardiac output. Balancing anaesthesia
according to the cardiovascular status of a patient necessitates
careful titration, because most anaesthetic agents can have del-
eterious cardiovascular effects. Assuming normal pulmonary
SO2 and SvO2, aiming for SaO2 between 70% and 85% is the
simplest way to balance Qp and Qs, and the ratio ideally should
be close to 1. Most patients will have a tendency for excessive
Qp with high SaO2. Increasing the PVR, decreasing the fraction
of inspired oxygen (FiO2) or increasing the pCO2 represents a
traditional compensatory manoeuver [260]. Altering pCO2 by
addition of inspiratory carbon dioxide or by hypoventilation
may have more value than reducing FiO2, although hypoventi-
lation should be used with caution because it may lead to ate-
lectasis. Introducing nitrogen into the circuit has the effect of
reducing the FiO2 below 21%, reducing Qp/Qs [261]. However,
when compared to increasing PaCO2, reducing FiO2 does not
seem to improve SvO2 or increase arterial BP [22]. Conversely,
patients with significantly raised PVR, as in r-FO, can be
extremely difficult to oxygenate. These patients often exhibit
significant cardiovascular instability from the systemic effects of
poor DO2.

Surgical manipulation of cardiac anatomy during dissection
can alter the condition of the patient and affect monitoring. If a
right innominate shunt (an MBTS) is used for arterial cannula-
tion for CPB, monitoring equipment attached to the right arm
will not function properly. Communication with the surgical
team is vital to limit any cardiovascular insult during dissection.
Preventing a low diastolic BP and maintaining cardiac function,
especially in the setting of a small Asc Ao, may require the use
of inotropes and vasoactive agents. When appropriate, a surgi-
cally placed sling around the right pulmonary artery (RPA) may
improve stability during dissection by mechanically increasing
PVR but potentially at the cost of SaO2. Reducing metabolic
requirements with mild hypothermia may be beneficial in states
of low cardiac output (CO) and reduced DO2. A neonate’s core
temperature will drop with exposure during surgery, but surface
cooling (ice packs applied to the head) is an easy way to accel-
erate this process.

6.7.2 Anticoagulation. Full heparinization, monitored by acti-
vated clotting time, is required to initiate CPB [262]. Most
centres choose a dose between 300 and 400 IU/kg, aiming for
an activated clotting time of 300–400 s. Coated circuits are
used to minimize thrombin formation and potentially to reduce
the inflammatory response [263, 264]. Suboptimal hepariniza-
tion may promote the coagulopathy seen following CPB,
increasing thrombin production. An individually tailored dose
of heparin and subsequent protamine may reduce the
activation of the coagulation cascade. However, no trials have

been undertaken to show clinical benefit using this approach
[265–268].

PGE1 infusion is continued as long as there is a requirement
for the DA to provide Qs. It can be stopped once on CPB, or if
the DA has been stented when an h-S1P is performed.

6.8 Cardiopulmonary bypass

As with repair of other complex CHD, consensus regarding the
conduct of CPB bypass during S1P is lacking and there are wide
interinstitutional variations [269]. Construction of the neo-Ao is
performed commonly under a combination of deep hypother-
mic circulatory arrest (DHCA), low-flow CPB and RCP.

6.8.1 Hypothermia and circulatory arrest. The use of DHCA
for Ao arch reconstruction is a long-standing technique in many
institutions, with cooling for at least 20 min on CPB to nasophar-
yngeal temperatures of 18–20�C before stopping pump flow.
Various strategies have been developed to limit the inflammatory
response to CPB and reduce end organ damage, particularly cer-
ebral complications [270]. Most evidence focuses on comparing
the durations of DHCA and the effects of intermittent cerebral
perfusion during DHCA and comparing DHCA with low-flow or
selective RCP [271–278]. Although neurological sequelae can
occur with any duration of DHCA, they are less likely if DHCA
does not exceed 45 min. RCP has not definitively changed the
incidence of detrimental neurological effects compared with
DHCA. Limiting the duration of DHCA, using intermittent cere-
bral perfusion for anticipated prolonged periods of arrest and
using low-flow or selective RCP remain sensible strategies for
most patients undergoing S1P.

6.8.2 Haematocrit. It is important at all temperatures to bal-
ance increased blood viscosity [higher haematocrit (Hct)] and
reduced O2 capacity (lower Hct). Haemodilution protocols vary
among institutions. A comparison between an Hct of 25% and
35% showed a trend towards better neurological outcomes in
the latter group, and although evidence is limited, most centres
in practice would aim for 25–30% [279]. There seems to be no
clear outcome advantage in using fresh whole blood compared
to a combination of packed red blood cells (RBCs) and fresh fro-
zen plasma for priming of the CPB circuit. Retrospective data do
suggest reduced donor exposure with fresh whole blood (com-
pared with packed RBCs). There is a theoretical advantage to
using RBCs stored fewer than 5 days, with a potential for reduced
acid-base and electrolyte disturbance [280–282]. Although it is
difficult to extrapolate results from adult studies to paediatric
practice, the results of an adult critical care trial showed no dif-
ference between outcome and age for volume of red cells trans-
fused [283].

Though there are increasing reports of bloodless cardiac sur-
gery in very small patients, an asanguinous S1P remains elusive
goal because blood must generally be added to the CPB prime to
avoid marked haemodilution [284]. Aggressive miniaturization of
the CPB circuit may be the most efficacious strategy. Minimizing
foreign surface contact, in conjunction with biomimetic or bio-
passive surface coatings, lessens the inflammatory response to
bypass. Clearly, a lower volume circuit can minimize the prime
volume, the degree of haemodilution and the volume of homol-
ogous blood required to attain a desired Hb level. Simple,
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carefully designed CPB circuits that can be primed with <100 ml
may reduce the need for modified ultrafiltration and retrograde
autologous priming in patients with HLHS.

6.8.3 Steroids. Most teams administer steroids to attenuate the
inflammatory response to CPB and to the operation and to pro-
vide myocardial and cerebral protection. Animal studies and
some small paediatric trials support this practice. However, the
evidence from paediatric cardiac surgery is mixed, and there are
no large-scale RCTs to provide clarity. A large RCT showed no
advantage in the administration of steroids in adult cardiac sur-
gery [285–291].

6.8.4 Acid-base and glucose management. An animal study
comparing pH-stat versus a-stat acid-base management sug-
gested that pH-stat confers better brain protection during DHCA.
A proposed strategy involves using pH-stat during cooling, then
switching to a-stat during DHCA [292]. The only RCT in children
comparing a-stat and pH-stat showed some early benefit in the
clinical state with pH-stat management in the transposition sub-
group, but there was no difference in early or midterm neurolog-
ical outcomes [292, 293]. There is no conclusive evidence to
recommend one acid-base strategy over another.

Mitigation of reperfusion injury may also be enhanced by ABG
manipulation, with decreased markers of injury when tissues are
perfused with normoxic versus hyperoxic blood, especially in
cyanotic patients [294].

Glycaemic control to avoid extremes of blood glucose levels
might be prudent, but there is no evidence that hyperglycaemia
leads to a worse outcome [295]. Tight glycaemic control does not
confer any benefit to paediatric cardiac patients but does add the
potential risk of more frequent hypoglycaemia episodes [296].

6.8.5 Filtration. Both modified ultrafiltration and standard
ultrafiltration are commonly used to reduce postoperative mor-
bidity. A meta-analysis showed that whereas modified ultrafiltra-
tion was more beneficial immediately post-CPB secondary to
higher Hct and mean BP, there was no further advantage postop-
eratively between the 2 techniques [297].

6.8.6 Pharmacological protection. Several pharmacological
agents have been used to promote cerebral protection during
DHCA. An animal study showed a desflurane volatile-based
anaesthetic to have significantly improved neurological outcome
after DHCA compared with a fentanyl-based technique [237]. As
previously discussed, although not investigating neurological
sequelae following DHCA, other animal studies show that volatile
agents cause neuronal apoptosis. Barbiturates are one of the
more common agents used, but the evidence is scarce, and the
doses required are likely to exert significant depression of the
myocardium as well as to prolong the mechanical ventilation
[298]. Recommending specific agents for routine use is not clear-
cut, because the evidence is limited and conflicting.

6.9 Separation from cardiopulmonary bypass and
immediate management after the procedure

6.9.1 Balancing pulmonary and systemic blood flow and
maintaining cardiac output. Separation from CPB is a critical
and challenging time. The initial focus is on ventricular function

and rhythm. Reduced function or the presence of arrhythmias
can indicate myocardial ischaemia. There is a low threshold for
inspecting the Ao-PA amalgamation for a gradient across the
neo-Ao or mechanical obstruction of the coronary arteries. On-
table angiography, if available, may help when the cause of dys-
function is not clear.

The RV–PA conduit confers advantages over the MBTS in the
immediate postoperative period (see section on source of Qp for
S1P). Compared with the RV–PA conduit, the continuous PA run-
off throughout the cardiac cycle with an MBTS risks lower dia-
stolic BP, coronary steal and a circulation overly sensitive to
changes in PVR and SVR [299–302].

Similar to the cardiovascular state preoperatively, if there is
excessive Qp postoperatively, PVR can be increased by using
ventilation strategies, reducing the calibre of the conduit or shunt
or tightening b-PABs. Increasing PVR to improve circulatory bal-
ance is a valid method, although reducing SVR with systemic vas-
odilators to balance Qp/Qs maybe a better strategy [303–305].
Conversely, some patients exhibit elevated PVR or reactive pul-
monary vasculature following CPB, probably secondary to an
inflammatory response, and may benefit from ventilation strat-
egies with inhaled nitric oxide.

Stroke volume is maintained by optimizing preload, reduc-
ing afterload and using inotropes to improve ventricular
function. An ideal agent (not yet available) would improve car-
diac contractility, balance PVR and SVR, improve Qs, maintain
systemic diastolic perfusion pressure and have limited systemic
or metabolic effects. There is limited quality data comparing
inotropes in paediatric cardiac surgery [306]. Inodilators, in
particular milrinone, or systemic vasodilators, such as phenox-
ybenzamine, in combination with agents such as adrenaline,
noradrenaline or vasopressin are all in use [202, 304, 307].
Levosimendan (an inodilator with possible lusitropic proper-
ties) has been used successfully to augment CO in some
centres.

Arrhythmias can present postoperatively, most commonly
atrial tachycardias and bradyarrhythmias from sinoatrial node
dysfunction [308]. A ventriculotomy for an RV–PA conduit might
be arrhythmogenic, but there is no clear evidence of this [309,
310]. Correction of electrolyte imbalance, treatment with magne-
sium and temperature control are simple therapeutic options.
Direct current cardioversion is indicated for acute tachycardias
producing cardiovascular instability. Dual chamber epicardial
temporary pacing can be used to maintain an adequate HR or
sometimes to override atrial or junctional tachyarrhythmias.
Subsequent treatment for recurrent tachyarrhythmias with
b-blockers or amiodarone may be required, though care is war-
ranted because these agents, especially amiodarone, can signifi-
cantly reduce ventricular function [311].

Aiming for saturations between 70% and 85% is a simple way
to guide balancing of Qp/Qs. A steady improvement in acid-base
status and falling lactate levels suggest adequate Qs [312].
Persistent SvO2 levels <50% indicate a worse outcome [202, 256,
313, 314]. NIRS correlates with SvO2, is simple to use, and is non-
invasive. Because NIRS is useful for detecting problems during
CPB, there is a strong attraction to use it to monitor and guide
treatment, making it a standard of care in many centres [270,
315–317]. However, the evidence for goal-directed therapy using
NIRS in cardiac surgery remains elusive, with recent large adult
trials showing no advantage [318–320].

Optimizing Hb to a level between 13 and 16 g/dl will improve
DO2 [303]. Over-transfusion leading to higher Hb levels should
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be avoided, because it is likely to be detrimental to the DO2

[321].
Temperature control (especially avoiding pyrexia) has been

shown to be important in many clinical scenarios [322, 323]. Mild
hypothermia reduces DO2 and the tendency towards tachycar-
dia, which can be beneficial in states of low CO or problematic
arrhythmias. Potential problems with induced hypothermia
include an increased tendency towards infections and a coagulo-
pathic state.

6.9.2 Haemostasis. Bleeding and a coagulopathic state often
follow complex neonatal surgery with CPB, despite the initial
reversal of heparin with protamine. Because protamine can
depress the myocardium and cause significant swings in vascular
resistance by reducing SVR and increasing PVR, care is required
when administering it [324]. Reducing blood product use to
improve patient outcome is another major consideration [321,
325]. How one handles the perfusion procedure, the surgical
techniques and the equipment used will influence transfusion
requirements. Intraoperative rotational thromboelastometry or
thromboelastography to monitor the coagulation cascade for
directed treatment has become increasingly common and has
reduced the need for red cell transfusions when treating bleeding
patients [326–328].

The use of factor concentrates is a potential new avenue.
Fibrinogen concentrates, prothrombin complex concentrate,
recombinant factor VIIa, and anti-inhibitor coagulant complex
have all been used in cardiac surgery [329–334]. The main con-
cern with their use is the tendency for thrombosis, and as yet
there are no published large-scale trials. The use of antifibrino-
lytics such as tranexamic acid can reduce blood loss during car-
diac surgery [335, 336]. High-dose tranexamic acid is associated
with seizures [337]. The use of aprotinin remains controversial,
and although aprotinin is not currently used in North America, it
is still used in centres in the UK and Europe. Future data collec-
tion should clarify whether the increased adverse event risk in
adult aprotinin trials is present in the paediatric cardiac popula-
tion [338, 339].

6.9.3 Transitioning to the intensive care unit. A certain pro-
portion of patients undergoing a Norwood S1P will be unable to
separate from CPB, requiring conversion to ECLS (usually ECMO).
In such cases, particular attention during transport is directed to
avoidance of decannulation and/or kinking of cannulas and uti-
lizing a low ventilation strategy to minimize lung pressure and
volume trauma.

Transfer of the patient to the ICU requires a detailed handoff
to the accepting care team using closed loop communication.
Recent studies have demonstrated that protocolized checklists
result in improved efficiency and patient safety.

6.10 Summary

Research relevant to anaesthesia surrounding the initial treat-
ment for HLHS is limited. As survival continues to improve, the
focus will likely shift to improving associated morbidity. This goal
will best be accomplished by multicentre collaboration and
research.

7. PREPARATION AND TIMING FOR STAGE 1
PALLIATION FOR HYPOPLASTIC LEFT HEART
SYNDROME

Cases should be discussed by a multidisciplinary team wherever
possible, including a paediatric cardiologist, a cardiac surgeon, an
intensive care specialist and an anaesthesiologist. A detailed clini-
cal assessment and review of imaging data enable the most
appropriate surgical strategy to be chosen, and the operative
risks and prognosis established, so that accurate and balanced
counselling can be given to the parents.

7.1 Age at surgery

The optimum age for surgery is 2–7 days [137]. This is a class I
recommendation (evidence level C) based on extensive published
series of Norwood operations, which have demonstrated the
best outcomes within this age range. No RCTs examining the
impact of exact age (by day of life) have been published, and the
wide variation in clinical presentation and physiological stability
will have the strongest influence on the precise timing. Surgery
has been avoided where possible during the first days of life to
allow the postnatal circulation to stabilize and recover from the
trauma of childbirth. However, physiological decompensation or
restriction to the pulmonary venous return (see below) may
necessitate emergency intervention, even on day 1 of life (class I,
level C).

Older age at Norwood surgery is also a risk factor (class IIa,
level C) [340–345]. There is insufficient evidence to define how
risk increases with age beyond 7 days, or whether this risk is
incremental with advancing age. Norwood S1P in older infants is
commonly related to failed bi-V strategies in those with border-
line left heart structures. They constitute a mixed group whose
significant comorbidities and previous interventions make it

Anaesthetic management of infants with hypoplastic left
heart syndrome

Concept Classa Levelb

Reduce SVR and prevent surges in after-
load to improve systemic perfusion and
maintain a balanced Qp/Qs

IIb C

Reduce exposure to anaesthetic drugs
shown to cause neuroapoptosis

IIb C

The use of NIRS to monitor perioperative
course

IIb C

The use of TEG or ROTEM to monitor
and direct treatment of coagulopathy

IIb C

Minimization of CPB circuit to limit
inflammatory response and
haemodilution

IIb C

aClass of recommendation.
bLevel of evidence.
CPB: cardiopulmonary bypass; NIRS: near infrared spectroscopy;
Qp/Qs: pulmonary blood flow/systemic blood flow; ROTEM: rota-
tional thromboelastometry; SVR: systemic vascular resistance; TEG:
thromboelastography.
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difficult to interpret the isolated impact of age alone within a
host of competing risk factors. There is good evidence that
undertaking the Norwood procedure at >14 days carries a signifi-
cantly increased risk of death and prolonged length of stay.
However, there is no evidence to suggest that a Norwood proce-
dure is contraindicated or futile in the older age groups, provided
that the RV has been maintained at systemic pressure [346].

It may be safe to establish enteral feeding in some neonates
with HLHS prior to surgery, although published practices vary.
There is no evidence to suggest that withholding enteral feeding
protects against the development of NEC, and this practice does
not influence surgical outcomes (class IIa, level C) [347–349].
However, it is prudent to consider the general condition of each
baby, especially the adequacy of Qs and the metabolic profile,
because individual patients may be at a higher risk of gastrointes-
tinal problems with or without feedings. The importance of an
intact gastrointestinal tract in patients with HLHS cannot be
overstated.

7.2 Gestational age

There is strong and increasing evidence that gestational age is an
important determinant of clinical outcomes in neonatal surgery,
but it can be difficult to separate from low BW. There is class I,
level B evidence that prematurity increases the operative risk for
death after the Norwood operation [126, 132, 222, 350–354]
including evidence from the SVRT [35, 355]. There is also class I,
level A evidence that prematurity increases the risk of postopera-
tive morbidity and more prolonged ICU and hospital stays
[58, 356]. The risk of prematurity for CPB (especially risk of neu-
rological injury) is well established, with class I, level A evidence.
Occasional retrospective studies have not shown prematurity to
be an independent risk factor for death, but these are over-
whelmingly in the minority [232]. Most evidence is based on the
definition of premature birth as being at or before 37/40 weeks
of gestation. There has not been any attempt to stratify age by
degree of prematurity, although some studies have specified
<35 weeks [352]. The majority of studies regarding prematurity in
HLHS are based on a categorical yes or no definition, but by
extrapolation from wider studies in neonatal CHD, the operative
risk for prematurity rises exponentially with decreasing age.

There is limited information as to whether prematurity should
influence the age at which S1P should be performed. Delaying the
Norwood procedure in a premature infant to allow the organ sys-
tems to grow and mature has an appeal, but this is mitigated by the
risk of leaving the neonate with an unstable physiology and at risk
of interim end organ injury [357]. There is no good evidence that
delaying the Norwood procedure beyond the recommended 2- to
6-day-of-age window carries any benefit in premature infants.
Nevertheless, there is class IIa (level C) evidence that use of the h-
S1P (i.e. avoiding CPB) in premature infants may reduce the other-
wise increased mortality and morbidity rates [225, 358].

7.3 Weight

Low BW has been a consistently important risk factor for poor
outcomes as an independent variable. Weight as a continuous
variable has generally not been proven but discriminant values of
<2.5 kg and of <2 kg have class IIa evidence of being risk factors
for early and in-hospital death across all surgical techniques [35,
132, 222, 342, 343, 351, 353, 359–364]. BW has been a consistent
and important risk factor in all risk-scoring systems for predicting
Norwood procedure outcomes. Low weight appears to be an
immutable patient risk factor, and there is no evidence that strat-
egies to delay surgery or to try and increase preoperative weight
have any influence on improving survival [357]. Enthusiasm for
the h-S1P has provided some class IIIa evidence that its use in
low BW infants improves outcomes compared to the standard
Norwood S1P using CPB, but there have been no RCTs to sup-
port this concept [225, 358, 365]. The SVRT has suggested that
outcomes for infants <2.5 kg may be better with the MBTS
approach than with the RV–PA conduit, although the difference

Preoperative risk factors for mortality after Norwood stage 1
palliation

Preoperative risk factor Risk Classa Levelb

Premature birth Very high I B

Weight <2.5 kg High IIa B

Weight <2.0 kg Very high I C

Genetic or chromosomal
anomaly

Highc

I B

Preoperative ventilation Moderate IIb C

aClass of recommendation.
bLevel of evidence.
cVaries with condition: Turner’s and Down’s syndromes are both
associated with very high operative risk.

Anatomical or patient-related risk factors for mortality after
Norwood stage 1 palliation

Anatomical feature Risk Classa Levelb

Intact atrial septum Very severe I C

Need for ECMO Very severe I B

Obstructed TAPVD Severe IIa C

Unbalanced AVSD
subtype

Moderate–severe IIa C

TR >_ moderate Severe I C

Impaired RV function Moderate–severe IIb C

Asc Ao <2 mm Moderate IIa C

AA/MS subtype Moderate IIb C

Any associated
cardiac condition

Moderate IIa C

aClass of recommendation.
bLevel of evidence.
AA: aortic atresia; Asc Ao: ascending aorta; AVSD: atrioventricular
septal defect; ECMO: extracorporeal membrane oxygenation; MS:
mitral stenosis; RV: right ventricle; TAPVD: totally anomalous pul-
monary venous drainage; TR: tricuspid regurgitation.
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is small and is mainly from institutions with high-volume
Norwood programmes and in patients with AS rather than AA
[35]. A summary of the evidence relating age and weight to the
choice of Norwood procedure is shown in Fig. 18.

7.4 Preoperative ventilation

There is no evidence that preoperative ventilation improves out-
come, even if it used electively [366]. The need for preoperative
mechanical ventilation is a risk factor for poor outcome in many
series, but not universally [352, 362, 367]. The majority of centres
do not use ventilation routinely, so most patients are only venti-
lated for haemodynamic instability, excessive Qp and resuscita-
tion. Consequently, the need for mechanical preoperative
ventilation has been shown to be a risk factor for poor outcome,
and there is insufficient data to evaluate the role of elective venti-
lation. Evidence suggests that stable patients do not require elec-
tive ventilation (class IIa, level C). Similarly, elective ventilation for
transport in a stable patient is not beneficial and should be
avoided if possible (class IIa, level B). Ventilation for preoperative
MRI should be avoided if possible.

7.5 Non-cardiac and associated genetic
abnormalities

Genetic or chromosomal abnormalities in HLHS are strong and
consistent risk factors for poor outcome of the Norwood proce-
dure, both in-hospital and late. There is class I (level B) evidence
to support this contention [35, 126, 222, 350, 352, 355, 359, 361,
368, 369]. Most syndromes and genetic defects have been
studied in smaller retrospective series, so the evidence for indi-
vidual genetic anomalies and chromosomal defects is less clear.
In keeping with other major congenital heart lesions, comfort
care is recommended for trisomy 13 and 18 syndromes (class I,
level C) because the outcome of major cardiac surgery in these
populations is extremely poor, with no evidence that it alters the
severe life-limiting natural history. There is limited evidence for
the role of the Norwood procedure in both trisomy 21 and in

Turner syndrome, and both carry an increased risk for early
death (class I, level C) [369–374]. Mosaic variants of these anoma-
lies may have a better prognosis. The abnormal lymphatic system
in trisomy 21 can make S2P and stage 3 palliation high-risk pro-
cedures with poor outcome. For these reasons, the Norwood
operation might not be offered to such patients after appropriate
counselling.

7.6 Anatomical factors

A variety of anatomical factors have been examined, and several
have emerged as consistent risk factors for early and in-hospital
death following the Norwood operation, with others having
mixed evidence. This information should be taken into account
when counselling families and assessing suitability for surgery.
There is no individual anatomical factor that has been established
as an absolute contraindication to S1P, but IAS or severely r-FO
in the setting of MA carries an extremely poor prognosis and
high operative mortality rate.

7.6.1 Morphological subtype. AA carries a higher operative
risk than AS (class IIa, level B) but the increment is small and not
reported in all studies [360]. The SVRT showed that the risk of AA
was minimized by the use of an RV–PA conduit over the MBTS
(class IIa, level B) [35]. The combination of AA/MS carries a signif-
icantly higher risk for in-hospital death [40, 44, 196, 375, 376],
although not in the SVRT. This may relate to the presence of
myocardial sinusoids and coronary steal but is not seen consis-
tently. Despite considerable data on the morphological subtype,
there is only class IIa, level C evidence that AA/MS is an inde-
pendent risk for poor outcome.

7.6.2 Ascending aorta diameter. Small Asc Ao diameter is
strongly linked to AA, which confounds the risk factor analysis of
size alone. Multiple single-centre retrospective studies have cited
small Ao diameter (usually as a categorical variable of <2 mm) as
a risk factor for survival following the Norwood procedure [35,
344, 357, 362, 363, 365, 377]. Class IIa (level C) evidence indicates

Figure 18: Potential decision tree for the choice of S1P based on the best evidence from the Single Ventricle Reconstruction Trial and published series of the hybrid
S1P technique (as the preferred approach). The balance of evidence in favour of the RV–PA conduit has been reduced as the trial period has been extended, but there
remains a marginal benefit in the aortic atresia cohort, also supported by data from the Congenital Heart Surgeons’ Society. HLHS: hypoplastic left heart syndrome;
IAS: intact atrial septum; MBTS: modified Blalock–Taussig shunt; NEC: necrotizing enterocolitis; PA: pulmonary artery; r-FO: restrictive foramen ovale; RV: right ven-
tricle; S1P: stage 1 palliation: S2P: stage 2 palliation.
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that an Asc Ao diameter <2 mm carries a slight to moderate
increased risk for death following S1P.

7.6.3 Totally anomalous pulmonary venous drainage.
TAPVD is not consistently analysed in the literature, because it
frequently occurs in the presence of right isomerism or other
complex cardiac conditions that carry many other cardiac and
non-cardiac morbidities. The evidence suggests that obstructed
TAPVD is a severe risk factor for death after the Norwood proce-
dure (class I, level C), but there is no consensus on the impact of
unobstructed TAPVD [21, 24, 35, 42, 55]. The combination of
HLHS with obstructed TAPVD is extremely high risk, and active
treatment may not be offered in severe cases.

7.6.4 Intact atrial septum. r-FO and IAS have been consis-
tently identified as severe risk factors for early and late death
after the Norwood procedure [33, 158, 377, 378]. Any patient
with IAS, especially in the absence of forwards flow through the
left heart, should be considered as very high risk for the
Norwood procedure and requires initial emergency decompres-
sion of the LA (class I, level C). Antenatally diagnosed cases
should have delivery planned close to an available surgical team
and have resuscitation and ECMO facilities immediately available.
ECMO may be required to stabilize the patient, and urgent
decompression is indicated if active treatment is planned.
Antenatal diagnosis of pulmonary lymphangiectasia in combina-
tion with IAS carries an extremely poor prognosis, and active
treatment may not be offered [33]. Choice of operation depends
on the overall condition of the baby. Minimizing the duration
and complexity of an operation has been advocated by utilizing
the h-S1P approach (see subsequent sections) but there is insuffi-
cient evidence to support any one strategy over another. Both
IAS and obstructed TAPVD are associated with pulmonary lym-
phangiectasia of the lungs and developmental lung anomalies
that strongly influence early and late outcomes.

7.6.5 Ventricular function. All evidence for RV function is
based on echocardiographic assessment, usually on a subjective
scale of mild, moderate or severe impairment. Function does not
feature as an independent risk factor in several studies, but there
is class IIb (level C) evidence that >_moderate RV dysfunction is a
risk factor for in-hospital death following the Norwood proce-
dure [132, 365, 381].

7.6.6 Tricuspid regurgitation or common atrioventricular
valve regurgitation. There is class I (level C) evidence that pre-
operative >_moderate TR (or AVV regurgitation in the setting of
unbalanced AVSD) is a major risk factor for early and in-hospital
death [132, 351, 353, 367, 368]. TV repair has been advocated in
this setting, but there are no RCTs to evaluate the benefit of con-
comitant valve repair at time of the Norwood procedure. The
evidence suggests that TV repair is a safe procedure to undertake
at the time of the Norwood operation and should be considered
in any case with >_moderate TR.

7.7 Surgical set-up and bypass management

Median sternotomy is the only recommended surgical approach.
The h-S1P has been described as being performed through a left

posterolateral thoracotomy with safe outcomes, but midline ster-
notomy is usually the h-S1P approach [380].

7.7.1 Cannulation. Arterial cannulation can be performed in a
variety of ways, all of which have been shown to be safe and
reproducible. No strong evidence favours any one technique, but
the choice is affected by CPB strategy and individual morphol-
ogy. Cannulation of the DA is safe but requires changing the can-
nulation site to the neo-Ao after arch reconstruction. Standard
high Ao cannulation can be used in cases with a large Ao and is
the simplest technique. The cannula can be advanced into the
brachiocephalic artery and snared for antegrade RCP during arch
surgery. The most widely currently used arterial cannulation
method is placement of a vascular graft on the brachiocephalic
artery. This procedure allows secure arterial perfusion throughout
the operation and can be used to continue antegrade RCP during
arch repair without additional manoeuvres. A 3-mm polytetra-
fluoroethylene (PTFE) graft is most commonly used, placed above
the brachiocephalic vein. In cases with an aberrant subclavian
artery, the graft can be placed on the carotid artery.

Cases with IAA should ideally have dual arterial cannulas, 1
placed in the DA and 1 onto a brachiocephalic artery graft (or in
the Asc Ao if large enough). Some authors describe cannulating
the main PA (MPA) and snaring the branch PAs to avoid instru-
menting the duct. The disadvantage is that the branches cannot
be separated from the MPA without decannulation, and a longer
period of DHCA is required.

Whole-body perfusion during arch reconstruction has been
described but is not standard practice for the majority of report-
ing centres. The technique requires an additional Desc Ao cannu-
lation during arch reconstruction. This cannulation can be
performed directly via the posterior pericardium or by inserting
and then snaring a perfusion cannula into the lumen of the open
Desc Ao after the duct has been excised. These techniques are
safe and can be performed with mild hypothermia (32�C), avoid-
ing the need for deep hypothermia. There is a low incidence of
renal dysfunction and acidosis postoperatively [381–383].
However, these data are all based on observational studies, with
no trials to suggest any survival advantage over standard arterial
cannulation. There is class IIa (level B) evidence for less renal
impairment and shorter ICU stay.

Single venous cannulation of the RA has been the predomi-
nant reported technique. Bicaval cannulation is safe and has the
advantage of enabling atrial septectomy to be performed without
circulatory arrest. If continuous whole-body perfusion is the
chosen CPB strategy, then bicaval cannulation is also favoured.
Single cannulation is simpler and keeps the cannula away from
the surgical field when the surgeon is working on the RPA and
arch. There is no evidence to favour single or dual cannulation as
the preferred strategy.

7.7.2 Perfusion strategy. A variety of strategies exist without
any dominant technique. There has been a general trend to
move away from prolonged periods of DHCA, but the majority
of evidence supports the use of at least moderate hypothermia
to provide neurological protection and to accommodate periods
of less than full perfusion during arch reconstruction. The use of
antegrade RCP during arch repair has become increasingly popu-
lar, delivered via a PTFE graft on the brachiocephalic artery or an
arterial cannula high in the Asc Ao, which can be advanced into
the brachiocephalic artery and snared. Both techniques are
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acceptable. Published evidence for CPB flow adequacy during
RCP recommends 40–50 ml/kg, with pressure monitoring in the
upper limb. There are no trials to compare different flow regi-
mens. Temperature management depends on the perfusion strat-
egy. The use of pH verses a-stat strategies is discussed under
anaesthetic considerations.

7.7.3 Antegrade regional cerebral perfusion versus deep
hypothermia and circulatory arrest. Although there is evi-
dence of increasing use of RCP, there is no evidence of a survival
benefit when the 2 techniques are compared. There is class IIa
(level C) evidence of lower serum lactate levels and of some pro-
tection of renal function with RCP, but no survival benefit [277,
278, 384]. RCP is used routinely for S1P by >80% of US surgeons
[385].

7.7.4 Haematocrit and blood product utilization on cardi-
opulmonary bypass. The use of blood products for the
Norwood S1P is unavoidable, and practice is institution specific.
Whole blood or packed RBCs with fresh frozen plasma are rec-
ommended, for the goal being an Hct >25%, especially during
the cooling and rewarming phases when hypoxic and ischaemic
brain injuries are most likely to occur. It is recommended
that Hct be maintained up to 30% [386, 387]. Fresh blood
(<5 days old) is better metabolically balanced, with lower
lactate concentrations compared to stored blood and is recom-
mended for neonatal surgery with evidence of fewer pulmonary
complications(class I, level B) (see anaesthetic considerations)
[280, 281].

The use of DHCA is safe, and there is no evidence to suggest
that the use of short periods of DHCA per se is associated with
additional risk of death. However, because there is class I (level
B) evidence that longer periods of DHCA are strongly associated
with early mortality, every effort should be made to minimize the
duration of DHCA [44, 342, 355].

7.7.5 Antifibrinolytics. The use of aprotinin as an antifibrino-
lytic agent to reduce bleeding has been shown to be both effec-
tive and safe. Evidence comes from large trials and meta-analyses
of neonates and infants undergoing CPB and includes patients
with HLHS but does not include analyses of the data by diagnos-
tic groups. Nevertheless, the overall findings support the use of
aprotinin to reduce postoperative bleeding and for renal protec-
tion. The use did not affect the operative mortality rate [388,
389]. Although aprotinin is not currently used in North America
and Australia, it is still used in centres in the UK and Europe.
Future data collection should clarify whether the increased
adverse event risk in adult aprotinin trials is present in the paedi-
atric cardiac population (see anaesthetic considerations).

7.7.6 Delayed sternal closure. An open sternum is used com-
monly following the Norwood procedure, reflecting the com-
plexity of the surgery and the potential for haemodynamic
instability in the early postoperative period. A large multicentre
study from the Society of Thoracic Surgeons’ database found that
the chest was left open in 74% of cases [390]. All large published
series and the SVRT show that delayed sternal closure is used to
some extent by all centres. Routine use of delayed sternal closure
is commonly practiced or can be used based on the surgeon’s
preference in more complex, unstable or higher risk cases. There

is no RCT to support the use of delayed sternal closure, and the
evidence is therefore biased in that many centres only utilize this
strategy in higher risk and more unstable cases. As a conse-
quence, the SVRT demonstrated a higher early mortality rate
associated with delayed sternal closure, reflecting the higher
operative risk and comorbidities of the patients [353, 355]. The
recommendation is that delayed sternal closure should be con-
sidered if there is any concern about haemodynamic instability
or postoperative tissue oedema (class IIa with level of evidence
C) [353, 355, 379, 390]. Equally, primary chest closure is accept-
able in the setting of stable haemodynamics, but the level of evi-
dence is less strong and this procedure should probably be only
performed by experienced teams (class IIb, level C).

7.7.7 Myocardial protection. Standard cardioplegia regimens
that are applicable to all neonatal operations are recommended
for the Norwood procedure and have been used according to
standard institutional preference. Cold-blood intermittent dos-
ing of cardioplegia is the most common method. There is no
evidence to suggest 1 type or regime of cardioplegia is of bene-
fit over any other. Myocardial ischaemic time can be reduced
by perfusing the Ao root during arch reconstruction but there is
no evidence of any survival benefit. In AA, the implantation of
the proximal RV–PA conduit can be performed safely without
Ao clamping. This reduces the total Ao clamp time but has not
been shown to have any clinical benefit. Although there is a
trend for the use of a single-dose modified depolarizing intracel-
lular solution like the histidine-tryptophan-ketoglutarate solu-
tion or the del Nido solution, there is no evidence in the
Norwood operation of any outcome benefit compared to other
regimens.

7.7.8 Vasodilatation. The use of systemic vasodilators has
gained wide use in CPB and postoperative management of
patients having the Norwood procedure. There have been no
RCTs, but there is class I (level C) evidence that systemic vasodila-
tation produces more stable haemodynamics with better tissue
DO2 delivery and reduces the risk of cardiovascular collapse [304,
391, 392]. The use of fixed a-blockers such as phenoxybenzamine
has largely been superseded by phosphodiesterase inhibitors
[393]. Some centres also use sodium nitroprusside or phentol-
amine during the cooling and warming phases of CPB.

Intraoperative and institutional risk factors for death after the
Norwood stage 1 palliation

Operative factor Mortality risk Classa Levelb

DHCA duration Progressive I B

Use of ECMO Very high I C

Open sternum Moderate IIa B

Institutional volume Moderate IIa C

aClass of recommendation.
bLevel of evidence.
DHCA: deep hypothermic circulatory arrest; ECMO: extracorporeal
membrane oxygenation.
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7.7.9 Role of extracorporeal membrane oxygenation.
Circulatory support with ECMO within the operating room has
been widely used in the setting of the Norwood procedure when
there is failure to wean from CPB, severely deranged metabolic
status or borderline haemodynamics (despite high inotropic
requirements). It is reasonable to deploy ECMO in such circum-
stances (class IIa, level C), but only after remediable anatomical
lesions have been addressed. The predicted hospital survival (25–
30%) for ECMO in these circumstances is poor compared to
other neonatal cardiac conditions, and the need to use ECMO
has been shown to be a highly significant risk factor for postop-
erative death [394, 395].

7.7.10 Institutional volume/caseload. The relationship
between case volume and outcome has been analysed in con-
genital heart surgery, with the Norwood operation being the
most extensively studied index procedure. The Norwood case-
load for both a unit and an individual surgeon has been strongly
associated with improved survival in retrospective multi-institu-
tional studies [396–399]. The SVRT showed a stronger association
with decreased morbidity than with survival [35, 355, 379].
Although a strong trend, the relationship is not always upheld,
and many small-volume centres have reported good outcomes.
There is a stronger relationship for institutional volumes com-
pared with individual surgeon volumes. It is recommended that
centres should undertake >10 Norwood procedures per year to
optimize outcomes (class IIa, level B).

8. MANAGEMENT OF THE PULMONARY
ARTERIES, AORTIC ARCH AND ATRIAL SEPTUM
DURING THE NORWOOD STAGE 1 PALLIATION

8.1 Management of the pulmonary arteries

Good development of the PAs in HLHS (central and peripheral) is
crucial for the future effectiveness of the Fontan circulation. All
surgical procedures regarding the PAs, starting from the neonatal
period, should focus on promoting growth and avoidance of dis-
tortion and scar tissue.

The level of the MPA transection should be planned together
with the type of Ao arch reconstruction. Most surgeons prefer to
divide the MPA immediately below the bifurcation. The bifurca-
tion end of the MPA can be closed directly (preferably with a
vertical technique to prevent stenosis), but usually a small autolo-
gous pericardial or pulmonary homograft patch is recommended
[400–405]. Neither of these techniques has demonstrated superi-
ority, but loss of continuity between the RPA and left pulmonary
artery (LPA) has been observed when the distal PA was primarily
sutured. Surgeons who prefer the RV–PA conduit use this aper-
ture for the distal graft anastomosis, with or without an addi-
tional patch. Depending on the position of the PTFE graft in
relation to the neo-Ao, careful analysis of the geometry can pre-
vent distortion or compression of the central PAs by the distal
graft. There are several techniques for distal shunt anastomosis,
but none is superior (see shunt section). The ligated DA stump is
usually left in place and does not require additional patch-plasty.
Care should be taken not to obstruct the branch PAs with a too
proximally situated ligature.

The Norwood operation after h-SP1 with b-PAB requires a
careful assessment of the PAs after band removal. In most cases a

Hegar dilator alone (4–6 mm) is sufficient to address the PAB-
induced narrowing. However, discontinuity of the branch PAs as
a complication of the PAB should be addressed as early as possi-
ble to promote critically important PA development. In these
cases, an additional patch (autologous pericardium, PA homo-
graft) reconstruction is recommended.

The techniques with complete division of the PA branches
from the MPA (e.g. ‘PA trunk-saving’ method and ‘chimney
reconstruction’) require subsequent end-to-end anastomosis of
the left and RPAs, with the risk of stenosis, and are recommended
only during the c-S2P [406, 407].

8.2 Arch reconstruction techniques

The techniques of cannulation and management of CPB are
strongly dependent on the method chosen for reconstruction of
the arch and the Asc Ao. After several modifications of the origi-
nal technique, a ‘classic’ Norwood now usually implies PA homo-
graft patch augmentation of the entire arch and Asc Ao, with
proximal anastomosis of Asc Ao to MPA, without resection of the
Ao isthmus [341, 408–411] (Fig. 19A–C).

For a Norwood procedure with DHCA, the RA (venous) and
MPA (arterial) just above the sinuses of Valsalva are cannulated.
Dissection and mobilization of the arch and the Desc Ao are
done during cooling, separating the small Asc Ao from the MPA.
The Desc Ao should be dissected at least 2 cm below the junction
with the DA, but sacrifice of intercostal arteries is usually not nec-
essary [412]. In DHCA, the head arteries are snared and the cardi-
oplegic solution is administrated through a cannula in the
innominate artery. Arterial and venous cannulas may be removed
to assess the geometry of the reconstructed vessels [401, 403].
The PA end of the DA is ligated (see above), and all other DA tis-
sue should be resected. One should excise all the tissue macro-
scopically identified as ductal (thicker walled and more friable
than Ao) [405, 413]. It is usually unnecessary to transect or resect
the isthmus. Resection of the isthmus may require ligation of the
left subclavian artery, because its orifice is adjacent [414]. The
Desc Ao should be opened at least 7–10 mm beyond the DA
insertion. Identification of the intercostal arteries is helpful for
orientation, because they arise from the Desc Ao and not from
the DA.

The Ao arch is opened along the (lesser) inner curvature. The
Asc Ao should be opened along the left lateral wall adjacent to

Pulmonary arteries

Recommendations Classa Levelb

Patch reconstruction of the central PAs IIa C

Direct closure of the central PAs IIb C

Division of the branch PAs III C

Ligature of the proximal ductus
arteriosus, no patch

I C

aClass of recommendation.
bLevel of evidence.
PAs: pulmonary arteries.
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the MPA. If the Asc Ao is small (1–3 mm), the incision line should
reach more deeply into the Ao root (which is usually larger than
the diminutive Asc Ao) to the level of the transected MPA
(Fig. 19B). A CoA shelf on the posterior wall of the isthmus (a
ridge of intima and media) should be addressed and can be
peeled off without sharp dissection [415].

The material for the patch reconstruction of the Ao can be
autologous (pericardium) [401, 415–417], homologous (Ao, peri-
cardium, PA) or xenologous (bovine or porcine pericardium)
[416–419]. In most cases, surgeons prefer a PA homograft, not
only because of its pliability, handling and haemostatic properties
but also due to its thickness, which corresponds to that of the
neonatal Ao wall. The important disadvantage of homograft
patches is the lack of availability. The patch is roughly triangular,
oval at the top and wide at the base to fit the circumference of
the MPA (shield-shaped). Reconstruction is started in the
descending part, progressing to the arch and Asc Ao using a con-
tinuous polypropylene suture. At every stage of reconstruction,
the shape of the patch should be analysed and, if necessary, tail-
ored, because kinking or redundancy around very narrow areas
can cause early or late obstruction, which is poorly tolerated by
the SV. Appropriate tailoring of the patch is also essential to
avoid excessive dilation of the Asc Ao and compression of the
LPA or left bronchus. The golden rule ‘a patch as small as possible
but without kinking’ should be kept in mind.

Before completion of the Ao reconstruction, the proximal
MPA artery is longitudinally incised (3–5 mm), exactly adjacent to
the aortic root incision. The facing sides of the 2 roots are anasto-
mosed directly using a continuous suture. This step is probably
the most critical part of the Norwood procedure, because mini-
mal distortion in this region can result in poor coronary perfu-
sion. In a very small Ao, the scar tissue developing in the
anastomosis can cause stenosis and impair coronary blood sup-
ply. Alternatively, a double-barrelled technique can be used after
transection of the Asc Ao immediately above the sinotubular
junction. Reconstruction of the Ao is completed by end-to-end
anastomosis between the patched Ao and the proximal MPA.
After Ao reconstruction, the same purse string suture in the prox-
imal MPA (neo-Ao) can be used for arterial recannulation
(Fig. 19C).

Patch augmentation provides a more standardized, reproduci-
ble and easier surgical procedure, irrespective of arch morphol-
ogy or degree of Asc Ao hypoplasia. The posterior Ao wall in the

isthmus region can be left in continuity [420, 421]. One modifica-
tion using patch material involves initial complete reconstruction
of the arch with a homologous patch. The patch on the under-
surface of the arch is then incised, and the distal end of the MPA
is sutured to the opening in an end-to-side fashion to complete
the proximal anastomosis.

There are a variety of modifications of the classical Norwood
technique employing direct anastomosis of the proximal PA and
Ao arch with or without opening of the Asc Ao, and with or with-
out aortic isthmus and CoA resection. They are generically
termed ‘autologous techniques’ [401, 402, 406, 407, 412]
(Fig. 20A and B). A tension-free reconstruction of the Ao arch is
usually possible by extensively mobilizing the arch branches and
Desc Ao. In cases with AA and a very small Asc Ao it may be nec-
essary to transect and re-implant the Ao into the innominate
artery or MPA. The autologous techniques reduce DHCA time
and address possible disadvantages of the exogenous patches
(lack of growth, degeneration, possible transmission of viral infec-
tion, availability). Relative contraindications to this technique
include long, diminutive Asc Ao (<_2.5 mm in diameter), DA tissue
in the Ao arch between the left carotid and left subclavian artery,
a long DA and an aberrant right subclavian artery [43, 401].
Possible disadvantages related to this method are compression of
the branch PAs and left bronchus by the short arch. Saving autol-
ogous material from the MPA for arch reconstruction to protect
the LPA from compression comes at the expense of the central
PA tissue [406, 407]. The most important issue with the autolo-
gous techniques can be coronary perfusion (precoronary steno-
sis), notably in cases with AA and a small Asc Ao. This is an
important risk factor for postoperative death [401, 417, 422, 423].

In the ‘interdigitating’ technique, after resection of the isthmus,
2 longitudinal incisions are made in the anterior and posterior
walls of the Desc Ao (Fig. 20C). An extended end-to-end anasto-
mosis is made between the distal Ao arch and the posterior Desc
Ao [424]. This method may require a patch for arch augmenta-
tion and classical amalgamation with the proximal PA. The
rationale of this technique is based on the histological examina-
tion of the Ao isthmus in specimens with HLHS, proving that DA
tissue encircles the Ao lumen, with extension into the Ao both
proximally and distally from the DA orifice [425]. Potential resid-
ual DA tissue is split longitudinally in the anterior and posterior
portions, and the incisions are augmented with autologous tissue
posteriorly and the patch anteriorly.

Figure 19: (A–C) Classical aortic arch reconstruction technique for hypoplastic left heart syndrome (PA homograft patch augmentation of the entire arch and ascend-
ing aorta, with proximal anastomosis of the ascending Ao to the main PA, without resection of the aortic isthmus). Ao: aorta; BCA: brachiocephalic artery; LCA: left cor-
onary artery; LPA: left pulmonary artery; LSA: left subclavian artery; RA: right atrium; PA: pulmonary artery RPA: right pulmonary artery; SVC: superior vena cava.
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In the presence of a larger diameter Asc Ao (4–5 mm), the lon-
gitudinal incision of the Ao can be extended just to the origin of
the innominate artery. The arch can be anastomosed directly to
the MPA or partially anastomosed (just the posterior aortic wall)
with augmentation of the anterior wall using a patch (Fig. 21).

A right Ao arch is extremely unusual in HLHS but can be seen
in other forms of SV requiring the Norwood-type reconstruction.
In children with an additional IAA arch, it is usually possible to
anastomose the posterior wall of the aortic branches directly side
to side. Then the reconstruction can be completed by augmenta-
tion with a patch and amalgamation with the proximal MPA as
in the classic Norwood procedure [428]. In transposition of the
great arteries or malposition of the great arteries, an unob-
structed anastomosis of the Ao root, Asc Ao and the MPA can be
achieved with the ‘double-barrelled’ technique or the two-patch
technique (Fig. 22A–C) [426–428]. Disconnecting the proximal
Asc Ao from the distal Asc Ao in strategies other than the double
barrel technique can cause distortion, affecting the coronary sup-
ply, especially if the native Ao is very small (<2 mm); thus it is
generally not recommended. An aberrant right subclavian artery
can be left in place, and division is not recommended by any
level of evidence. In the rare case of an IAA with HLHS, the same
general principles of reconstruction apply, except that the 2 seg-
ments of the arch will always be separated and an anastomosis
will be required between the Ao arch and the Desc Ao, incorpo-
rating the MPA, usually with patch augmentation.

Recurrent CoA or arch obstruction requiring intervention is
common (7–36%), especially in non-HLHS forms of an SV under-
going S1P [66, 400, 413, 416, 419, 424, 429–432].
Echocardiographic criteria for recurrent CoA include a Doppler
maximum instantaneous gradient in the Desc Ao >30 mmHg
and/or a CoA index (ratio between the narrowest diameter of the
Desc Ao and the widest portion of the Desc Ao) <0.7 [433]. The
diagnosis by catheterization is angiographic narrowing of the Ao
with a peak systolic ejection gradient of >20 mmHg. Most
obstructions develop within 1–6 months after the Norwood pro-
cedure, and even mild degrees of obstruction can be clinically
significant, with signs of low Qs. Recurrent Ao arch obstruction
after S1P is associated with worse RV systolic function at the time
of S2P [415]. Early catheterization intervention is recommended
in patients with moderate or severe ventricular dysfunction,
moderate or severe TR or an abnormal Doppler flow pattern in
the abdominal Ao [66, 432, 434].

Recoarctation and acute arch angles increase wall shear stress
and energy loss, but stiff vessel walls after patch reconstruction
also consume energy resulting in an increased cardiac workload
[414]. Elasticity of the reconstructed Ao (compliance) is crucial for
single RV function. Patients with HLHS after the Norwood opera-
tion have increased Ao stiffness and decreased distensibility
[435]. A persistent increase in stiffness within the Ao after success-
ful repair of CoA, even without patch material, is well known
[436, 437]. Interestingly, nearly all arch obstruction after the
Norwood happens in the first several months of life, which is
probably related to technical problems in reconstruction rather
than to non-growth of the patch-augmented Ao. The growth of
the reconstructed arch is similar to that of the normal population
and occurs in the native tissue that comprises at least a part of
the circumference of the Ao at every level [438].

The types of the arch reconstruction and the patch material do
not affect the incidence of arch or isthmus preintervention as
much as the residual DA tissue and surgical technique do, i.e.
without extra material versus homograft patch, isthmus resection
versus no resection, homograft versus bovine pericardium
[43, 66, 400, 413, 416, 419, 420, 424, 430, 432, 439]. Studies

Figure 21: In the presence of a larger diameter ascending aorta (4–5 mm), the
longitudinal incision of the aorta can be extended just to the origin of the inno-
minate artery. The arch can then be anastomosed directly to the main pulmo-
nary artery or to the posterior wall of the arch directly with augmentation of
the anterior wall using a patch.

Figure 20: (A and B) Direct anastomosis of the proximal pulmonary artery and aortic arch with or without opening of the ascending aorta and with or without aortic
isthmus and resection of the coarctation of the aorta (‘autologous’ techniques). (C) Incisions in the distal aorta for the ‘interdigitating’ technique for direct aortic arch
reconstruction.
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assessing the ‘interdigitating’ technique report a lower incidence
of recurrent obstruction (0–13.7%) [340, 424, 440, 441].
Coarctectomy seems to result in a lower incidence of neo-Ao
arch and isthmus obstruction in comparison with the classical
technique, but the SVRT did not support this experience [416,
431].

In Norwood procedures, an optimal technical performance
may attenuate the effects of poor preoperative physiological sta-
tus and high case complexity, with a reduced hospital mortality
probability. Inadequate technical performance resulted in poor
outcomes regardless of preoperative status [442].

8.3 Atrial septectomy

An unobstructed FO is crucial at each stage of HLHS treatment.
The main issue with restriction of the FO is cyanosis and, less
often, congestion in the lungs. The Rashkind procedure pre-S1P
is rarely recommended, because it can cause unlimited Qp at the
expense of Qs. Creation of an unobstructed interatrial communi-
cation during S1P is recommended; if is done effectively, a repeat
septectomy is not required [443]. If the anatomy of the atrial sep-
tum is normal, the septectomy can be performed through the
cannulation site of the RA appendage [401, 405, 420]. Resection
of the whole septum primum and as much as possible of the sep-
tum secundum (after identification of the TV) is recommended
[408]. The atrial septectomy can be made at different stages of
the Norwood procedure, but the majority of surgeons perform it
as a first procedure after cardioplegic arrest. Abnormal anatomy
of the atrial septum or LA (displacement of septum primum,
intact or very thick septum, cor triatriatum) is not uncommon
and is an indication for full atriotomy for better visualization of
the septum and assessment of the pulmonary veins. Posterior
deviation (leftward displacement) of the septum primum occurs
in �55% of patients, and only 26% of children with HLHS have
normal atrial septal morphological characteristics [444]. In chil-
dren with persistent left SVC draining to the coronary sinus, the
septum primum is smaller and the resection can be more difficult
[443]. If a retrograde flow in a levoatrial cardinal vein is an LA
decompression pathway, then an r-FO or IAS should be sus-
pected [22]. IAS, present in �5% of children with HLHS, can cause
maldevelopment of the pulmonary vasculature (dilated lymphatic
vessels and arterialization of the pulmonary veins), which con-
tributes to a very high mortality rate [22, 411].

Recurrent restriction at the atrial level is rare (4.1%), manifest-
ing as severe cyanosis [443]. Only restriction at presentation (pre-
S1P) is associated with the risk of developing an r-FO after the
S1P operation. In some cases, the atrial septum may be prone to
pathological hyperplasia after S1P [443]. Restriction that has to be
addressed during the S2P procedure is rare (3–4%) [43, 445].
Transcatheter interventions (balloon septostomy, balloon dila-
tion) are recommended for a recurrent r-FO, but they not univer-
sally effective.

Figure 22: (A–C) In transposition or malposition of the great arteries, an unobstructed anastomosis of the aortic root, the ascending aorta and the main pulmonary
artery can be achieved with the ‘double-barrelled’ anastomotic technique.

Aortic arch reconstruction

Recommendations Classa Levelb

Resection of the macroscopically identi-
fied ductal tissue

I C

Resection of the posterior coarctation
shelf

I C

Resection of the isthmus (coarctectomy) IIa C

Reconstruction of the aortic arch without
extra material

IIb C

Transection and reimplantation of the
diminutive ascending aorta

IIb C

Incision of the descending aorta 5–10
mm beyond the ductus insertion

I C

Interdigitating technique IIa C

Longitudinal incision and direct ‘side-to-
side’ anastomosis of the adjacent (facing
sides) pulmonary and aortic roots

I C

aClass of recommendation.
bLevel of evidence.
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9. SOURCE OF PULMONARY BLOOD FLOW

9.1 Norwood stage 1 palliation and pulmonary
blood flow

As a consequence of the utilization of the MPA and PV for the
systemic outflow, Qp must be provided by creation of a reliable,
effective and durable source. In addition, one of the essential
goals of the Norwood procedure is to control Qp in order to
allow for appropriate growth and development of the pulmonary
vasculature in preparation for a BCPS. At the time of the
Norwood S1P, the Qp can be provided by a systemic-to-pulmo-
nary arterial shunt or a conduit between the RV and PA.

9.2 Systemic to pulmonary artery shunts

9.2.1 Central shunt. Central shunts, which originate from the
Ao and communicate directly or indirectly to a central PA, were
used in the early stages of development of the Norwood proce-
dure [412, 448]. Because they usually have a shorter length, they
provide more flow and a higher perfusion pressure. These factors
have been associated with improved development of the central
PAs and a lower risk of shunt thrombosis, particularly with
smaller shunts (3.0 mm) [447–449] (class IIa, level C). However,
central shunts, where there is a direct anastomosis of the Ao and
a branch PA, are particularly difficult to calibrate, leading to
excessive Qp and significant PA distortion. They may also be dif-
ficult to control at the time of reintervention [410, 446, 450] (class
IIb, level C). In light of the delicate circulatory balance required
by S1P physiology, excessive Qp is associated with significant
morbidity and mortality, in particular when recurrent Ao arch
obstruction is present [408, 451]. Nevertheless, it should be noted
that a central shunt constructed with a short PTFE conduit can be
beneficial in specific circumstances, for example, when patients
have elevated PVR as a result of r-FO, have initial palliation
beyond 14 days of age or have with significant hypoplasia of the
branch PAs [341, 342, 346, 452] (class II, level C).

9.2.2 Modified Blalock–Taussig shunt. As an alternative, the
MBTS has been utilized for decades as the preferred source of
Qp during the Norwood procedure. The perceived advantages
include origin from the innominate artery, since the size of this
vessel functions as an additional resistor to regulate Qp [408,
453–456] (class IIa, level C). However, the diameter of a PTFE
shunt is the primary determinant of its resistance. Alterations in

the length of the tube or in its position on the arterial tree have a
smaller but still important influence on the effective Qp [456]. In
neonates weighing 3.5 kg, a 3.5-mm shunt is usually appropriate
to achieve a balanced Qp/Qs near 1 [341, 408, 412, 457] (class
IIa, level C). In addition, when compared to the central shunt, the
location of an MBTS between the reconstructed neo Asc Ao and
the SVC makes it substantially easier to control at the time of
reoperation [447] (class IIa, level C). As with central shunts, sys-
temic-to-PA shunts allow diastolic flow run-off from the systemic
into the pulmonary circulation, which causes reversal of flow in
the Asc Ao and coronary arteries [458]. This diastolic flow reversal
results in decreased coronary blood flow reserve and has been
associated with myocardial ischaemia. Typically this process is
associated with dynamic changes in the systemic/pulmonary
resistance ratio, promoting excessive Qp at the expense of sys-
temic perfusion and increased myocardial work [459]. This phe-
nomenon contributes to the significant morbidity and mortality
of IS-1 [450, 460–463] (class II, level B). Moreover, MBTS shunt
size has been directly associated with the magnitude of TR at the
time of S2P [464] (class IIb, level C)

Although the use of a smaller shunt potentially mitigates exces-
sive diastolic run-off, unless it is in a central position, the use of
shunts <3.5 mm carries an increased risk of thrombosis, which
can be a life-threatening complication [465] (class IIb, level C).
Extrinsic manipulation of the shunt in order to reduce its size and
control Qp has been successfully utilized in the immediate perio-
perative period. This adjustment would facilitate the manage-
ment of patients who have excessive Qp [466] (class IIa, level C).

Due to ease of exposure, reliability and control, placing a PTFE
shunt on the innominate artery has become a common practice
[27, 43, 342, 352, 360, 408, 412, 447, 451, 453, 455–458, 465,
467–469]. This PTFE shunt not only can be used as the source of
Qp at the conclusion of the procedure, it is also frequently
used to provide antegrade systemic perfusion during cooling and
RCP during arch reconstruction [470–473]. The belief in the salu-
tary effect of RCP and the anticipated duration of the arch recon-
struction will affect the timing of relocation of the arterial
cannula to the reconstructed neo-Ao. It should be clear that
despite the intuitive appeal of RCP, the effectiveness of the cere-
bral protection conferred has not been demonstrated in several
neurodevelopmental studies, including 3 RCTs, and therefore
should be used with caution [277, 278, 384, 474, 475] (class II,
level A).

When utilizing RCP, it is common practice to perform the
proximal MBTS anastomosis on CPB during the period of cooling
or even prior to heparinization and CPB in order to minimize
bleeding. The PA anastomosis is then constructed during the
warming phase after arch reconstruction has been completed
[470, 476]. Arterial cannulation is shifted to the MPA for the anas-
tomosis between the PTFE shunt and the RPA.

An aberrant subclavian artery presents an additional challenge
to the insertion of a systemic-to-PA shunt, which in this scenario
would originate from the common carotid artery opposite to the
side of the Ao arch. Frequently, this is a smaller vessel and there-
fore has the increased risk of shunt inflow problems and a poten-
tial compromise of cerebral blood flow. The presence of an
aberrant subclavian artery has been associated with a higher risk
of both mortality and reintervention following the Norwood pro-
cedure, however, not in all published series [43, 401] (class II,
level C). An alternate approach is to avoid manipulating the caro-
tid artery and use a central shunt or an RV–PA conduit as the
source of Qp.

Atrial septum

Recommendations Classa Levelb

Wide resection of the septum primum in
normal atrial anatomy through the atrial
cannulation side

I C

Atriotomy for atrial septectomy in case
of abnormal interatrial anatomy

I C

aClass of recommendation.
bLevel of evidence.
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Systemic-to-PA shunt stenosis and/or thrombosis is a well-
described phenomenon associated with significant morbidity
and mortality that may require immediate intervention [477].
Catheter intervention has been described as an effective means
to diagnose and manage shunt issues, including stenting of the
shunt and balloon dilatation of a stenotic innominate artery (class
IIa, level C). Prompt ECMO support is as an effective manage-
ment strategy in cases of acute and life-threatening hypoxia asso-
ciated with shunt occlusion [394, 395] (class IIa, level C). The use
of aspirin following placement of an MBTS is common and may
have some clinical benefits. However, assessing its actual effec-
tiveness is complicated by the presence of resistance to antiplate-
let agents, even in high doses [478–481] (class II, level C).
Anecdotally, heparin-bonded PTFE shunts have been utilized
with success [482] (class II, level C).

9.3 Right ventricle–pulmonary artery conduit

The use of an RV–PA conduit has regained significant interest
and popularity. The original description by Norwood et al. [410,
446] included an RV–PA conduit to provide a reliable source of
blood flow to the central PAs. This technique was quickly aban-
doned due to the unavailability of an appropriately sized conduit
for a neonate [454]. Since then, the use of the RV–PA conduit has
been revisited and quickly embraced, based on its inherent
advantage of haemodynamic stability due to elimination of dia-
stolic run-off from the systemic (and coronary) circulations [300,
471, 472, 483–485]. Despite initial success and improved survival
reported in single-centre studies, significant concerns remain
regarding the ventriculotomy associated with an RV–PA conduit
and the potential for late ventricular dysfunction and dysrhyth-
mias [64, 100, 310, 452, 486, 487] (class IIb, level B).

PTFE is the most commonly used material for the RV–PA con-
duit. It is inexpensive and readily available in a broad range of
suitable sizes. Alternatively, in order to reduce the regurgitation
fraction into the RV, small homografts (surgically reduced) or
saphenous vein grafts have been successfully used for RV–PA
conduits [488, 489]. Nevertheless, considering the inherently
lower volume load associated with an RV–PA conduit and the
limited time prior to S2P (6 months or less), there is no evidence
of clinical improvement to support their use, which therefore
remains at the discretion of the surgeon [488–490]. (class II,
level C).

The most common conduit size used is 5 mm for patients
between 2.5 and 4 kg. Six-millimetre tubes are used for larger
patients or those with possibly high PVR (restrictive ASD anoma-
lous pulmonary venous connection with obstruction). Four-milli-
metre conduits are reserved for patients with BW <2.5 kg [299,
300, 355, 360, 467, 469, 483–485, 491–494] (class II. level C).
Alternately, if excessive Qp is present, the conduit could be cali-
brated to a smaller cross-section by placing partially occluding
vascular clips externally. This particular approach would permit
increasing the cross-section of the conduit by ballooning the
area crimped by the clips, effectively allowing growth without a
need for surgical revision of the conduit.

The technique for insertion requires the anastomosis of the
distal end of the conduit, which is bevelled with the toe towards
the RPA (if the conduit is placed to the left of the neo-Ao), to a
patch of pericardium, pulmonary homograft or PTFE. This patch
facilitates and augments the anastomosis to the distal MPA or
central PA. Alternately, where commercially available, a PTFE

conduit attached to a segment of PTFE membrane has been suc-
cessfully utilized [300, 483, 484] (class IIa, level C).

The proximal anastomosis is constructed using a limited ventri-
culotomy in the infundibulum of the RV, avoiding any important
epicardial vessels. The site of the incision should be chosen care-
fully and located at least 5–10 mm below the semilunar valve
annulus in order to preserve the integrity and function of the
native PV and to avoid important coronary arteries, either with
the incision or the suture line. The incision should accommodate
a 5- to 6-mm conduit and full-thickness suture line and is con-
structed incorporating the epicardium and endocardium in order
to avoid obstruction of the conduit inflow by protrusion of the
RV muscle at the proximal anastomosis. Alternately, the infundi-
bulotomy can be expanded, separating the muscle fibres bluntly
or using a coronary punch to create a larger and well-defined
edge, albeit with a larger RV muscle resection [222, 300, 359,
360, 467, 484, 489, 492, 494, 495]. In addition, the edges of the
ventriculotomy could be undermined in order to prevent
obstruction by the RV muscle. However, undermining the RV
wall should be limited because this procedure can lead to signifi-
cant thinning and weakening, resulting in a pseudoaneurysm
[496, 497] (class IIb, level C). The use of this type of Qp has gained
widespread acceptance but has been associated with a significant
increase in the need for reinterventions to address stenosis of the
conduit either at the proximal or distal anastomotic site or the
proximal origin of the branch PAs [498–500] (class IIb, level C).

Various technical modifications have been described to avoid
obstruction of the conduit, including the use of a ring-reinforced
PTFE conduit that can be pushed through the infundibulotomy at
the proximal and/or distal anastomotic site, known colloquially
as the ‘dunk’ or ‘double dunk’ technique [501–504] (class II, level
C).

The insertion of an RV–PA conduit can be staged during the
procedure, depending on surgeon preference. Construction of
the distal anastomosis is performed after transection of the MPA
and commonly follows the reconstruction of the neo-Ao arch. It
is important to complete the distal anastomosis and remove any
pericardial traction to allow structures to resume their normal
position in the mediastinum prior to determining the length of
the conduit. This procedure facilitates estimating the appropriate
length of the conduit to reach the ventriculotomy without com-
pressing the heart and coronary arteries or kinking if the conduit
is too long. Similarly, the proximal anastomosis can be performed
after reperfusion of the heart, minimizing myocardial ischaemic
time and allowing assessment of neoaortic regurgitation through
the ventriculotomy.

Positioning of the conduit both to the left and right of the
reconstructed neo-Ao has been described with similar outcomes.
This preference is largely based on institutional experience, the
goal being to avoid central PA distortion and compression by the
sternum. Lateral positioning also facilitates addressing a right
branch PA stenosis, if needed, at the time of S2P. An important
consideration when placing the conduit to the right of the neo-
Ao is the potential for conduit laceration or disruption at the
time of sternal re-entry [467, 484, 485, 491, 492, 500] (class II,
level C).

9.4 Single Ventricle Reconstruction Trial

Following the introduction of an RV–PA conduit for Qp, a multi-
tude of studies reported opposing conclusions about improved
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outcomes with this modification. Equipoise regarding choices for
Qp was established and to answer this question, a multicentre
prospective RCT was undertaken by the Paediatric Heart
Network in 155 institutions in North America to compare the
outcomes of the Norwood procedure, randomizing the source of
Qp between MPBT shunts and RV–PA conduits [299].

9.4.1 Primary outcome. Following randomization of 555 sub-
jects, the intention to treat analysis demonstrated that the trans-
plant-free survival at 12 months was 10% higher (74% vs 64%)
following Norwood procedures utilizing RV–PA conduits for Qp.
The relative risk of death or need for transplant with the RV–PA
conduit (compared to an MBTS) was 0.72. Events within 30 days
(death, acute shunt failure, cardiac arrest, ECMO, unplanned car-
diovascular reoperation or NEC) occurred in 28/274 (10%) infants
in the RV–PA conduit group and in 38/275 (14%) in the MBTS
group. From postoperative day 30 to S2P, events occurred in 29/
243 infants (12%) versus 52/236 (22%), respectively.

The mean follow-up time for survivors who did not undergo a
transplant was 32 ± 11 months (range 12–52 months). On the
basis of all follow-up data, the difference in transplant-free sur-
vival between the 2 groups was no longer significant after
12 months (P = 0.06), primarily because most of the mortality in
the MBTS group occurred early in the follow-up period. Non-
proportional hazards testing showed that the treatment effect
differed in the periods before and after 12 months (P = 0.02).
After 12 months, 10 deaths and 6 transplants occurred in the RV–
PA group, compared to 7 deaths and 0 transplant in the MBTS
group (8% vs 4% of infants who survived >12 months), therefore
eliminating the superiority of the RV–PA in terms of transplant-
free survival [57].

It should be noted that although there was �10% crossover
from 1 group to the other, the primary reason for crossover was
anatomical, and most of these events (84%) occurred during the
original procedure. There was no difference in crossover inci-
dence between groups. Similarly, the incidence of shunt revision
was 5%, without differences between groups. Analysis of non-
intention to treat (shunt actually received) revealed that the
transplant-free survival advantage beyond 12 months remained
significantly better in the RV–PA group compared to the MBTS
group (25.6% vs 37.3%, with an absolute increase of 11.7% in sur-
vival; P = 0.003) (class IIa, level B). This early difference in the
mortality probability may be explained by the physiological
advantages of the RV–PA conduit in the early postoperative
period.

9.4.2 Secondary outcome. Although morbidity during the
Norwood admission was similar between the shunt groups, fewer
patients in the RV–PA conduit group required early BCPS resusci-
tation for hypoxaemia after the Norwood procedure. This result
is a likely reflection of the less vulnerable physiology afforded
patients who do not have parallel circulations connected at the
arterial level [474] (class IIa, level B).

Importantly, patients with an RV–PA conduit required more
unplanned cardiovascular interventions in the first 12 months.
These were largely balloonings and stent placements in the PTFE
graft or PAs arteries initially, but more commonly following dis-
charge in the RV–PA group [57]. Comparison of the effect of the
MBTS versus the RV–PA conduit on RV function and PA growth
revealed that the use of an RV–PA conduit was associated with a
lower end-diastolic volume and higher RV ejection fraction

following the Norwood procedure. However, these differences
were not demonstrable by 12 months after randomization. In
addition, angiographic assessment prior to S2P demonstrated a
higher Nakata index and better RPA growth in the patients who
received an MBTS [299].

Additional analysis of the impact the Qp type may have on
non-modifiable factors (prematurity, BW, patency of the AoV)
revealed that the RV–PA conduit was associated with a significant
survival advantage in term babies with AA (51% of the cohort).
The mortality rate in this group was 31% less with the RV–PA
conduit than with the MBTS (class IIa, level B). Qp type had no
influence on the outcome of term patients with a patent AoV
and preterm patients with AA (45% of the cohort).

Unexpectedly, the RV–PA shunt may have been associated
with a survival advantage in preterm patients with a patent AoV;

however, the numbers were too small to be conclusive about this
association [35] (class IIa, level B).

Qp source type was not associated with an indication for a
heart transplant, and the variables associated with listing for a
heart transplant included poor RV function pre-Norwood, diag-
nosis other than HLHS and number of interventions prior to the
Norwood procedure. Nevertheless, an RV–PA conduit was asso-
ciated with better survival during the wait-list period [86] (class
IIa, level B).

It appears that surgeon and institutional experience with a par-
ticular strategy (whether MBTS or RV–PA conduit) may be the
most important determinant of institutional outcomes (rather
than choosing a strategy successful elsewhere). Only site volume
showed an interaction, with higher volume negating the advant-
age of the RV–PA conduit with respect to transplant-free survival.
This finding may reflect the expertise of individual surgeons or

Modified Blalock-Taussig shunt

Recommendations Classa Levelb

MBTS facilitates regulation of Qp IIa C

MBTS facilitates Qp control at the time of
reoperation

IIa C

MBTS facilitates titration of excessive Qp IIa C

MBTS facilitates implementation of RCP IIa C

MBTS is associated with diastolic run-off
away from Asc Ao and higher IS-1 mor-
tality rate

IIb C

Use of MBTS more difficult with aberrant
subclavian artery

II C

Catheter intervention can be effective to
resolve shunt stenosis

IIa C

ECMO is a useful adjunct to manage
acute shunt failure

IIa C

aClass of recommendation.
bLevel of evidence.
Asc Ao: ascending aorta; ECMO: extracorporeal membrane oxygen-
ation; IS-1: interstage 1; MBTS: modified Blalock–Taussig shunt; Qp:
pulmonary blood flow; RCP: regional cerebral perfusion.
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greater institutional experience in the perioperative care of
patients with an MBTS.

Neurodevelopmental impairment is higher in survivors of the
Norwood procedure than in the normal population. Analysis of
this cohort, including formal neurodevelopmental testing at
14 months of age, revealed impairment was highly associated
with innate patient factors and overall morbidity in the first year
rather than with the intraoperative management strategies
(including source of Qp or perfusion strategy utilized for the
Norwood procedure [41] class II, level B).

10. SPECIAL SURGICAL CONSIDERATIONS

10.1 Restrictive atrial septal defect and anomalous
pulmonary veins

IAS or r-FO is a predictor of poor outcome among patients with
HLHS. Despite aggressive postnatal treatment, the perioperative
mortality rate can exceed 50% [22, 35]. Patients with an r-FO
exhibit more significant pulmonary venous thickening, lymphatic
dilatation, hypoplastic PAs and a tendency towards persistence of
high-resistance foetal vessels compared to patients with a non-r-
FO [35, 505, 506]. The currently accepted definition of IAS or
highly r-FO includes the following:

1. The atrial septum is intact on either a prenatal or postnatal
echocardiogram.

2. A prenatal echocardiogram shows a small FO with prominent pul-
monary venous flow reversal.

3. The neonate requires urgent catheter LA decompression for clinical
signs of LA hypertension (severe hypoxia, haemodynamic instability
or both).

Prenatal diagnosis of this condition is of paramount impor-
tance (see foetal diagnosis section). As discussed previously, pre-
natal examination allows one to stratify the risk of emergency
septostomy and to plan appropriate delivery and postnatal treat-
ment [143, 153]. After birth, r-FO is defined by both clinical and

imaging criteria [378]. Nevertheless, clinical rather than echocar-
diographic criteria should guide decision-making and timing for
intervention [230]. The SVRT reported a preoperative mortality
rate of 23% for newborns with this condition [34].

Newborns with HLHS and obstruction to pulmonary venous
return with deep cyanosis after birth are initially managed by
rapid institution of mechanical ventilation with high FiO2 (0.5–
1.0) and low inspiratory mean pressure to avoid further decrease
in Qp. Inotropic treatment with dopamine, epinephrine or nore-
pinephrine is added to support cardiac function, increase SVR
and promote Qp [507]. Use of sodium bicarbonate to compen-
sate respiratory acidosis is not recommended in this setting
because its hydrolysis causes a further increase in CO2, worsening
the acidosis. In patients who remain very unstable despite medi-
cal management, ECMO support should be considered. After sta-
bilization, further management should be directed to solve the
obstruction to the pulmonary venous return as quickly as possi-
ble. According to the severity of obstruction, clinical picture and
morphology of the atrial septum, several strategies have been
described.

A surgical approach, either by septectomy or the Norwood
operation, carries an extremely high operative risk, with survival
�20% [158]. This is true even with a planned caesarean delivery,
probably because an operation with CPB is poorly tolerated in
critically ill neonates with severe pulmonary congestion. The
most reasonable approach is immediate postnatal transcatheter
intervention [141, 158]. Depending on the septal anatomy, the
procedure can be accomplished by a traditional balloon septos-
tomy, a static balloon dilation or placement of a stent. With IAS,
it is necessary to create a defect by puncture, with successive bal-
loon dilation and/or stent placement.

Rarely, for patients in whom prenatal examination predicts a cata-
strophic clinical picture after delivery, an ex utero intrapartum ther-
apy has been described [153]. With this strategy, the head of the
infant is delivered via a caesarean delivery so that ECMO support
can be initiated before separation from the placenta. Subsequently,
a transcatheter procedure is performed under ECMO support.

In addition to the high risk of death, transcatheter procedures
carry a relatively high incidence of complications, including stent
dislocation and haemorrhage from perforation of the atrial wall,
both of which are life-threatening. The small LA typically seen in
this condition raises the technical challenge and risk of complica-
tions [230].

After successful septostomy, evolution of PVR can be difficult
to predict. In some patients, decompression of the LA can lead to
early excessive Qp and congestive heart failure, requiring urgent
intervention. It is reasonable to proceed with a S1P Norwood or
h-S1P procedure as soon the patient is stable and recovers end
organ function, usually within 3–5 days [141, 158]. The need for
emergency b-PAB after septostomy has been also reported.

The perioperative management of the Norwood operation can
also be complicated. Even after septostomy, patients can have
high PVR, exacerbated by CPB. Larger shunts may be required, at
least in the immediate postoperative course. Subsequently, when
PVR decreases, the clinical picture could turn towards excessive
Qp, heart failure and circulatory collapse. A higher incidence of
shunt revision and postoperative ECMO support has been
reported [141]. A strategy with neonatal h-S1P followed by a c-
S2P a few months later certainly avoids a complex procedure
that requires CPB in these sick newborns. However, at the
moment, there is no evidence that delaying the operation
improves early and intermediate outcomes [508].

Source of pulmonary blood flow

Recommendations Classa Levelb

Central shunt is associated with
increased pulmonary blood flow

IIb C

Central shunt may be indicated for high
PVR (restrictive atrial septal defect, age
>14 days)

IIa C

Innominate artery insertion IIa C

Central pulmonary artery growth is
enhanced by central shunts

IIa C

Central shunts are more prone to
morbidity

IIb B

aClass of recommendation.
bLevel of evidence.
PVR: pulmonary vascular resistance.
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Despite some improvement in the early survival of patients
who had a successful postnatal transcatheter procedure followed
by an interval Norwood procedure, there is a decreased 1-year
survival rate, with a significant number of deaths during IS-1
[132]. These findings suggest that patients with r-FO have pulmo-
nary vascular abnormalities that place them at higher risk for all
surgical interventions [148].

In the last decade an increasing number of prenatal proce-
dures have been offered for foetuses with HLHS with r-FO/IAS
[143]. Although procedural success can be achieved in a good
proportion of cases, it does not always translate to a patent
FO after delivery. For patients with FO patency without
severe restriction at birth, early outcome in terms of stability,
incidence of complications and survival to S1P has improved.
Longer-term benefits including normalization of PVR are
speculative.

Anomalous pulmonary venous connection is a relatively com-
mon finding in SV lesions associated with heterotaxy syndrome
(right isomerism), but it has also been described in HLHS [191].
The anomalous connection should be repaired at the time of the
Norwood procedure by anastomosis between the pulmonary
venous confluence and the most convenient part of the common
atrium, basically adopting the same techniques used to repair
TAPVD in bi-V circulation. The connecting vein could be left
open at this stage but should be occluded at S2P to avoid a
right-to-left shunt thereafter. Prognosis of these patients, espe-
cially those with obstructed TAPVD, remains poor, with a sub-
stantial early and midterm mortality rate. Only a few will reach
Fontan completion. Similarly, for patients with r-FO/IAS, anoma-
lies in the pulmonary vascular tree and lung development are
common findings. A heart transplant has been proposed, but this
option, in addition to the operative risk, is, in practice, limited by

organ shortages. In any case, high PVR is a risk factor for a heart
transplant as well.

10.2 Inferences

There is evidence that severe r-FO/IAS and obstructive TAPVD
increase the mortality rate of patients with HLHS. The increased
risk phase concerns not only the prenatal and immediate postop-
erative period but continues during follow-up:

• A transcatheter procedure should be considered to be first-
line treatment in patients born with HLHS and r-FO/IAS,
despite a high incidence of complications.

• A primary surgical approach either by atrial septectomy or
emergency Norwood operation carries a much higher risk
than a transcatheter approach and is not recommended.
Conversely, surgery should be performed immediately in
patients with anomalous pulmonary venous connection with
obstruction.

• After a transcatheter procedure, provided that the obstruction
to the pulmonary venous return is resolved, it is reasonable to
proceed with a Norwood S1P within a short time.

• There is no evidence that MBTS is superior to an RV–PA con-
duit in patients with obstruction to pulmonary venous return.
The postoperative period can be stormy, even requiring revi-
sion of the shunt and ECMO support.

The rationale for foetal procedures to decompress pulmonary
venous return is based on the possibility of improvement in vas-
cular and lung development. Due to the high risk of maternal–
foetal complications, prenatal procedures should be concen-
trated in centres with high expertise.

Restrictive foramen ovale and obstructed totally anomalous pulmonary venous drainage

Recommendations Risk Classa Levelb

IAS or r-FO predictors poor outcome for HLHS Severe I B

Prenatal diagnosis: allows risk stratification and planning appropriate delivery and postnatal treatmentAfter
birth: clinical not instrumental criteria should guide decision-making and timing for intervention

IIa C

A transcatheter procedure should be considered first-line treatment in patients born with HLHS and r-FO/IAS,
despite a high incidence of complications

IIa C

A primary surgical approach (atrial septostomy or emergency Norwood procedure) carries a much higher risk
than the transcatheter approach and is not recommended

IIa C

It is reasonable to proceed with an S1P (hybrid or Norwood) shortly after a successful transcatheter procedure.
No evidence of a superiority strategy (Norwood versus h-S1P; MBTS versus RV–PA conduit)

IIa C

Surgery should be performed as early as possible in patients with anomalies of pulmonary venous connection
with obstruction. The anomalous connection should be repaired by anastomosis between the common pulmo-
nary vein and the most convenient part of the common atrium

IIb C

aClass of recommendation.
bLevel of evidence.
h-S1P: hybrid S1P; HLHS: hypoplastic left heart syndrome; IAS: intact atrial septum; MBTS: modified Blalock–Taussig shunt; PA: pulmonary artery; RV: right
ventricle; S1P: stage 1 palliation; r-FO: restrictive foramen ovale; TAPVD: totally anomalous pulmonary venous drainage.
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10.3 Tricuspid valve

TR is a relatively common problem in patients with HLHS. About
25% will have moderate or severe TV dysfunction, requiring sur-
gical repair along the SV pathway [509, 510]. There is also evi-
dence that moderate–severe TR is related to poor survival,
increased morbidity, decreased long-term functional results and
prevention of completion of the SV pathway [35, 77, 368]. Severe
TR already existing at first presentation frequently becomes more
obvious after surgical palliation.

Pathophysiological mechanisms responsible for TR are often
multiple. Annular dilation caused by volume load has been con-
sidered the ‘trigger’ mechanism [511]. On the other hand, TV
structural abnormalities, both of leaflets (dysplasia, clefts, defects
in tissue) and the subvalvular apparatus (abnormal papillary
muscle and chordae), have been described [103, 511, 512].
Improvements in echocardiographic and MRI techniques have
allowed us to look deeply into the pathophysiological mecha-
nisms of the systemic RV, identifying other more complex mech-
anisms responsible for TR. It is becoming more evident that the
RV per se is poorly adapted to the systemic workload and often
remodels in an unfavourable manner. Intraventricular dys-syn-
chrony, displacement of papillary muscles with prolapse or teth-
ering of the valve and change in the spatial arrangement of the
interventricular septum due to altered interaction with the small
LV can all contribute to development of TR [104, 107].

After S1P, TR could be related to myocardial damage due to
ischaemia (coronary insufficiency, insufficient myocardial protec-
tion, use of large shunts and high afterload related to residual
arch obstruction) [510]. The Qp source used at the first stage
(MBTS versus RV–PA conduit) does not correlate with the devel-
opment of TR [513]. In any case, different mechanisms may coex-
ist in the same patient, so TR is frequently a mix of organic and
functional disease, making repair challenging.

Transthoracic 2D and colour Doppler echocardiography
remain the most common tools to evaluate TV function and
assess anatomical mechanisms responsible for TR. Each

component of the valve should be systematically analysed,
including the annulus, leaflets and subvalvular apparatus. Interest
is evolving in better evaluation of TV anatomy and function using
3D technology, with the goal of designing innovative surgical
procedures [106, 499, 514]. MRI and cardiac catheterization are
important during IS-1 and interstage 2 (IS-2) for better assess-
ment of RV function and arch anatomy. Direct valve inspection
with a saline injection test could underestimate the dynamic
aspect related to papillary muscles and ventricular function.
There is wide variability between echocardiographic and surgical
assessment of TV function. Structural leaflet abnormalities are
more commonly diagnosed by surgeons whereas prolapse or
restriction is more commonly seen by echocardiographers [104].

Severe TR presenting at birth remains an extremely challenging
problem, with poor early and IS-1 prognosis. Surgical abstention,
a heart transplant and, recently, the h-S1P procedure have been
advocated [515]. Pre-S1P treatment of significant TR is based on
control of SV volume load by medical management, ensuring DA
patency and the use of mechanical ventilation to control Qp
[516]. The majority of TV procedures are performed at S2P, dur-
ing IS-2 or at the completion Fontan procedure [511, 517, 518].
There are few reports in which TR is specifically addressed con-
comitantly or around S1P. The indication for a concurrent valve
procedure has been severe TR, but more often these reports
come from institutions where a primary heart transplant is not
available [519–521].

During S1P, valve repair is performed with cardioplegic arrest
before or after arch repair. DHCA is avoided with the use of
bicaval cannulation. As in any valve operation, optimal repair
depends on correct identification of the mechanisms that sustain
TR. Indeed, when repair is performed concomitantly with S1P, it
is usually limited to commissural obliteration, cleft closure and
annuloplasty. Commissural obliteration is done when TR is
related to anterior leaflet prolapse that more frequently occurs at
the anteroseptal or posteroseptal commissures. The most com-
mon technique for correction consists of obliteration with either
doubly armed pledgetted sutures or 2–3 separate sutures of 6/0

Tricuspid valve

Concept-strategy Risk Classa Levelb

TR >_moderate increases mortality and morbidity rates and prevents completion of the SV pathway Severe I B

Transthoracic 2-dimensional and colour Doppler echocardiography remain the most common tools to evaluate TV
function and assess anatomical mechanisms responsible for TR. 3D technology could improve evaluation of TV
anatomy and function

IIa C

Newborns with severe TR, especially with RV dysfunction, carry a high risk for surgical palliation and should be con-
sidered for a heart transplant. Valve repair could be attempted only if RV function is not impaired

IIa C

The majority of TV procedures are performed at S2P, during IS-2 or at Fontan completion IIa C

Optimal repair depends on correct identification of mechanisms that sustain TR. Closure of clefts and commissures,
edge-to-edge repair and annuloplasty are the most common techniques adopted for repair of the TV in newborns
concomitantly or immediately after a Norwood procedure. Partial annuloplasty creating a bicuspid valve yields bet-
ter results than other types of annuloplasty

IIb C

Progressive RV dilation and dysfunction play a major role in late TV failure despite an initially successful repair IIb C

aClass of recommendation.
bLevel of evidence.
IS-2: interstage 2; RV: right ventricle; S2P: stage 2 palliation; SV: single ventricle; TR: tricuspid regurgitation; TV: tricuspid valve.
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or 7/0 polypropylene [511, 517]. Individual clefts or other tissue
defects are also closed by simple interrupted sutures.
Annuloplasty in newborns and small infants cannot include rigid
or semi-rigid rings and is generally partial. The most common
technique involves running parallel mattress sutures along the
annulus from the anteroposterior to the posteroseptal commis-
sure, essentially obliterating the posterior leaflet, creating a bicus-
pid valve [517]. A classical De Vega annuloplasty has also been
described but seems to be less effective and less durable. To
avoid an excessively narrow valve, the new orifice size is cali-
brated at 100% of normal TV diameter [522].

Patients with unbalanced AVSD with LV hypoplasia and DA-
dependent Qs treated initially by the SV pathway require special
attention. The AV junction is characterized by a common dys-
plastic valve, with multiple clefts and commissures. Frequently,
portions of the leaflets are poorly supported by chordae causing
prolapse [523]. These valves are particularly prone to develop
AVV regurgitation, often present at birth, that would require
treatment concomitant with S1P. In this situation, closure of clefts
and leaking commissures is particularly important. Prolapse of
leaflets could be treated by means of an edge-to-edge technique,
creating a double or triple orifice. Suturing adjacent portions of
the valve (to avoid tension that could tear the tissue) is important
[523]. Competence of the valve can occasionally be improved by
complete obliteration of a diminutive component.

The survival rate of patients with moderate or greater TR
around S1P is much worse than that of patients who develop TR
at a later time [35]. Despite an initially successful repair with sig-
nificative reduction in TR, outcomes are restricted by limited
repair durability, with recurrent significant TR in more than one-
third of the patients. RV dilation and dysfunction in these patients
are progressive, suggesting a main role in valve repair failure and
transplant-free survival [523, 524]. Only patients with little post-
operative residual TR and preserved ventricular function have a
survival equivalent to that of patients who have a Norwood pro-
cedure without a TV procedure [525]. There is no clear evidence
that valve repair around S1P can improve long-term survival;
therefore, no definitive recommendation for S1P during IS-1 can
be provided.

10.4 Inferences

• TR is relatively common in patients with HLHS, although
severe TR at birth is much less frequent.

• Severe TR significatively increases mortality and morbidity dur-
ing staged palliation, impairs right ventricular function and
could prevent completion of the SV pathway.

• Anatomical and functional mechanisms are equally involved in
the development of TR.

• Echocardiography is the standard diagnostic tool to assess TV
morphology and function. TV evaluation should include ana-
tomical and functional details of the annulus, leaflet and sub-
valvular apparatus. Use of 3D technology may contribute to
understanding anatomical and functional mechanisms of TR.

• Newborns with severe TR, especially with RV dysfunction, carry
a high risk for surgical palliation and should be considered for
a heart transplant. Valve repair could be attempted only if RV
function is not impaired.

• Closure of clefts and commissures, edge-to edge repair and
annuloplasty are the most common techniques adopted for

repair of TV in newborns concomitantly or immediately after a
Norwood procedure. Partial annuloplasty is most commonly
performed, creating a bicuspid valve. This technique has better
results compared to other types of annuloplasties. Use of rigid
rings in newborns and small infants is precluded by size.

• TV-plasty is effective in reducing TR in most cases, but a signifi-
cant number of patients have recurrence related principally to
RV dysfunction.

10.5 Aortic valve

Occasionally a Norwood procedure is performed to rescue neo-
nates after failure of a bi-V repair, typically after an attempt at Ao
balloon valvuloplasty. In the presence of severe aortic regurgita-
tion, the valve must be repaired, usually by suturing the tear pro-
duced by the balloon. In this setting, early reintervention usually
implies a poor prognosis and might reflect incorrect manage-
ment decisions [49, 525].

Interest is growing in a staged bi-V repair for patients with rel-
atively milder forms of HLHS [526]. Besides the Norwood proce-
dure, LV recruitment includes resection of EFE, restriction of ASD
and management of AS and MS. In newborns, the MV is best
approached through the septum. Valvuloplasty, depending on
the lesion, entails separation of fused papillary muscles, thinning
of leaflets, commissurotomy and division of accessory or secon-
dary chords [527]. Ao valvuloplasty techniques include commis-
surotomy, primary repair of leaflet tear when present and
debridement of leaflets. Extensive valvular reconstruction is more
frequently performed in association with S2P and the Fontan
operation [526, 528].

10.6 Dysplastic pulmonary valve

A dysplastic, functionally stenotic PV is extremely rare in patients
with HLHS [529]. During foetal development, severe degrees of
PV stenosis are not tolerated, causing heart failure, hydrops and
foetal death [530]. Few reports describe the clinical course of
patients born with this associated anomaly. Severe pulmonary
stenosis is probably a contraindication for the Norwood S1P, and
such patients should be immediately listed for a heart transplant,
possibly staged by h-S1P. A balloon valvuloplasty could help to
stabilize the baby, paying attention to balloon size to minimize
risk of regurgitation [531, 532]. Mild or moderate degrees of PV
stenosis increase the risk but not are an absolute contraindication
for Norwood palliation. In this case, to decrease the amount of
total CO that crosses the systemic outflow, it is better to perform
S1P with an RV–PA conduit [533].

10.7 Coronary anomalies

Three main coronary anomalies have been described in HLHS:
anomalous Ao origin, anomalous origin from MPA or branch PA
and fistula or ventriculocoronary connections [534]. All of these
anomalies have been described in patients with AA and have a
potential implication for surgery. A recent autopsy study found
22% specimens that had coronary anomalies that correlated with
the patient’s death [164].

Failure to recognize an anomalous origin of the Ao or PA
could result in coronary damage, with catastrophic consequen-
ces, when the vessels are incised or transected for the Norwood
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procedure [535]. Anomalous origin from a PA branch could have
implications in h-S1P because the PAB could affect coronary per-
fusion by direct compression or when placed proximally to the
coronary origin. Therefore, coronary imaging is recommended in
routine echocardiography before all types of S1P. When a coro-
nary anomaly is suspected, the diagnosis should be confirmed by
CT scan, MRI or angiography [536] (see Imaging section).

Several case reports describe coronary arteries originating
from the MPA or the RPA in HLHS. Anomalies reported include
the LCA from the RPA, the circumflex coronary artery from the
RPA and the right CA from the RPA. Once the diagnosis is made,
a coronary button could be harvested, mobilized and preim-
planted successfully in the reconstructed neo-Ao as in the arterial
switch operation [537]. At the beginning of CPB, attention is paid
to snare the PA distal to the coronary origin, and myocardial pro-
tection should be assured by infusion of cardioplegia both in the
Asc Ao and the MPA. To overcome the higher operative risk of
reimplantation in the setting of a Norwood procedure, alterna-
tives would be an h-S1P with a PAB distal to the anomalous left
coronary artery from the PA, followed by reimplantation at the
time of c-S2P or of a heart transplant [536].

The second group of anomalies is described almost exclusively
in patients with AA/MS, a high-risk variant of HLHS [376]. These
hearts are characterized by the presence EFE and by coronary
vessels that are more tortuous, with increased medial thickness
[534, 538]. The typical anomaly is an LV-to-subepicardial coro-
nary (ventriculocoronary) communication or fistula. It has been
hypothesized that ventricular–coronary fistulae may occur as a
consequence of a hypertensive LV, a finding more common in
AA/MS. Diagnosis of a ventriculocoronary fistula is made by
echocardiography, showing a vascular channel with a trans-myo-
cardial course, from the LV cavity to an epicardial coronary
artery. There is turbulent colour Doppler flow in the vascular
channel, usually with a retrograde systolic and antegrade diastolic
flow pattern across the LV myocardium, remote from the MV
orifice [40, 163].

Coronary hypoperfusion may occur once a heart is decom-
pressed on CPB, and inadequate myocardial protection by adminis-
tration of antegrade cardioplegia could explain the risk of failure of
S1P in patients with MS-AA and fistulae. The mechanisms are not
yet fully understood, and there is probably wide variability in the
degree of ventriculocoronary connections. LV-dependent studies
identified AA/MS as a risk factor for death, whereas others, including
the SVRT, did not [35, 163]. In the absence of specific protocols to
analyse the number, the magnitude and the significance of ventricu-
locoronary connections, there is no specific recommendation for
surgical management of patients with AA/MS besides the general
survival advantage for patients with AA when an RV–PA conduit is
adopted for Qp [35, 539].

11. POSTOPERATIVE MANAGEMENT

Early postoperative outcomes after S1P have improved consider-
ably in the last 20 years. However, the immediate postoperative
period remains a critical phase in the HLHS journey, as demon-
strated by the early mortality rate, which in current registry
reports is �15%, and by the prevalence of postoperative adverse
events (e. g. the need for ECLS), which arise significantly more
frequently than after lower risk operations [540, 541].

11.1 Admission from the operating room

Neonates with HLHS who are admitted to the ICU following S1P
have considerable circulatory vulnerability due to the inflamma-
tory impact of CPB, a period of myocardial ischaemia, reperfu-
sion injury, a potential for Ao-coronary flow limitation and an
inefficient parallel circulation. The period of transfer from the
operating room, the handover to the ICU team and the first post-
operative 24 h represent key milestones. Arrival of the patient in
the ICU should be immediately followed by a detailed handover
from the operating team to the accepting ICU team, according to
the World Health Organization’s surgical safety checklist guide-
lines [542]. Beyond the safety checklist report, specific issues ger-
mane to the patient with HLHS should be covered, including:

• Preprocedural risk factors such as associated genetic or con-
genital abnormalities, low BW (especially < 2.5 kg), prematur-
ity, adverse cardiovascular features of r-FO, AVV regurgitation
or poor RV function [355].

• Anaesthetic issues, such as the status (grade) of the airway,
endotracheal tube size, medications administered, blood prod-
ucts transfused, inotrope dosage, antibiotics and pain relief.

Intraoperative aspects covering a complete account of the sur-
gical procedure, any technical difficulties encountered, CPB and
myocardial/circulatory arrest strategies and times, all adjuncts
related to the operation including pacing wires, drains, status of
sternal closure and ECLS cannulation sites (if applicable).

11.2 Standard monitoring

All patients require standard monitoring of ECG, peripheral SaO2,
end tidal CO2, peripheral and central temperature and central
venous access for secure delivery of medications and preload
monitoring of [543, 544]. The preferred location is based on the
preference of the centre preference and includes internal jugular
vein (with the tip in the SVC) and lines placed directly into the
common atrium during the operation. Both sites provide SvO2

Coronary anomalies

Recommendations Classa Levelb

Coronary anomalies can negatively impact survival after stage 1 palliation. Preoperative evaluation should be per-
formed by echocardiography if a coronary anomaly is suspected

IIa C

Aortic atresia/mitral stenosis associated with a ventriculocoronary connection is associated with a higher mortality
rate and requires a particular strategy for stage 1 palliation

IIb C

aClass of recommendation.
bLevel of evidence.
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monitoring; however, the SVC site is more reliable [544]. The
femoral vein is the back-up site; however, SO2 values from that
site are not a true reflection of SvO2. An invasive arterial line for
continuous monitoring of systolic/diastolic and mean systemic
BP and for blood sampling for ABG is also essential.

11.3 Imaging

Upon arrival in the ICU, a chest X-ray should be taken to identify
the position of the endotracheal tube, the nasogastric tubes and
the central venous lines, and the status of the lung fields. If feasi-
ble, a transthoracic echocardiogram should be performed, with
attention to global and regional ventricular function, adequacy of
the surgical repair, residual or newly acquired lesions, size of the
FO and AVV competence. Although many centres advocate TOE,
a probe in the oesophagus may compromise ventilation and
compress the LA and/or the Ao arch. There are also rare reports
of oesophageal perforation by the echocardiographic probe.
Because the Ao arch is poorly visualized by an oesophageal
probe, and because many centres utilizing epicardial echocar-
diography obtain similar results compared to TOE, this may not
be justified in all patients undergoing S1P [545]. In practice most
postoperative imaging is transthoracic.

11.4 Blood sampling and investigations

11.4.1 Haematological values. A haematological profile,
including complete blood count and clotting screen, should be
checked on arrival in the ICU and regularly thereafter, based on
clinical progress.

The Transfusion and Anaemia Expertise Initiative recom-
mended that prior to red cell transfusion, the risks and benefits
and optimization of all physiological contributors to DO2 should
be considered [248]. Given the precarious circulation and cyano-
sis early after S1P, the Hct should be maintained between 40%
and 45% in order to maximize O2 carrying capacity and DO2

while avoiding hyperviscosity. The threshold for transfusion of
red cells should be reviewed as the patient is stabilized over the
postoperative period. The Transfusion and Anaemia Expertise
Initiative proposed that a ‘solely Hb-based transfusion’ should be
avoided when the level is >9 g/dl; however, this expert group
acknowledged that evidence supporting the application of these
permissive transfusion thresholds after S1P is extremely weak
[248]. Indeed, the decision to transfuse red cells to infants after
S1P is rarely (if ever) based on the Hb level alone.

By virtue of the immature hepatic function in the neonate,
liver-dependent coagulation factors will be diminished.
Compounding this potential for coagulopathy is the presence of
cyanosis and the recent exposure to haemodilution and hypo-
thermia, and the inflammatory response from CPB [546, 547].
These factors increase the risk of bleeding in the immediate post-
operative period. Although blood product transfusion algorithms
have shown value in the adult cardiac patient, they have not
been shown to be useful in neonates [548, 549]. After S1P, the
coagulation studies, thromboelastography and platelet counts
guide clinicians as to what product is actually needed in the
bleeding patient [550]. If the coagulation profile has normalized,
persistent postoperative bleeding or sudden cessation of drain-
age demands prompt communication with the surgeon and pos-
sible mediastinal exploration [550].

11.4.2 Biochemical considerations. Serum biochemical
assessment including electrolytes, calcium and magnesium
should be checked on arrival in the ICU and regularly thereafter
[551]. The ionized calcium, serum sodium, magnesium and potas-
sium levels should be maintained within normal limits with sup-
plementation following a protocol in order to protect the
vulnerable myocardium from arrhythmias [552].

ABG should be checked on admission, regularly and with any
clinical concern. Arterial lactate levels, a surrogate monitor for
systemic perfusion and DO2, should also be checked frequently.
Serial lactate measurements are a useful adjunct to monitoring
SVO2, and high lactate levels are linked to adverse events and
poorer outcomes after S1P [312]. Some institutions use lactate
algorithms to guide inotrope support or the escalation to ECLS
[553].

11.5 Haemodynamics and tissue perfusion
monitoring

11.5.1 Oxygen saturation, flow and cardiac output. The
balance between Qp and Qs is determined by PVR/SVR. The Qp/
Qs is calculated using the formula (SaO2 - SvO2/pulmonary
venous SO2 - SvO2). The pulmonary venous SO2 is assumed to be
100%, and the SvO2 can be measured (by sampling from a cen-
tral venous catheter).

Excessive QP results from combinations of high SVR, an inad-
equately resistant shunt or low PVR [554]. High SVR can occur
with vasoconstrictive drugs, pain, fever, acidosis, hypovolaemia
and residual anatomical lesions [554]. High Qp/Qs with high sys-
temic SVR is an important cause of low CO and circulatory col-
lapse following S1P [304, 555]. For this reason, it is important to
maintain a favourable and steady physiological state, avoiding
high-dose inotropes, promoting comfort, normothermia and
euvolaemia, and searching for residual lesions.

With normal pulmonary venous SO2 and SVO2, an arterial par-
tial pressure of oxygen between 40 and 45 mmHg or 5.3 and
6.0 kPa (corresponding to a peripheral arterial SO2 between 75%
and 85%) is evidence of a well-balanced circulation. In the cir-
cumstance of suspected excessive Qp, the strategy of using hypo-
ventilation to elevate the pCO2 and raise PVR can lead to
atelectasis and intrapulmonary desaturation and is not
recommended.

CO depends on Qp/Qs, an unobstructed pathway from the RV
to the coronary arteries and Ao, an unobstructed pulmonary
venous return, a reliable and suitably resistive source of Qp and
reasonable ventricular function [391, 556, 557]. Postoperative
management that relies solely on keeping the peripheral SO2

between 75% and 85% is an oversimplification, because several
assumptions are required, and the practice has been linked to
adverse postoperative events [555]. Changes in sympathetic tone
can lead to increased SVR, raising Qp/Qs, but at the expense of
DO2 [555]. In simulation studies of SV circulations, there is a non-
linear relationship between DO2 and SaO2, such that, as the
peripheral SaO2 increases, DO2 increases to a point but then rap-
idly diminishes [558]. Following serial or continuous SVO2 read-
ings is a more effective way to monitor global oxygen economy
and enables tailoring of therapy to immediate need. SVO2 moni-
toring from a catheter located in the SVC has lessened the inci-
dence of cardiovascular collapse in some institutions, particularly
if an intervention is initiated once a threshold of 30–40% is
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reached [314, 559]. The use of SVO2 monitoring has been a key
factor in improving survival following S1P [202].

11.5.2 Near infrared spectroscopy. NIRS provides a continu-
ous evaluation of DO2. Although it is not universally available, it
has become a standard of care in many institutions. The primary
benefit of NIRS monitoring is the detection of trends, looking for
deviations from the patient’s baseline. Absolute acceptable or
dangerous levels have yet to be identified, and translatable pro-
tocols for routine bedside use are needed. However, an NIRS cer-
ebral SaO2 <55% in the first 48 h following S1P has been linked
to adverse outcome [317]. Low cerebral NIRS values have also
been linked to neurological events after cardiac operations,
including S1P [560]. Some institutions track the difference
between the cerebral and somatic measurements as a way to
monitor circulatory impairment [561].

11.6 Data integration methods

The use of vital sign data integration methods is an emerging
area of practice for future consideration. Sophisticated computa-
tional analytics, applied to the paediatric cardiac patient, harness
a large volume of data, in the hope of identifying patients at risk
for deterioration early on. Use of mathematical models may in
time supplement the intensivist’s clinical acumen to promote
proactive behaviour and improve patient survival rates. Next-
generation analytic technology has been tested in patients with
HLHS and other infants undergoing cardiac surgery [562].
Proponents of Etiometry (Boston, MA, USA) contend that their
proprietary algorithms can predict which patients are at risk for
inadequate DO2 following cardiac surgery [563].

11.7 Important haemodynamic issues

11.7.1 Source of pulmonary blood flow. Small-diameter
PTFE tube grafts are vulnerable to clot formation [550]. Therefore,
heparin anticoagulation is recommended in the postoperative
period [248, 554]. For a given Qp/Qs and CO, the pulse pressure
is wider and the diastolic pressure lower in patients with MBTS
compared to those with an RV–PA conduit. A high SVR will
increase the Qp/Qs, increase aortic diastolic run-off, favour Qp
and compromise systemic DO2 [555]. To mitigate these effects,
afterload reduction should be achieved with phenoxybenzamine
or milrinone [304]. Of note, the SVRT demonstrated that the
MBTS was an independent risk factor for cardiac arrest in the
postoperative period, emphasizing further the importance of
measures to promote reduction in SVR [355].

11.7.2 Right ventricle-to-pulmonary artery conduit. The
RV–PA conduit in S1P requires a small ventriculotomy that may
impair regional wall motion. This conduit is generally non-valved,
resulting in some degree of pulmonary regurgitation and volume
burden to the RV. Because Qp originates from the RV rather than
from the systemic circulation and the relatively long conduit
imposes resistance, patients with an RV–PA conduit are less vul-
nerable to sudden adverse events in the postoperative period
[355, 458]. Aggressive treatment of high SVR with afterload
reduction may result in a lower Qp/Qs in patients with an RV–PA
conduit than in those with an MBTS.

11.7.3 Residual lesions. As part of a quality improvement ini-
tiative, a method for evaluating the technical success of various
operations has been proposed [557]. In a study of surgical factors
within the cohort of patients in the SVRT, the ‘technical perform-
ance score’ was calculated for 356 (65%) cases based on standar-
dized review of the echocardiogram [58]. The grade of the
‘technical performance score’ was strongly linked to the duration
of the hospital stay, the mortality rate, the preintervention inci-
dence and even neurodevelopmental outcomes at 1 year. This
result emphasizes the importance of the bedside team being
aware of possible residual lesions and their potential effect on
the postoperative course (see Imaging section).

11.7.4 Tamponade. Cardiac tamponade after S1P is a complex
anatomical and physiological problem due to the extreme sensi-
tivity to cardiovascular compression for any reason. Suspicion of
cardiac tamponade is raised when tachycardia, hypotension, nar-
row pulse pressure and elevated filling pressures occur, particu-
larly with increasing or decreasing mediastinal tube drainage.
Reopening of the sternum should not be delayed while awaiting
echocardiographic confirmation. Tamponade can occur, how-
ever, even in electively open-sternum cases. The use of fresh
whole blood intraoperatively has reduced the need for mediasti-
nal re-exploration from 3% to 0.8% amongst all paediatric cardiac
surgery cases and should therefore be considered [564].

11.7.5 Arrhythmias. A recent report from the SVRT indicated
that the most common electrophysiological issue after S1P was
tachyarrhythmia (20%) followed by AV block (4%) [309].
Tachyarrhythmias can lower CO by compromising diastolic filling
of the coronaries or by depressing systolic function. Third-degree
AV block may diminish CO by impairing the contribution from
the atrium by eliminating AV synchrony. Risk factors include the
MBTS, age at Norwood procedure and concomitant procedures,
particularly those on the TV. Arrhythmias were associated with
longer ventilation time and longer hospital stays [309]. Medical
therapy for arrhythmias in HLHS is complex and critical and
should be undertaken on a case by case basis in discussion with
electrophysiologists.

11.8 Management strategies for postoperative care:
ventilation

Immediately after S1P, the infant should be placed on mechani-
cal ventilation with the goal of maintaining a normal pH, a nor-
mal pCO2 and arterial pO2 between 40 and 45 mmHg or 5.3 and
6.0 kPa [304, 555]. In many infants, the optimum strategy is to
ventilate in air with oxygenation in the stated range.

If the patient becomes hypoxaemic (pO2 < 40 mmHg or
5.3 kPa or a peripheral SaO2 < 75%), detailed evaluation is
needed, with treatment under all circumstances. Causes include
pulmonary venous desaturation due to a malpositioned endotra-
cheal tube, pulmonary consolidation, pleural effusion/haemo-
thorax or pneumothorax, most of which may be resolved
with appropriate remedial actions. More profound hypoxaemia
(SaO2 < 70%) may be cardiac in origin, potentially due to
impaired Qp, such as from a blocked, compressed or kinked
MBTS or RV–PA conduit. This scenario requires emergency inves-
tigation, imaging and treatment. Interventions for shunt obstruc-
tion include increasing the shunt perfusion pressure (adrenaline,
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noradrenaline, phenylephrine), anticoagulation with heparin,
minimizing VO2(sedation, muscle relaxation), supplemental oxy-
gen to increase pulmonary venous SO2 and an intervention on
the shunt (catheterization, surgery) [554, 565].

The duration of postoperative ventilation after S1P varies
among studies, with a median of 7 days in the SVRT, but patients
should be extubated when clinically ready. A recent large single-
centre study indicated that after a period of postoperative recov-
ery, 64% of infants were extubated onto temporary support with
continuous positive airway pressure [566]. This non-invasive res-
piratory support is beneficial as a preventive measure against fail-
ure of extubation, which is relatively common after S1P. Parents
and clinical teams should be prepared for this scenario. In the
same study, 16% of patients required reintubation, with failure
linked to a higher risk of postoperative death [566].

Failure to be weaned from ventilation, with persistent respira-
tory distress, desaturation or heart failure 7–10 days after
Norwood surgery may indicate the presence of a residual hae-
modynamic lesion or in rare cases diaphragmatic paralysis [567].
If this occurs, further imaging and investigation are indicated and
should be planned in conjunction with the entire team. A minor-
ity of more complex patients with HLHS end up requiring long-
term ventilation via a tracheostomy [568]. The requirement for
chronic ventilation via a tracheostomy has negative implications
for medium-term outcome and requires a multidisciplinary
approach to management [569] (Table 12).

11.9 Therapies to optimize haemodynamics

Common atrial pressure (indicating cardiac preload) should be
maintained at an adequate level with judicious colloid adminis-
tration (boluses of 5–10 ml/kg), tailored on a case by case basis
considering specific factors such as degree of TR. All patients
require pharmacological afterload reduction early after S1P, and

most require inotropes. A standard regimen is low-dose adrena-
line (0.02–0.05 mg/kg/min). The predominant afterload reducing
agents are milrinone and phenoxybenzamine [305, 307]. The evo-
lution of low CO syndrome (LCOS) may be ameliorated by milri-
none, which is a lusitrope with proven benefits [307, 570]. The
recommended dose range is 0.25–0.75mg/kg/min. A dose at the
lower end of the range should be considered as the starting point
early after S1P, because of reduced renal clearance of the drug in
this setting.

Patients with MBTS have greater systolic and diastolic flow
into the Qp and therefore may have diastolic hypotension,
requiring the addition of a noradrenaline infusion. All catechol-
amines lead to increases in SVR at higher doses, and this scenario
should be avoided [571]. If hypotension triggers the use of esca-
lating catecholamine doses, then ECLS should be considered a
safer option.

Patients will require titration of opiate medications after S1P to
maintain an appropriate level of analgesia, based on the
COMFORT Behaviour scale [572]. Patients who are less stable or
who have an open sternum may require muscle relaxants as well
[573].

11.10 Low cardiac output state

Manifestations of LCOS include low pulse volume, prolonged
capillary refill time, low BP, metabolic acidosis, high lactate and
oligoanuria [48]. In LCOS, the SVO2 is low (i.e. <75% of the SaO2).
Although based on older data from a different congenital heart
defect, there is evidence applicable to S1P, indicating that the
nadir for CO occurs to 12 h after CPB; therefore patients should
not be weaned aggressively until this period has passed, usually
meaning after the first postoperative night [574].

If LCOS does occur, it may be necessary to increase the ino-
tropic support and level of afterload reduction. Further measures

Table 12: Factors contributing to hypoxaemia and ventilator dependence after stage 1 palliation

Factor Possible cause Diagnostic measures

Pulmonary venous
desaturation

• Ventilation/perfusion mismatch: malpositioned endotracheal
tube, pleural effusion, haemothorax, pneumothorax, chylo-
thorax, pulmonary oedema, atelectasis, pneumonia, pneumo-
nitis and AV malformation

• Chest radiogram
• Lung ultrasound
• Bubble echocardiography/angio-CT/cardiac

catheter for arteriovenous malformation
Systemic venous
desaturation

• Low DO2: anaemia, LCOS, impaired coronary perfusion, ven-
tricular dysfunction, TR or TS, neo AR or AS, CoA, pericardial
effusion/tamponade, arrhythmia

• Increased VO2: sepsis, hyperthermia, pain, agitation, seizures

• NIRS, SvO2

• Haemoglobin
• Temperature
• ECG, atrial ECG, Holter monitor
• ECHO
• Cardiac catheter

Inadequate Qp • Low SVR (in patient with MBTS): sepsis, hyperthermia, sys-
temic vasodilators

• High PVR: lung disease, pulmonary vascular disease, pulmo-
nary vein stenosis, r-FO/IAS, TR, TS, RV, arch obstruction

• Obstruction: shunt-conduit stenosis
• PA branches: stenosis, kinking, tenting, thrombosis,

thromboembolism
• Small MBTS or RV–PA conduit

• Echocardiogram
• Cardiac catheter, angio-CT
• Anatomical evaluation of MBTS, RV–PA conduit,

PA branches, pulmonary veins
• PVR study

AR: aortic regurgitation; AS: aortic stenosis; AV: atrioventricular; CoA: coarctation of the aorta; CT: computed tomography; DO2: oxygen delivery; ECG: electrocar-
diogram; ECHO: echocardiogram; IAS: intact atrial septum; LCOS: low cardiac output syndrome; MBTS: modified Blalock–Taussig shunt; NIRS: near infrared spec-
trum; PA: pulmonary artery; PVR: pulmonary vascular resistance; Qp: pulmonary blood flow; r-FO: restrictive foramen ovale; RV: right ventricle; SvO2: mixed
venous oxygen saturation; SVR: systemic vascular resistance; TR: tricuspid regurgitation; TS: tricuspid stenosis; VO2: oxygen uptake.
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for treatment of hypotension with LCOS, for which robust clinical
trial data do not exist, include mild cooling of the patient to 35�C
(with muscle relaxation) and administration of stress dose hydro-
cortisone [575]. In this setting, VO2 should be minimized by
keeping the patient sedated and muscle relaxed.

Cardiac arrest, which is usually a complication of LCOS, is
more common after S1P than after most other operations.
Importantly, patients who had cardiac arrest following S1P were
found to have a poorer outcome than those in other patient cat-
egories in a registry-based study of arrest outcomes [576]. For
patients deteriorating towards cardiac arrest, or in cardiac arrest,
ECLS should be initiated.

Delayed sternal closure is another frequently used (78% of
patients) adjunct for prevention or treatment of LCOS (see surgi-
cal sections) [577]. In 1 study, the median time to sternal closure
was 4 days, with an important number of infants experiencing
failure requiring an emergency reopening. The strongest predic-
tor of successful sternal closure in this study was the SVO2, imply-
ing that moving to chest closure is best undertaken when CO has
improved [578]. Furthermore, a reduced ‘technical performance
score’ was strongly linked to failed closure. Therefore, considera-
tion of readiness should entail a review of haemodynamic risk
factors. Patients with open chest and delayed sternal closure
should be treated with prophylactic antibiotics based on local
protocols.

11.11 Extracorporeal life support/extracorporeal
membrane oxygenation

After S1P, indications for ECLS include LCOS, acute hypoxaemia
due to malfunction of an MBTS or an RV–PA conduit and cardiac
arrest (for which cases ECLS is termed ECPR) [394, 395, 579].
ECLS (usually as ECMO) is deployed after S1P in 17% of cases,
which is high in comparison to other operations [495, 541]. The
incidence of ECMO in European settings is lower; however, multi-
centre data are lacking. The fact that the survival rate in the sub-
set of patients needing ECMO is relatively poor, reported as 57%
in a registry-based study, should be considered [541]. Outcome
may be influenced by the reason for ECMO deployment, with
better survival reported for patients with a remediable cause
such as MBTS blockage, and poor results in patients who are not
able to separate from CPB [394]. In practice, most teams consider
any S1P patient to be a candidate should the need arise.

For patients with an MBTS, effective ECMO requires specific
management of Qp through the MBTS during ECMO. Poor out-
comes have been reported when the MBTS is fully occluded in
this setting, and it is rarely required [580]. Current strategies for
management of shunt run-off include the use of higher (supra-
normal 150–200 ml/kg/min) ECMO flow to provide increased Qs
and CO. However, if CO remains insufficient despite increased
ECMO flows, 1 option is to surgically restrict flow through the
MBTS.

All patients on ECMO after S1P require careful management of
anticoagulation to avoid major bleeding and thrombosis. Patients
with uncontrolled fluid overload should receive continuous
venoveno haemofiltration via the ECMO circuit.

Patients who suffer cardiac arrest and those who undergo
ECLS (usually ECMO), both relatively prevalent after S1P, have a
higher risk of having an acute neurological event and should be
monitored carefully with electroencephalograms and cranial
ultrasound. In particular this applies to patients with profound

shock and acidosis prior to ECLS, who were reported in a registry
study to have a 22% incidence of major acute neurological com-
plications, many lethal [581].

The level of experience that ICU teams have in dealing with
postoperative complications such as cardiac arrest and need for
ECMO, which are highly relevant to S1P, has been assessed in the
study of a concept referred to as ‘failure to rescue’. In a large
study, lower mortality rates were strongly linked to the success
achieved in such a rescue, which emphasizes the importance of
the experience that ICU teams gain in dealing with major compli-
cations [397, 582].

11.12 Fluid management

Fluid overload and acute kidney injury are relatively common
after S1P, contributing to postoperative morbidity. Both are
more likely to occur in the context of LCOS [583–585]. In patients
with preserved renal function who are responsive to diuretics,
administration of furosemide (by bolus or infusion) and fluid
restriction will be sufficient to deal with postoperative fluid over-
load. Patients with fluid overload who do not respond to diu-
retics and those with more severe acute kidney injury should be
managed with dialysis [583, 586, 587]. The most common
approach is peritoneal dialysis, which is safe and effective in this
setting [588]. However, the exact threshold at which dialysis
should be started is unclear and varies from centre to centre.

11.13 Nutrition

There is a relatively high risk of NEC after S1P, which is exacer-
bated by low CO [349, 589]. However, caloric supplementation is
important to recovery, and enteral feeding is the preferred
approach given that it has physiological advantages for maintain-
ing gut integrity [590, 591]. Therefore, milk feeds should be
started by nasogastric tube when there is reasonable CO, usually
at the earliest 48 h after surgery. Given the fragile circulation and
risk of NEC, feeds should be introduced slowly, starting at 0.5–
1 ml/kg/h with spaced small advances based on a feeding proto-
col that includes checks of gastric residual volumes [205, 592]
The optimal feed is expressed breast milk, but if this is not avail-
able then an alternate starting infant formula should be selected
based on the guidance of local dieticians. Patients who are not fit
to receive enteral feeds because of LCOS or NEC should receive
total parenteral nutrition with the maximum possible caloric con-
tent feasible given the fluid restrictions in this setting [593].
Patients with more prolonged dependence on intravenous thera-
pies such as parenteral nutrition may require more long-lasting
forms of central venous access.

11.14 Parental distress and social support

The postoperative period is a very stressful time for parents, par-
ticularly when there are complications or prolonged hospitaliza-
tion [594]. Provision of psychological support should be provided
to families during this period, either via psychologists or by spe-
cialist nurses [595]. Although beyond the scope of this discussion,
this is critically important to both the family and the clinical care
team and requires specific expertise.

EA
C

TS
/A

EP
C

G
U

ID
EL

IN
ES

469EACTS/AEPC Guidelines / European Journal of Cardio-Thoracic Surgery

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article/58/3/416/5898365 by U

niversiteit Leiden / LU
M

C
 user on 30 Septem

ber 2022



12. HYBRID STRATEGIES FOR HYPOPLASTIC LEFT
HEART SYNDROME: STAGE 1 PALLIATION

12.1 Timing for hybrid stage 1 palliation

The h-S1P approach for HLHS was introduced in the early 1990s
to achieve palliation without CPB and circulatory arrest [596].
Norwood S1P had unacceptable mortality and morbidity rates at
the time [225]. A heart transplant was an alternative, but only in
affluent countries [201, 597]. The neonatal h-S1P initially had lim-
itations relating to technique and available materials [598]. In
1998, the first h-S1P followed by a successful c-S2P was per-
formed [599]. Initially, 2 centres (in Europe and the USA) replaced
the neonatal Norwood S1P with h-S1P, followed by others
worldwide [213, 508, 600–603]. In most centres with an estab-
lished Norwood programme, the h-S1P is used primarily for
high-risk neonates and to delay complex CPB surgery beyond
the neonatal period for any indication [226, 227]. However, using
h-S1P only in high-risk patients may dilute the experience that is
necessary for success (class IIa, level B).

For a neonate with HLHS and a normal risk level, an elective
h-S1P is performed within the first week of life [200, 604]. The
procedure is suitable for almost all left-sided obstructive cardiac
lesions with DA-dependent Qs, regardless of age, weight or hae-
modynamics [605–607]. The neonatal h-S1P is currently achiev-
able with an average mortality rate of <5%, including newborns
admitted in cardiogenic shock and resuscitated by the hybrid
approach [601, 608, 609].

An elective h-S1P is best performed before tachypnoea ensues,
because the diastolic left-right DA shunt increases or the dilated
RV shows progressive TR [200, 609]. Therefore, b-PAB should be
performed during the first week, usually within the first 2–5 days.
For emergencies, 1 or all h-S1P components can be used,

depending on the cause of cardiovascular failure. An atrial septal
manipulation might be necessary immediately or in the first few
hours of life, even after a foetal intervention. An h-S1P has been
used at a weight of almost 1000 g and in untreated infants up to
age 8 months, followed by successful c-S2P and Fontan [608].

12.2 Principles of the hybrid approach

The h-S1P should provide sufficient Qs via an unobstructed DA
and Ao arch, a protected Qp and laminar pulmonary vein flow.

Postoperative management

Recommendations Classa Levelb

Compliance with an operating room checklist and a rigorous handover to the ICU team based on an algorithm I A

In the early postoperative period a steady physiological state with euvolaemia, low SVR and balanced laboratory
values to prevent adverse events

I C

Postoperative pharmacological support should include an inodilator or vasodilator to promote stable and low SVR
to optimize CO

I B

In the early postoperative period, alongside standard ICU monitoring, the SvO2 should be tracked as part of the
overall management pathway (site of measurement based on local policies and individual patient factors)

I C

Heparin anticoagulation is recommended in the postoperative period IIa C

Postoperative hypoxaemia requires urgent evaluation and treatment including assessment of the lungs and the
source of Qp

I C

Patients with acute kidney injury that are unresponsive to diuretics should receive dialysis IIa C

Enteral feeds are recommended postoperatively when there is reasonable CO, based on the local feeding protocol IIa C

ECLS should initiation for postoperative cardiac arrest, acute loss of Qp and other causes of severe low CO unre-
sponsive to other therapies

IIa C

aClass of recommendation.
bLevel of evidence.
CO: cardiac output; ECLS: extracorporeal life support; ICU: intensive care unit; Qp: pulmonary blood flow; SvO2: mixed venous oxygen saturation; SVR: sys-
temic vascular resistance.

Timing of hybrid stage 1 palliation

Best timing of hybrid
stage 1 palliation

Impact on
outcome

Classa Levelb

Elective approach, first
postnatal week

Very high I B

Bilateral pulmonary
artery banding as an
emergency

High
IIa B

Ductus arteriosus stent as
an emergency

High IIa B

Balloon atrial septostomy
as an emergency

High IIa B

Hybrid stage 1 palliation
in a premature infant

high IIa B

aClass of recommendation.
bLevel of evidence.
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The hybrid concept, sequentially or in a single procedure, was
applied at first to high-risk Norwood candidates to move exten-
sive surgery beyond the neonatal period [599, 600, 608]. The h-
S1P is followed by a c-S2P at 4–6 months. C-S2P combines
removal of a b-PAB and a DA stent, BCPS, reconstruction of the
systemic SV outlet and Ao arch repair, comparable to a
Norwood S1P [600, 608]. The h-S1P or parts thereof can serve as
a rescue procedure or as a simpler alternative to an elective
Norwood S1P [200]. Some centres also utilize the h-S1P for
bridging to a Norwood procedure beyond the neonatal period
[600, 608]. A reverse MBTS has been introduced as an additional
variant of the h-S1P to deal with CoA-mediated restriction of ret-
rograde Ao arch flow [516].

12.3 Pathophysiological issues

The h-S1P aims to balance Qp and Qs to avoid myocardial
ischaemia. Pulmonary vein blood flow should be unobstructed
and fully oxygenated from all parts of both lungs. Excessive Qp
and protection against pulmonary vascular obstructive disease
must be achieved by b-PAB and postcapillary PHT (despite b-
PAB), by an unobstructed FO. The h-S1P has been successfully
performed in single or even single hypoplastic lung physiology in
newborns with diaphragmatic hernia [610].

The Qs should be distributed to all organs without obstruction
and with a sufficient DO2. A balanced Qp/Qs is achieved when
the SaO2 is �80%, relating to an SvO2 of 50–60%. The coronary
and cerebral blood flow should not be impeded; likewise, the
abdominal perfusion. An adequate DA guarantees sufficient Qs,
including the cerebral as well as the coronary circulation, but Ao
obstruction needs to be excluded. A large DA promotes the
‘Windkessel’ effect by connecting the systemic circulation to a
dilated MPA [220]. A diastolic left-to-right shunt is favoured, so
even with effective b-PAB and no pulmonary regurgitation, the
SVR needs to be so low as possible without jeopardizing cerebral
and coronary perfusion pressure. The Doppler flow pattern and
measurements across a native or stented DA may reveal obstruc-
tion, estimate systolic blood flow and determine the diastolic
left-to-right shunt. The area under the curve of the diastolic trace
shows pulmonary reflow [220]. A negative diastolic blood flow
obtained from the anterior cerebral artery and coeliac trunk
would also be relevant. Therefore, repetitively performed echo-
cardiographic Doppler measurements are essential to a compre-
hensive evaluation. The consequences of a significantly restrictive
DA are immediate shock and death, but excessive pulmonary
run-off is a silent killer of myocardial performance. DA stenting
alone does not guarantee good flow because non-covered parts
of the DA may obstruct. Also, in-stent stenosis is related to stent
material and the unique DA tissue [611].

An h-S1P might be contraindicated in the rare morphological
constellation of MA/AS with a restrictive interventricular communi-
cation, in which the coronary perfusion is dependent on a progres-
sively narrowing VSD. Compromised coronary perfusion can also
result from insufficient antegrade flow through the AoV and retro-
grade arch obstruction, in particular during IS-1. Similar conse-
quences could relate to coronary fistulae or obstructions [196].
Even an ideal h-S1P will trigger RV myocardial hypertrophy.

In a borderline LV with a sufficient antegrade flow reaching
the innominate artery, harlequin head perfusion can be
observed, with a normal SaO2 on the right and deoxygenated
blood on the left side. A moderately r-FO with a pressure

gradient of 5–15 mmHg may be desirable in a borderline LV with
the potential for bi-V repair to induce LV growth, if a genetically
predetermined factor such as EFE is excluded [20, 606, 607].

12.4 Surgical bilateral pulmonary artery banding
technique

Balanced Qp/Qs is currently best accomplished by placing b-PAB
via a median sternotomy [612, 613]. Usually, b-PAB is performed
before the DA is stented (class IIa, level B). In case of prior high-
urgency isolated DA stenting, there is a risk of a stent obstruction,
in particular if a balloon-expandable stent was used [516, 605].
With a previously stented DA, the left PA is harder to isolate and
the stent is at greater risk for distortion [614].

In a stable patient, an open DA with PGE1 infusion has several
advantages. The technique for b-PAB becomes easier and has
lower risk. Any stent-related haemodynamic problems can be
avoided, and even a slightly obstructed Ao isthmus can be
improved with the PGE1 (class IIa, level B). A stent within an
unobstructed DA does not change per se the patient’s haemody-
namics or add stability. However, an adequately placed b-PAB
will improve the haemodynamics by balancing the circulation by
improving Qs. A standard 3.5-mm PTFE tube graft (3 mm for BW
< 2.5) cut to a 1- to 2-mm wide ring serves as the PAB [612] (class
IIa, level B). Exposure of the RPA is straightforward, but exposure
on the LPA is more difficult [613]. The right PAB is positioned
between the Asc Ao and the SVC, proximal to the RPA bifurca-
tion and fixed to the adventitia. Bands performed in premature
babies should be secured with a 6-0 suture, so that dilation with
a 3- to 4-mm coronary balloon catheter can be performed dur-
ing a follow-up procedure if needed [10]. Additionally, a post-
stenotic branch dilatation may be induced by the small band
with a width of 1–2 mm (class IIa, level B). A wide band has to be
avoided, because the risk for development of hypoplastic PA
branches is significant (class IIa, level B).

The efficacy of a PAB can immediately be observed by an
increase in systemic BP and an ideal decrease of SaO2. There is
usually no need for direct pressure measurements across the
band (class IIa, level B). Doppler measurements can be per-
formed to analyse the pressure gradient across both PABs by the
systolic flow pattern, estimating the postcapillary pressure, if the
BP is additionally measured and a pressure gradient across the
DA is excluded [213]. The diastolic component of the systolic-dia-
stolic Doppler flow pattern indicates the effectiveness of the PAB.
A purely systolic flow pattern independent of its calculated pres-
sure gradient does not. An end-diastolic flow pattern above 50%
of the systolic Doppler flow curve might be associated with a
narrow PAB [211] (class IIa, level B) (Table 13).

12.5 Transpulmonary ductus arteriosus stenting
technique

DA stenting is not always required, because PGE1 can be admin-
istered long term [211]. However, stent placement is preferred to
palliate until c-S2P, to avoid the side effects of long-term PGE1
infusion and central lines. For a one-stage h-S1P, stent placement
is performed after b-PAB, when the haemodynamics are stabi-
lized (class IIa, level B). For transpulmonary DA stenting, a sheath
is placed in the MPA as proximally as possible just above the
sinotubular junction [613, 615]. The sheath size (4, 5 or 6 Fr)
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depends on the stent design. A silk suture is placed around the
distal sheath �2 mm from the tip to serve as an external marker
for depth of insertion. Deep insertion could hinder deployment
of the stent to cover the entire length of the DA. A small hand
injection of contrast through the sidearm of the sheath defines
the DA, left PA, Desc Ao and retrograde Ao flow. The DA length
and diameter are angiographically measured at the distal, middle
and proximal ends, and the appropriate stent is chosen. Balloon-
expandable or the preferred self-expandable stents can be used
(class IIa, level B). A balloon-expandable stent requires more
space between the inserted sheath and the pulmonary end of the
DA, and the ductal flow will be briefly interrupted. In most new-
borns with HLHS, an 8-mm stent is utilized [613, 615]. The entire
length of the DA tissue must be covered, which typically spans
from the origin of the left PA to beyond the transverse arch (class
IIa, level B). Further manipulations after stent placement are usu-
ally not possible. Additionally, transpulmonary DA stenting is a
manipulation with its own risk to destabilize the sensitive haemo-
dynamics of the patient with HLHS [200]. This part of the h-S1P
has a learning curve and requires sufficient training. The current
approach of combining b-PAB with transpulmonary DA stenting
has a mortality rate of 5–25% [225, 600, 609, 616, 617]. It is an
exacting procedure, which requires the full attention of all
participants.

12.6 Anaesthetic management

Details are critical and are covered in the anaesthesia section of
the HLHS guidelines [235, 618, 619]. Briefly, a full general anaes-
thetic is used, as in neonatal surgery with CPB. All drugs for
resuscitation, including those for treating arrhythmias and even
cardiogenic shock, should be prepared, and catecholamines
should be connected prophylactically. A critical time is the
period in which the patient needs to be sedated under PGE1,
due to the augmented risk of apnoea. The side effects of anaes-
thetic drugs can lead immediately to a resuscitative condition,

which can be almost impossible in patients with HLHS. Extreme
dependency of an adequate coronary perfusion pressure on the
one side and high sensitivity to over-dosed catecholamines on
the other side can be fatal. The tiny Asc Ao could constrict with
high dosages of norepinephrine, which may lead to fatal myocar-
dial ischaemia, often starting with ventricular arrhythmia (class
IIa, level B). Therefore, balanced anaesthesia with repetitive small
dosages of midazolam (0.1–0.2 mg/kg) and fentanyl (5–10 mg/kg)
and the addition of 0.5–1% isoflurane as an induction dose are
preferred. Ketamine (0.5–1 mg/kg) is preferentially used in unsta-
ble patients because it liberates endogenous norepinephrine
(class IIa, level B). Short-acting analgesic-sedative drugs are also
preferred for weaning and early extubation. Dexmedetomidine
and clonidine are increasingly used after h-S1P for the first few
days in the ICU (class IIa, level B). The general haemodynamic
support immediately after h-S1P does not change significantly
from the postnatal strategy (see other sections regarding postop-
erative management in the HLHS guidelines).

12.7 Postoperative management in the intensive
care unit

The ICU team must be prepared for and familiar with the new-
born with HLHS after h-S1P [620, 621]. The postoperative course
is determined decisively by the preoperative condition. Taking
this into account, the first measure is not to perform h-S1P too
late. H-S1P performed at a mean age of the 12th postnatal day
was reported to lead to acute kidney dysfunction in 16% versus
in 53% following a Norwood operation [583]. When morphologi-
cal or functional problems are excluded by echocardiography,
the second therapeutic measure consists of early extubation,
sometimes in the operating room [613]. Only patients in whom
the h-S1P was performed as a rescue approach need a longer
recovery time.

Risks for postoperative LCOS, tamponade and arrhythmias are
low, but not zero. Postoperative capillary leak, oedema formation
(including the myocardium) and vascular paralysis, as often seen
after the Norwood procedure, are rare (class IIa, level B). The
ventilator setting and the monitoring of an intubated patient
should be similar to the situation during open-chest surgery. A
low-frequency ventilation with a slightly increased tidal volume
(10 ml/kg, depending on chest excursions and auscultation)
serves as an antiatelectasis measure but does not exclude a
slightly permissive hypercapnic ventilation with positive base
excess and lowest effective mean airway pressure. Early extuba-
tion with spontaneous breathing (with or without high-flow sup-
port) is an important safety measure after h-S1P (class IIa, level
B). The need for treatment with catecholamine is rare. In some
centres, milrinone and clonidine are used together to achieve
low SVR (Qp/Qs balance), optimize HR and diastolic ventricular
filling and smooth out analgesia and sedation.

12.8 Elective percutaneous ductus arteriosus
stenting

DA in some institutions is an elective transcatheter procedure, in
a spontaneous breathing, sedated newborn, at times with an
additional atrioseptostomy [213, 599, 605]. For percutaneous
stent placement, femoral vein or arterial access is utilized [214].
In case of an additional atrial septum manipulation, a 5- or 6-Fr

Table 13: Criteria, techniques and issues for bilateral PA band-
ing in hypoplastic left heart syndrome

1. PAB size and objective

• PAB lumen by cut and resutured small (1–2 mm) PTFE tube (3.5 vs 3.0
mm, based on BW <3/2.5 kg)

• Pulsed-wave Doppler flow pattern across the banded PA; systolic gra-
dient (systolic PA pressure - post-PAB pressure level); diastolic flow
component = efficacy of the PAB

2. Anatomical variants (RPA vs LPA size)

• Indicates different PAB sizes (example: right 3.5-mm vs left 3-mm
PTFE tube)

3. Timing

• At any time in the setting of high pulmonary run-off and progressive
low CO (salvage procedure)

4. Risk factors for procedure-related losses:

• Opening of pericardium in unstable patients

• Loose PAB (suture failure, wrong PAB)

• PA hypoplasia by a too wide band

• PAB placement in context of unrecognized duct obstruction

BW: birth weight; CO: cardiac output; LPA: left PA; PA: pulmonary artery;
PAB: pulmonary artery banding; PTFE: polytetrafluoroethylene; RPA: right
PA.
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sheath is placed in the femoral vein and a 4-Fr sheath in the
artery. Exact transvenous stent placement is monitored by a cath-
eter advanced through the femoral artery access. Following intra-
venous heparinization of 100 IU/kg, a multipurpose catheter is
positioned in the junction of the DA and the Asc-Desc Ao, and a
coronary guidewire through the catheter within the Ao arch.
Utilizing a haemostatic valve, continuous BP monitoring and
hand injection of contrast can be performed. For transvenous DA
stenting, an end-open 4-Fr wedge catheter is floated by an
inflated balloon across the TV within the RV. A soft coronary wire
is advanced through the balloon catheter still positioned within
the RV across the PV valve, DA and in the Desc Ao. The balloon
catheter is exchanged for a 4-Fr, 2.5 curved right Judkins catheter,
which is positioned over the wire in the MPA opposite the junc-
tion of the PA and the duct. For venous, trans-RV ductal stenting,
an additional stiff coronary wire should be placed within the
Desc Ao and the soft wire removed. Together with the multipur-
pose catheter placed in the DA-Desc Ao junction, a sufficient
delineation of duct morphology can be assessed angiographically
by hand injections of contrast medium through the Judkins 4 Fr
or arterially placed multipurpose catheter, sometimes even
simultaneously. Biplane assessment by 90� lateral and 30� right
anterior oblique views allows one to demonstrate the DA: in the
lateral projection, one sees the duct-PA insertion, and in the 30�

right anterior oblique, the Ao-DA junction, respectively.
The described catheter strategy reduces total catheter time

and improves the safety of percutaneous ductal stenting (class
IIa, level B). Placement of a trans-ventricular long sheath is not
necessary, thereby avoiding haemodynamic instability. Currently,
if a highly obstructed DA is excluded (which would favour a pre-
mounted balloon-expandable stent), self-expandable stents are
preferred. Placement of self-expandable stents avoids ductal flow
interruption and the high risk of stent slipping, as seen in particu-
lar when utilizing balloon-expandable stents for non-constricted,
widely patent ducts. PGE1 infusion need not further be stopped
until a slight DA obstruction is observed (class IIa, level B).

In Europe, a new generation of self-expandable stents has
been developed with a CE-mark for ductal stenting in newborns
[213, 583]. Arterial access facilitates DA stenting in terms of effi-
cacy and safety. Another advantage is the chance for analysing
the Ao isthmus before and after stent placement [213, 214]. Even
a slightly obstructed isthmus should be dilated with a balloon
diameter 5–6 mm prior to DA stenting. If a significant CoA per-
sists after stent placement, an effective treatment can be per-
formed by a second stent, which can be placed through the
open-cell struts or beyond the stented duct (class IIa, level B).
Coronary or specially designed self-expandable stents with a
width of 5 or 6 mm and a length of 9–12 mm are used primarily
for additional CoA stenting [213, 608].

Considering a DA without obstruction, the self-expandable
stent diameter has to be at least 1–2 mm above the minimal DA
diameter, but in any case, exceeding the diameter of the Desc Ao
(class IIa, level B). This last recommendation is of particular
importance in newborns with IAA [606]. By choosing such a ratio
of stent to Desc Ao diameter, stent embolization can be avoided
(class IIa, level B). Taking into account technical and material
details, percutaneous duct stenting can be performed with
almost no deaths [606, 608]. As a prerequisite, the stock of mate-
rials in the catheter laboratory in which percutaneous DA stent-
ing is performed must be sufficient to allow the operator to
anticipate any complication [213]. However, in the majority of
countries, self-expandable stents are only available for introducer

sheaths of 5 or 6 Fr, which might be inconvenient when using
femoral artery access (Table 14).

12.9 Atrial septal manipulation

Atrioseptostomy becomes necessary in almost 50% of newborns
with HLHS, either as part of S1P or during the IS-1 [142, 622].
Standard balloon atrioseptostomy is often difficult, due to the
size and location of the defect, the size of the LA and the instabil-
ity of the patient. Therefore, not only the timing of the procedure
but also the technique itself has to be variable. The techniques
include:

1. Gradual static balloon dilatation with or without utilizing cutting bal-
loons and follow-up Rashkind ballooning

2. Perforation of the atrial septum by a Brockenbrough needle or a
radio frequency technique, followed by stent placement.

No technique yielded a reliable, reproducible result until the
current one (class IIa, level B). Sometimes delay of the balloon
septostomy by nearly a week, which allows some growth of the
LA, yields a more substantial and durable opening in the atrial
septum (if a 2 cc balloon is accommodated). The Brockenbrough
needle technique in a small LA has been described (class IIa, level
B). Septal puncture is performed utilizing a transseptal needle
loaded into a 6-Fr, 48-cm-long sheath (Cook-MedicalV

R

). Under
biplane fluoroscopy (anterior–posterior and 90� lateral), the
ensemble of sheath, mandrel and needle (1–2 mm behind the
tip) is pulled back from the SVC into the fossa ovalis and contrast
is continuously applied via a 5-ml Luer Lock syringe fixed at the
needle. In contact with the fossa ovalis, only the needle is
advanced to deposit contrast medium in the atrial septum and
then further advanced in the LA, still by application of contrast
by which the LA cavity can be easily demonstrated. A coronary
guidewire (Whisper, Abbott Laboratories, Chicago, IL, USA) is

Table 14: Criteria, technique and issues of percutaneous DA
stenting

1. Echocardiographic screening and angiographic duct delineation

• Depending on imaging, the chosen stents should be longer and the
width 1–2 mm larger than the measured DA. The stent should exceed
the diameter of the Desc Ao

• Non-obstructed ducts should preferentially be stented by self-
expandable stents

• DA obstruction is an indication for a balloon-expandable stent
2. Risk assessment based on morphological variants of the Ao arch

• Stent placement from the PA to the Desc Ao arch

• Stenting across the Desc Ao arch

• CoA with recommended predilation and/or post-ductal CoA stenting

• DA stenting in the context of an aberrant subclavian artery or other
arch anomalies

3. Timing

• At any time in the setting of PGE1-resistant DA obstruction (acidosis)

• Consider risk factors for procedure-related losses: duct irritation with
consecutive constriction and hyperproliferation, open-cell device
with residual kinking, obstruction or still un-covered duct tissue
(requiring PGE1 despite stented duct) heparin, clopidogrel are
recommended

Ao: aorta; CoA: coarctation of the Ao; DA: ductus arteriosus; Desc Ao:
descending Ao; PA: pulmonary artery; PGE1: prostaglandin E1.
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advanced through the needle and positioned in a left-sided pul-
monary vein. After careful removal of the needle and mandrel,
with the sheath still on the RA side, gradual dilation of the sep-
tum can be performed, starting with 1- to 3-mm coronary bal-
loon until a 5- to 7-mm balloon allows advancement the 6-Fr
long-sheath into the LA. The interatrial septum can be easily
stented using a balloon-expandable or self-expandable stent
[213, 613, 623]. A slightly diabolo-shaped stent pattern reduces
the risk of stent embolization. With a self-expandable stent, the
septum determinates the dog-bone shape in any case, and some-
times the stent needs to be slightly and carefully redilated. An 8-
mm balloon-expandable stent is already fully expanded at the
ends, but in the area of the stented IAS it may still have a width
of 6–7 mm. Despite the diablo-shape of the stent, careful removal
of the deflated balloon is necessary to avoid stent embolization
[214, 608]. Redilatation of the atrial stent in follow-up is safer
than full expansion during placement (class IIa, level B)
(Table 15).

12.10 Hybrid approach as a rescue measure

The components of the h-S1 can be used as rescue measures for
compromised newborns with HLHS [599, 605, 615, 624].
Percutaneous DA stenting and, with some reservations, transpul-
monary stenting, are the procedures of choice for PGE1-refrac-
tory DA obstruction, as observed in newborns admitted in
cardiogenic shock and metabolic acidosis (class IIa, level B) [200].
Atrial manipulation (balloon septostomy with or without stent-
ing) is the preferred method to treat severe hypoxaemia attribut-
able to significantly r-FO or IAS [365, 624]. Obstructed
pulmonary venous blood flow associated with TAPVD return can
also be palliated by transcatheter techniques (class IIb, level B).
Stenting of the obstructed vertical vein is described as well as
direct connection of the TAPVD confluence with the LA following
radiofrequency perforation and stent placement or pure balloon-
ing [365, 625]. Neonates admitted with systemic low CO t caused
by high Qp can be resuscitated by b-PAB, using a short, compre-
hensive open-chest approach (class IIa, level B). The technical
details are in principle not different compared to those used with
h-S1P.

12.11 Hybrid interstage 1

The IS-1 requires not only a successful initial h-S1P with a well-
balanced circulation but also appropriate and assiduous follow-
up monitoring (class IIa, level B), including detailed instructions
for physicians and parents [200]. Lacking evidence-based drug
trials, medications are used on the level of expert opinion but
based on pathophysiological and current pharmacological
knowledge [142, 220]. Commonly used medications include diu-
retics (despite questionable indications) with and without
digoxin, HR-oriented b1-receptor blockers combined with spiro-
nolactone (cardiac fibrosis influencing dosage) and angiotensin-
converting enzyme (ACE) inhibitors in case of persistently
increased SVR. Regarding the important role of the parents, car-
diovascular drugs need to be safe, well understood and easily
administrable [142, 220]. The best IS-1 monitors are well enlight-
ened parents familiar with the importance of the RR during the
baby’s sleep, the quality and quantity of oral milk intake and
weight gain (class IIa, level B). In addition, successful IS-1 man-
agement requires close outpatient evaluation by experienced

paediatric cardiologists able to detect haemodynamic imbalance
in advance of cardiovascular emergencies [608]. Complete echo-
cardiographic assessment within a time interval of 8–10 days is
mandatory, including interior vena cava and hepatic vein diame-
ters and flow characteristics and Desc Ao and coeliac trunk blood
flow. Other critical areas include cardiac morphology, atrial and
ventricular function and size, quality of atrial communication,
atrial pressure gradient (near zero in HLHS, up to 12–15 mmHg
in patients with HLHC). Furthermore, active exclusion of any
(even single) pulmonary vein obstruction is repetitively necessary.
Finally, one should assess AVV and PV characteristics and func-
tion, flow patterns, velocity with calculated gradient, area under
the Doppler curve, diastolic left-to-right shunt and the DA-Ao
junction with the quality and amount of retrograde arch flow (in
the context of BP, RR rate and SO2). Interventional transcatheter
procedures should be pursued for detected or suspected haemo-
dynamic abnormalities during IS-1 (class IIa, level B). Catheter-
based solutions can successfully address obstructions within the
stented DA, FO or even Desc Ao and can be performed in experi-
enced centres without general anaesthesia [600, 608]. Based on a
combined parent-physician monitoring programme, the mortal-
ity rate for IS-1 is <5% for patients with HLHS and almost zero
for h-S1P-treated patients with HLHC. This rate is comparable
with that of the best surveillance programme following the
Norwood S1P procedure [628, 629] (see also IS-1 management
section). Routine evaluation prior to c-S2P is based on echocar-
diography and cardiac MRI techniques. Summarizing the data of
centres that have replaced routine Norwood surgery with h-S1P,
the c-S2P can be performed with a mortality rate of <5% [601,
608, 609, 628, 629].

12.12 Outcomes for hybrid stage 1 palliation using
different strategies

The short- and long-term outcomes in HLHS or HLHC reflect the
widely variable surgical and interventional techniques [225, 516,
600–603, 606, 608, 609, 628]. Postponing an advanced open-
heart surgery from the neonatal period to infancy achieves
potential benefits for long-term outcomes, including neurodevel-
opment, if the components of the h-S1P are performed with that

Table 15: Criteria for atrial septostomy/stent implantation
in hypoplastic left heart syndrome with restrictive foramen
ovale/intact atrial septum

1. Severe restriction on echocardiography, hypoxaemia, tachypnoea

• Foramen ovale diameter <_1 mm on colour Doppler scan or closed or
a decompressing vein from the left atrium with flow obstruction

• Pulmonary venous Doppler flow pattern consistent with high atrial
pressure (to-and-fro flow, forward/reverse velocity time integral <3)

• Pulmonary venous A-wave duration >_90 ms
2. Anatomical subtypes necessitating manipulations: large versus small
left atrium, floppy versus thick atrial septum, atypical position of a restric-
tive foramen ovale, intact atrial septum, pulmonary vein obstructions
3. Timing

• At any time in the setting of pulmonary congestion-related hypoxae-
mia (salvage procedure)

• Consider risk factors for procedure-related losses: access, left atrial
size, Brockenbrough technique and atrial septal stenting for creation
of definitive defects
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ultimate goal [630–635]. The concept of stabilization of the SV
circulation with b-PAB and of maintenance of ductal patency has
significantly widened the therapeutic spectrum for HLHS [636].

13. INTERSTAGE MANAGEMENT

IS-1 mortality in SV patients occurs between hospital discharge fol-
lowing S1P and admission for S2P. Patients considered stable may
have sudden, unexpected deterioration or may die while at home.
Whereas the risk of IS-1 death is associated with residual anatomi-
cal issues and other patient factors, the common exposure is the
vulnerable circulatory arrangement. Efforts to characterize risk fac-
tors have failed to identify a specific target for improvement strat-
egies. It is clear that the causes of IS-1 deaths are multiple and
unlikely to respond to a single medical or surgical intervention
[340, 342, 362, 637, 638]. In 2003, Ghanayem et al. [627] described
the positive impact of a home surveillance programme to identify
patients at risk prior to circulatory collapse. They demonstrated a
reduction in the IS-1 mortality rate from 15.8% to 0% after imple-
mentation. An update to the series demonstrated sustained
improvement in IS-1 survival with home monitoring, with 98% sur-
vival in 157 consecutive patients from 2000 to 2010 [639]. This
experience has been reproduced elsewhere and has led to signifi-
cant reduction in IS-1 mortality in centres participating in the
National Paediatric Cardiology Quality Improvement Collaborative
(Table 16) [640–642]. However, the SVRT still reported a 12% over-
all IS-1 mortality [643]. Research efforts and improvements to care
models continue to focus on risk stratification, enhanced screening
for residual haemodynamic lesions and surveillance through IS-1
home monitoring protocols. Beyond the prevention of mortality,
an important goal of IS-1 care is optimized growth, development
and quality of life. Key studies reporting IS-1 outcomes are listed
in Table 16.

13.1 Interstage 1 physiology and risk factors

The IS-1 physiology is characterized by an inefficient parallel cir-
culation, with an RV volume load of varying degree, depending

on shunt size, patient size and TV function. Residual or recurrent
anatomical lesions (CoA, r-FO) impart important additional loads.
Hypovolaemia, tachycardia and changes in SVR associated with
normal childhood illnesses can acutely destabilize IS-1 physiol-
ogy [304, 391, 644].

At baseline, patients may have signs of heart failure (tachyp-
noea, pulmonary congestion, limited energy reserves and growth
failure). High caloric intake is required to achieve normal growth
and development during this phase, and poor weight gain is an
important modifiable predictor of outcome [645–648].

Risk factors for adverse outcome include anatomical and phys-
iological issues, non-cardiac comorbidities, postoperative com-
plications and demographic factors. In an effort to prevent IS-1
deaths and to risk-stratify patients, investigators have identified
specific risk factors predicting adverse IS-1 events (see
Hypoplastic left heart syndrome guidelines, Risk factors for death
during IS-1).

In the SVRT, patients undergoing a modified MBTS were at
higher risk of death during IS-1 than those receiving an RV–PA
conduit [301, 643]. The influence of the Qp source on IS-1 mor-
tality varied by the degree of TR, with a significant relationship
between MBTS and mortality with no or mild TR. With greater
degrees of TR there was no significant difference between MBTS
and RV–PA conduit [643]. A single-centre comparison of survival
highlighted the interaction between shunt/conduit type and
duration of IS-1, with 120-day survival significantly higher in the
RV–PA conduit group (92% vs 63%) [649]. The authors noted that
although there was no difference in IS-1 deaths between groups
(5% vs 4%), most IS-1 deaths in the RV–PA conduit group
occurred beyond 120 days. The conclusion was that the survival
advantage of the RV–PA conduit may be enhanced through ear-
lier S2P.

Postoperative cardiac factors that affect CO at times of
increased SVR include TR, arrhythmias and poor ventricular func-
tion. Moderate to severe TR represents an important risk factor
for IS-1 death, as noted in several studies including the SVRT
[643]. Significant TR leads to volume load and reduced effective-
ness of CO during periods of circulatory challenge. Impaired RV
function is more prevalent in patients with RV–PA conduits than

Table 16: Studies reporting interstage 1 mortality

Studya Period Population Results/comments

Mahle et al. (2000) (CHOP, USA) 1984–1999 n = 840 ISD = 13.9% (no HMP)
Ghanayem et al. (2003) (CHW, USA) 1996–2001 n = 87 Pre-HMP = 15.8%; HMP = 0%
Fenton et al. (2003) (PITT, USA) 1991–2000 n = 146 ISD = 14% (no HMP)
Simsic et al. (2005) (MUSC, USA) 1996–2001 n = 50 ISD = 16% (no HMP)
Hehir et al. (2009) (CHOP, USA) 1998–2005 n = 368 ISD = 10.5% (no HMP)
Furck et al. (2010) (Kiel) 1996–2007 n = 157 Pre-HMP = 15.8%; HMP = 0%
Hansen et al. (2011) (Kiel) 1996–2009 n = 187 Pre-HMP = 12.4%; HMP = 2.2%
Dobrolet et al. (2011) (Miami, USA) 2006–2010 n = 59 Control = 6%; HMP = 3%
Petit et al. (2011) (TCH, USA) 2007–2010 n = 230 Pre-HMP = 12%; HMP = 8%
Ghanayem et al. (2012) (SVRT, NIH) 2005–2008 n = 426, 15 centres ISD =12% (HMP unknown)
Siehr et al. (2014) (Stanford, USA) 2005–2019 n = 134 Pre-HMP = 7%; HMP = 0%
Rudd et al. (2014) (CHW, USA) 2000–2010 n = 157 ISD = 2% (with HMP)
Anderson et al. (2015) (NPCQIC) 2010–2014 n = 1163, 52 centres ISD improved from 9.5% to 5.3%

aReferences [44, 340, 341, 478, 627, 639–641, 643–647].
CHOP: Children’s Hospital of Philadelphia; CHW: Children’s Hospital of Wisconsin; HMP: home monitoring programme; ISD: interstage death; Kiel: University
Hospital Schleswig-Holstein, Kiel, Germany; Miami: Miami Children’s Hospital and Arnold Palmer Children’s Hospital, Miami; MUSC: Medical University of South
Carolina; NCH: Nationwide Children’s Hospital, Columbus Ohio; NPCQIC: National Paediatric Cardiology Quality Improvement Collaborative; PITT: Children’s
Hospital of Pittsburgh; SVRT: Single Ventricle Reconstruction Trial; TCH: Texas Children’s Hospital.
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with an MBTS, but the clinical significance has been questioned.
Nonetheless, the SVRT suggested that dysfunction predicts mor-
tality before reaching S2P [650, 651].

Single-centre retrospective studies have identified an associa-
tion between arrhythmia following S1P and IS-1 deaths, without
a clear mechanistic relationship [308]. A prospective assessment
of postoperative arrhythmias in 120 patients undergoing S1P
found arrhythmia in 78%, with two-thirds requiring intervention
[310]. In this series, ventricular arrhythmias were more common
after RV–PA conduit S1P and conveyed a hazard ratio of 14 for
long-term deaths after S2P. No association was found between
ventricular arrhythmias and IS-1 deaths.

Social and economic determinants of IS-1 outcome vary based
on geographic region and health care system, implying there
may be impairments to health care based on these factors [643,
652, 653]. The SVRT, based in the USA, found a strong link
between Hispanic ethnicity, census block poverty level, and the
IS-1 mortality rate, suggesting that patients from more deprived
backgrounds had a higher incidence of adverse events [643].
Conversely, registry-based studies from the UK found no evi-
dence that socioeconomic status was linked to IS-1 mortality
rates. However, there was evidence that in the UK, South Asian
ethnicity was linked to worse in-hospital outcomes, and patients
with an ethnic background linked to status as a new migrant had
a greater number of adverse events IS [652, 654].

13.2 Interstage 1 mortality rate in hybrid stage 1
palliation

Use of the h-S1P has been associated with IS-1 mortality rates
similar to those of traditional S1P in single-centre reports [655,
656]. Although the hybrid reduces exposure to complications of
complex early CPB surgery, especially in low BW and premature
newborns, the circulatory arrangement poses specific problems
requiring interstage monitoring. These may include the need for
reintervention due to retrograde CoA, stent stenosis or r-FO. A
single-centre study in which h-S1P was the primary strategy
reported a 75% readmission rate during IS-1, with a 7% IS-1 mor-
tality rate. Also, 11/57 required catheter reintervention during IS-
1 [656]. A recent meta-analysis comparing hybrid and surgical
approaches did not find any important differences in IS-1 mor-
tality rates [617]. In the analysis, the in-hospital mortality rate was
higher in the hybrid group, with the survival difference persisting
at 6 and 12 months. This survival difference was not influenced
by IS-1 events, and hybrid patients did require more IS-1 inter-
ventions in this meta-analysis (see also Hybrid section).

13.3 Preparing for interstage 1 care: postoperative
phase and discharge preparation

When a patient survives S1P only to die during or after IS-1, it is
devastating to families and the care team alike. Therefore, it is
critical that patient physiology be optimized and that patients
and families be well prepared for discharge. This preparation
includes identification of any important residual or recurrent car-
diac anatomical issues that may progress during IS-1, optimiza-
tion of medical therapy and screening for other medical and
sociodemographic risk factors. In many centres, the medical
team may elect to keep a patient in hospital during IS-1 due to
identified risk factors.

13.4 Medications used in interstage 1 care

Optimization of the circulation is advantageous during IS-1 and
may include medical management with diuretics, digoxin and
ACE inhibitors for heart failure and TR, but the evidence base is
limited (Recommendations for medications during IS-1). The use
of ACE inhibitors was the focus of the Infants with Single
Ventricle (ISV) study from the Paediatric Heart Network [657].
This multicentre RCT of enalapril versus placebo in survivors of
S1P found no differences in IS-1 growth, ventricular function or
heart failure between groups. The authors concluded there is no
evidence for empiric IS-1 use of ACE inhibitors. However, there
may be indications for targeted use in scenarios where it is
advantageous to lower SVR or prevent ventricular remodelling
(e.g. excessive Qp, moderate or greater TR, ventricular dysfunc-
tion). A non-randomized study from the NPCQIC and an addi-
tional post hoc analysis of the public use data set of the SVRT
both concluded that administration of digoxin in patients with-
out arrhythmia during IS-1 was associated with a reduction in IS-
1 deaths [221, 658]. However, an analysis of the ISV study data
set noted only a trend towards increased survival and poorer
weight gain with digoxin use [659]. A recent consensus-based
review from Germany supported the use of diuretics, ACE inhibi-
tors and in some cases bisoprolol for interstage management of
patients with HLHS with a hybrid circulation [220].

Risk factors for death during interstage 1

Risk factor Risk level Classa Levelb

Gestational age Moderate I B

Birth weight Moderate I C

Aortic atresia Moderate IIa B

Ascending aorta diameter Moderate IIa C

Restrictive foramen ovale Severe I C

Postoperative arrhythmia Moderate IIa C

MBTS versus RV–PA conduit Moderate IIa B

Tricuspid regurgitation
>_ moderate

Severe I B

Impaired right ventricular
function

Moderate IIb C

Hospital length of stay Moderate IIa C

Number of postoperative
complications

Mild IIa B

No oral feeds at discharge Mild IIb C

Race Moderate IIb B

Poverty Moderate IIb B

Genetic or extracardiac
syndrome

Mild IIa C

Interstage 1 weight gain Moderate IIa C

aClass of recommendation.
bLevel of evidence.
MBTS: modified Blalock–Taussig shunt; PA: pulmonary artery; RV:
right ventricle.
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13.5 Principles of successful discharge preparation

An organized approach or protocol for discharge preparation
has been shown to improve readiness and reduce complications
and readmissions in high-risk populations [654, 660–662]. During
preparations for discharge after S1P, it is important to consider
the patient and family risk profile based on medical risk factors
(TR, poor ventricular function, comorbidity, prolonged hospital-
ization and psycho-social risk factors, poor economic circum-
stances, familial learning difficulties, language barriers). Prior to
discharge it is necessary to supply general information to parents
about their child’s condition and to meet parental educational
requirements. In addition, it is necessary to provide adequate
psycho-social support, specialist training and equipment to meet
the needs of the child. It is important to share complete and rele-
vant information about the child with involved health professio-
nals outside the tertiary centre, inclusive of guidance on how to
handle a deterioration in the child’s condition and follow-up
arrangements [660]. Resources and checklists to facilitate dis-
charge preparation have been previously published and are
available through the NPCQIC website [640, 663].

13.6 Principles and components of interstage 1
home monitoring protocols

The concept of IS-1 home monitoring arose in response to an
unacceptably high rate of sudden deaths at home [627]. The prin-
ciples of IS-1 home monitoring are founded on providing an
inexpensive, non-invasive method of detecting early physiologi-
cal variances in SO2 and somatic growth, which may precede
more severe deterioration. Prior to discharge, caregivers are pro-
vided extensive education on warning signs and specific criteria
(see Table 9) to alert the IS-1 care team (Table 17). The infrastruc-
ture required for implementation and makeup of home monitor-
ing is described extensively elsewhere and may vary among
programmes [639, 664–666] (see Hypoplastic left heart syndrome
guidelines, Components of IS-1 monitoring programmes). More
important than the specific monitoring criteria are the benefits of
a standardized programmatic format. The home monitoring pro-
gramme is, in effect, a medical home-enhancing care coordina-
tion and creating a safety net for the patient and family.

Concepts common to a successful programme include the
following:

1. Engagement of an interdisciplinary team of physician specialists,
advanced practice nurses, nutrition specialists, social workers, thera-
pists, patients and families

2. Use of a care bundle or standard IS-1 protocol
3. Emphasis on continuity of care with dedicated IS-1 team members,

bridging all phases of care from ICU to home
4. A focus on transparent and free communication among the IS-1

team, the primary care team and the caregivers
5. Empowerment of families and caregivers through education, con-

nection to support groups and advocacy networks and unfettered
access to the IS-1 care team for questions and concerns [640, 641,
667, 668].

There is no consensus on ideal frequency of clinic visits, IS-1
monitoring or testing (echocardiography, cardiac catheterization,
biomarker evaluation). The intent of these measures is to detect

problems before they become critical; however, the ability to do
so depends on the nature of the problem. In the case of progres-
sive myocardial dysfunction, worsening TR or diminishing Qp,
daily measure of SO2 or weight may detect early changes

Medications during interstage 1

Recommendations Classa Levelb

Empiric digoxin is associated with
improved interstage 1 survival

IIa C

Empirically administered enalapril has
no clear benefit

IIa B

Aspirin may be associated with improved
survival

IIa C

Aspirin may be associated with lower
incidence of shunt thrombosis

IIa C

aClass of recommendation.
bLevel of evidence.

Table 17: Sample ‘red flag’ criteria for interstage 1 home mon-
itoring programmes

Criterion Frequency Threshold

SO2 Daily <75% or >90%
Weight loss Daily Any weight loss
Weight gain Daily Failure to gain >20 g/day for 3 days
Enteral intake Daily Intake <100 ml/kg/day

SO2: oxygen saturation.

Components of interstage 1 monitoring programmes

Recommendations Classa Levelb

Dedicated IS-1 care team I B

IS-1 clinic I B

Provision of red flag action plan I B

Standardized discharge process includ-
ing family education and rooming in

I C

Written communication with primary
paediatrician and cardiologist

IIa C

Involvement of registered dietician IIa C

Feeding/nutrition protocol including
clear daily weight change goals

IIa B

Use of telehealth visits IIb C

Use of tablet or phone app IIb C

aClass of recommendation.
bLevel of evidence.
IS-1: interstage 1.
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preceding more serious events. However, sudden events such as
acute shunt thrombosis or ventricular arrhythmias are unlikely to
be prevented by such a strategy. Therefore, IS-1 monitoring in its
current form is just one part of a broader strategy to predict and
prevent mortality. A criticism of IS-1 home monitoring is the
potential burden and cost of interim clinic visits, testing and
readmissions based solely on red flags. In an analysis of the
NPCQIC data set, Oster found that 47% of home-monitored
patients had at least 1 hospital readmission [626]. The longitudi-
nal experience from Milwaukee documented 161 IS-1 events in
96 patients (59% of cohort) [639]. The authors noted that despite
the high number of readmissions, no patient was admitted in
shock or respiratory failure, validating the objective of early (pre-
crisis) identification of problems.

13.7 Monitoring for progression of anatomical
lesions and heart failure

Residual anatomical lesions are perhaps the most obvious target
for enhanced surveillance and early reintervention during IS-1,
because ‘technical performance scores’ following S1P have been
associated with outcome [58] (see Imaging and Postoperative ICU
care sections). Reintervention during IS-1 is common, with inter-
ventional catheterization procedures undertaken approximately
twice as often as surgical procedures [652, 669]. An analysis of
the NPCQIC data set found that of 1156 patients discharged
home following S1P, 50% required reintervention during the S1P
hospitalization or during the IS-1 period [498]. In this cohort,
arch interventions were more common in those with an MBTS,
whereas PA and shunt interventions were more common in the
RV–PA conduit group. Perhaps the most important problem to
arise during the IS-1 is recurrent arch obstruction. In the SVR
trial, 18% of patients underwent a reintervention for CoA, and
70% of the interventions were catheter based [431]. There
remains some controversy in the gold standard screening test to
predict significant recurrent arch obstruction and the need for
intervention during IS-1 [670, 671]. Upper and lower BP meas-
urements are technically difficult and user-dependent. Palpation
of normal pulses may be confounded by a wide pulse pressure
associated with shunt physiology. In a study of echocardio-
graphic predictors of catheter intervention during IS, a peak gra-
dient of 26 mmHg had a 100% sensitivity for predicting
subsequent arch intervention [671]. This study, like many others,
suffers from the fact that the outcome of interest (significant
recurrent arch obstruction) is defined by the intervention itself
(catheter balloon dilation) rather than a well-defined pathophy-
siological criterion.

The potential for serum biomarkers of heart failure to be help-
ful in monitoring IS-1 patients has been assessed in a few single-
centre studies as well as in a post hoc analysis of the ISV study
[670, 672]. In the ISV cohort, type B natriuretic peptide (BNP) lev-
els remained elevated prior to S2P but fell significantly afterwards
[673]. Those with higher BNP levels were found by echocardiog-
raphy to have greater ventricular dilation, a higher degree of TR
and impaired growth. Although BNP levels are uniformly high in
the early post-S1P period, they undergo a predictable decline in
the stable patient during IS-1 as the patient grows and as relative
Qp lessens. Therefore, if a patient has an increase in BNP level
during this period, it suggests a new, progressive or recurrent
problem placing a load on the RV [670]. The main value of these
and other biomarkers is the ability to correlate an easily

measurable, objective value to an important haemodynamic
change during IS-1.

13.8 Role of telehealth and phone apps during
interstage 1

Recent innovations in IS care have focused on leveraging tech-
nology to improve real-time communication and monitoring
during IS. The use of virtual home visits utilizing teleconferencing
has been described and is feasible in regions with the infrastruc-
ture to support the technology. It is unclear whether this offers
an advantage over traditional communication [674, 675]. The use
of digital apps, either through tablet computers or cell phones, is
a natural evolution from the traditional three-ring binders used
for home monitoring communication, education and data collec-
tion. Results from a randomized crossover study showed signifi-
cant advantages to the use of a tablet-based platform compared
with handwritten records, with increased sensitivity of red flags
through automatic alerts to the care team. Cell phone apps are
particularly appealing to a generation of parents who are accli-
mated to their use throughout their daily lives. Linkage of Blue
Tooth enabled scales and pulse oximeters with devices con-
nected in real time to the IS-1 care team through the electronic
health record (with the capability to generate auto-alerts) may
further improve monitoring sensitivity.

13.9 Patients remaining in the hospital during
interstage 1

A significant proportion of patients surviving S1P remain in hos-
pital until S2P due to social or medical barriers to safe and timely
hospital discharge. The Milwaukee programme reported that
from 2000 to 2010, 15% (29/186) remained in hospital during IS-
1 due to haemodynamic instability, labile oxygenation or extrac-
ardiac organ dysfunction [639]. These patients represented a
sicker cohort than those discharged home, with longer surgical
times, more frequent use of ECMO postoperatively (24% vs 5%)
and more preoperative risk factors. This group also suffered
worse 1-year (75% vs 97%) and 5-year (66% vs 95%) survival rates
compared to those discharged following S1P. In the SVRT (2005–
2008), 22/549 (4%) remained in-hospital prior to S2P [643]. A US
registry study of 5374 infants with HLHS from 2004 to 2013
found that 5.8% of patients remained in-hospital prior to S2P
[676]. Interestingly, the percentage remaining in-hospital
increased from 3.8% in the early era to 9% in the later era of the
study. This difference may be related to the greater number of
complex neonates surviving S1P or to trends in management
over time to reduce IS-1 mortality rates.

13.10 Impact of interstage 1 variables on timing of
stage 2 palliation

Reports suggest that the timing of S2P has become progressively
earlier, coincident with increased enrolment in IS-1 home moni-
toring programmes [652, 676–679]. A recent registry-based study
from the UK linked improvement in HLHS outcomes to a reduc-
tion in the median age of S2P from 5.7 to 5.1 months, a rise in IS-
1 interventions and a reduction in the variability of the age at
S2P [652]. This finding is in line with a study from the USA that
linked a decrease in IS-1 deaths to the introduction of a
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standardized home monitoring programme and an S2P age
reduction to 4.1 months [678]. Conversely, those children who
remain hospitalized due to ongoing haemodynamic instability
and receive S2P at a particularly early age have worse outcomes
[679]. A recent study from the Congenital Heart Surgeons’ Society
critical left ventricular tract outflow obstruction cohort concluded
that performing S2P after 3 months of age is optimal for low-to-
medium risk infants and further that high-risk infants are less
likely to survive an S2P before 3 months of age [63]. In an analysis
of the NPCQIC data set comparing care practices from 2008 to
2010 to those from a later era (2014), there was a shift in average
age at S2P from 153 (IQR = 59) to 140 (IQR = 43) days [663]. In
the later era, more patients were enrolled in home monitoring;
the use of the RV–PA conduit was more common; and there
were significant reductions in preoperative risk factors such as
acidosis and the need for intubation. In a study comparing IS-1
outcomes in NPCQIC centres grouped by timing of S2P, Hill et al.
[680] found that those who had S2P late had a higher IS-1 mor-
tality rate (10% vs 5.7%). Importantly, in neither study were there
meaningful differences in outcome at S2P between groups.

13.11 Role of nutrition and growth in interstage 1
outcomes

Growth and feeding have become intrinsically connected to IS
management, because weight gain is both a non-specific marker
of cardiovascular health and a modifiable risk factor for surgical
outcomes. Children with SV lesions have a high incidence of
growth failure, which is most pronounced in the perioperative
and IS-1 periods. Contributing factors are multifactorial, and
growth velocity is associated with both short- and long-term out-
comes [645, 648, 681–683]. However, the goal of normal infant
growth patterns can be achieved during IS-1 in a home monitor-
ing programme, with involvement of a registered dietician [647,
677]. Improving IS-1 nutrition and feeding has become 1 of 3 key
drivers for the NPCQIC efforts to improve outcomes for S1P.

Prior to the widespread implementation of IS-1 monitoring
programmes, growth failure during IS-1 was common and to
some degree normalized and accepted. As a result, this popula-
tion historically experienced significant failure to thrive during a
phase when adequate protein and energy balance is critical for
normal growth and development. Patients with an ongoing nutri-
tional deficit undergoing S2P had worse surgical outcomes [645].
Multiple studies have demonstrated an acute decline in weight-
for-age z-scores during the early postoperative phase, with the
average score at the time of discharge ranging from -1.4 to -2
[684–686]. In these single-centre studies, lower hospital weight
gain was associated with increasing patient complexity and ICU
complications, including ICU length of stay, need for postopera-
tive ECMO, longer postoperative ventilation time and greater TR.
Hong et al. [686] documented a significant drop in weight-for-
age z-scores during neonatal hospitalization in patients with a
median caloric intake in the ICU of 54 kcal/kg/day and a median
intake at the time of discharge of 107 kcal/kg/day. The authors
concluded that the early postoperative period is marked by sub-
optimal calorie delivery and that efforts to optimize enteral
intake should result in improved growth. Li et al. found a high
energy deficit in the early postoperative period, using indirect
calorimetry . Neonates in this study were hypermetabolic and
did not reach a positive energy balance until postoperative day 3
with standard parenteral nutrition regimens. Prolonged time to

reach nutritional goals has also been recognized as a problem in
the general paediatric ICU population and represents a potential
target for process improvement. However, the association of
overfeeding and death in critically ill patients highlights the
impact of patient condition on outcomes related to feeding and
nutrition [687]. It may be counterproductive to focus improve-
ment efforts on weight gain during a period where patients are
critically ill and in a catabolic state.

Although in-hospital growth remains suboptimal, IS-1 growth
has improved through implementation of home monitoring.
Earlier studies commonly documented failure to thrive during IS-
1. In a study of 100 patients undergoing S2P, Anderson et al.
[645] reported a decrease in the median weight-for-age z-score
from -1.4 to -2 during IS, with an average weight gain of 18 g/day
in. Patients with a lower score experienced worse S2P outcomes.
In contrast, patients enrolled in monitoring at Children’s Hospital
of Wisconsin achieved a normal IS-1 growth velocity of 26.8 g
per day [647]. On average, these patients required 117 kcal/kg/
day to achieve this result. This strategy was associated with 98%
IS-1 survival. This finding has been replicated in other centres
employing a multidisciplinary team approach with involvement
of a nutrition specialist, utilizing protocols targeting normal
weight gain and high caloric intake goals [641, 642, 677].
Individual nutrition protocols vary but commonly include daily
weight at home combined with weekly calls to allow changes to
the feeding plan.

Although there is consensus on the need for increased caloric
support for infants in IS-1, the preferred feeding mode varies. In a
large multicentre cohort, Hill et al. [688] found no difference in
growth during IS-1 based on a supplementary tube feeding modal-
ity. The authors concluded that different feeding modalities may
achieve adequate growth within the context of IS-1 management
using standardized calorie and weight goals. Some centres have
elected not to discharge patients home with nasoenteral feeding
tubes due to concerns for aspiration or tube misplacement. The
use of IS-1 nasogastric tube feeding was not associated with
increased IS-1 mortality rates in an analysis of the NPCQIC cohort
[689]. The authors did see higher IS-1 mortality rates in the group
fed via gastrostomy plus fundoplication, which may be a marker
for patient complexity. Given the importance of adequate and safe
caloric intake, if family home circumstances are challenging, travel
times are long or infants are at high medical risk, centres may elect
to keep patients requiring supplemental tube feedings in-hospital
during the IS period [690].

13.12 Family considerations

Family engagement is pivotal in successful IS-1 management. A
priority of home monitoring is to empower caregivers by provid-
ing education to understand the disease process and warning
signs, to provide immediate access to the IS-1 team when
needed and to connect caregivers to the network of families liv-
ing with SV as added support. Various studies have demonstrated
a high level of parental stress in households of children with a
SV, especially at the time of initial hospital discharge [691–696].
The home monitoring programme provides a support network
for families and can offer resources beyond medical interven-
tions. The involvement of parents in local support groups and
national organizations advocating for children and families with
CHD may help alleviate family stress and provide a much-needed
support structure.
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14. CONCLUSION

Opportunities to improve IS-1 outcomes include improved risk
stratification, optimized screening for residual haemodynamic
lesions and enhanced surveillance through refinement of IS-1
monitoring protocols. Beyond the prevention of death, an
important goal of IS-1 care is improved growth, development
and quality of life.

15. OUTCOME DATA FROM THE CONGENITAL
HEART SURGERY AND THE EUROPEAN
CONGENITAL HEART SURGEONS ASSOCIATION
DATABASES REGARDING HYPOPLASTIC LEFT
HEART SYNDROME

Multi-institutional databases and registries allow benchmarking
of an institution’s outcome data against national and interna-
tional multi-institutional data. Benchmarking can facilitate the
assessment and improvement of quality in paediatric cardiac sur-
gery [540, 697, 698].

For the purposes of these guidelines, data from the Society of
Thoracic Surgeons Congenital Heart Surgery Database (STS
CHSD) and the European Congenital Heart Surgeons Association
(ECHSA) Congenital Database have been assembled and are pre-
sented in Tables 18–23.

The STS CHSD receives data from over 95% of the hospitals in
the USA in which paediatric cardiac surgery is performed and is
the largest database for paediatric and congenital cardiac opera-
tions. STS CHSD captured data for 122 212 cardiac operations
and 101 769 index cardiac operations performed from 1 July
2013 to 30 June 2017 [699]. Table 18 documents the number and
proportion of operations in the STS CHSD performed for patients
with a primary diagnosis of HLHS during this 4-year analytic win-
dow. Table 19 documents the number and percentage of opera-
tions in the STS CHSD with a primary procedure related to HLHS
during the same period.

The ECHSA Congenital Database contains data from multiple
countries both within and outside Europe. Table 20 documents
the number and proportion of operations performed for patients
with a primary diagnosis of HLHS in the entire ECHSA Congenital
Database from 1 July 2013 to 30 June 2017. Table 21 shows the
number and proportion of operations with a primary procedure
related to HLHS during the same 4-year window.

Table 22 shows the number and proportion of operations for
patients with a primary diagnosis of HLHS in the ECHSA
Congenital Database in an analysis restricted to data from
European countries from 1 July 2013 to 30 June 2017. Table 23
documents the number and proportion of operations with a pri-
mary procedure related to HLHS in the ECHSA Congenital
Database in an analysis restricted to data from European coun-
tries from 1 July 2013 to 30 June 2017.

Table 19: STS CHSD: hypoplastic left heart syndrome primary procedure

Primary procedure Number Proportion of all
operations in
STS CHSD (%)

Operative mortality
rate (%)

Norwood procedure 2795 2.5 14.3
Biventricular repair 77 0.1 9.1
RV–PA conduit + intraventricular tunnel (LV-Ao) + arch reconstruction
(Yasui operation)

68 0.1 8.8

h-S1P, b-PAB application 205 0.2 38.5
h-S1P, stent placement in DA 24 0.0 0.0
h-S1P, stent placement in DA + application of b-PAB 318 0.3 18.9
h-S2P, Ao-PA amalgamation + BCPS + PAB removal + Ao arch repair 131 0.1 6.9
h-S2P, Ao-PA amalgamation + BCPS + PAB removal (no Ao arch repair) 10 0.0 0.0

Ao: aortic; b-PAB: bilateral pulmonary artery banding; BCPS: bidirectional cavopulmonary shunt; DA: ductus arteriosus; h-S1P: hybrid stage 1 palliation; h-S2P:
hybrid stage 2 palliation; LV: left ventricle; PA: pulmonary artery; RV: right ventricle; STS CHSD: Society of Thoracic Surgeons Congenital Heart Surgery Database.

Table 20: ECHSA Congenital Database: hypoplastic left
heart syndrome as primary diagnosis

Primary diagnosis Number Proportion of all
operations in the
ECHSA CHSD (%)

Hypoplastic left heart syndrome 3419 4.09
Shone’s syndrome 172 0.21

CHSD: Congenital Heart Surgery Database; ECHSA: European Congenital
Heart Surgeons Association.

Table 18: STS CHSD: hypoplastic left heart syndrome as
primary diagnosis

Primary diagnosis Number Proportion of all
operations in STS
CHSD (%)

Hypoplastic left heart syndrome 7248 5.9
Shone’s syndrome 52 0.0

STS CHSD: Society of Thoracic Surgeons Congenital Heart Surgery
Database.
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15.1 Other registry outcome data

The National Congenital Heart Disease Audit publishes data for
all paediatric centres in the UK. Currently available HLHS data for
2015–2018 include 295 Norwood procedures. The 30-day sur-
vival rate for this period is 93.2%, with 100% of cases included in
follow-up. Some of these cases are also included in the STS and/
or ECHSA databases.

15.2 Nomenclature for use in studies and
databases

The International Paediatric and Congenital Cardiac Code
(IPCCC) (www.ipccc.net) was produced and has been maintained
by the International Society for Nomenclature of Paediatric and
Congenital Heart Disease (ISNPCHD) [15, 16, 700, 701]. The
IPCCC is widely used for most paediatric and congenital cardiac
registries and databases, including the STS CHSD and the ECHSA
Congenital Database. ISNPCHD has submitted a hierarchical
nomenclature tree for paediatric and congenital cardiac disease
to the World Health Organization that will become the paediatric
and congenital cardiac component of the International
Classification of Diseases 11th Revision [16]. ISNPCHD has pro-
vided corresponding definitions for all of the paediatric and

congenital cardiac terms in the International Classification of
Diseases 11th Revision and also definitions for a variety of related
terms [15, 16, 700].

15.3 Summary and recommendations

The IPCCC is a standardized international system of paediatric
and congenital cardiac nomenclature that should be used in all
registries, databases and research studies in the domain of
paediatric and congenital cardiac care, including those related
to HLHS. This recommendation is level 1 class C [15, 16, 700].

Multi-institutional databases and registries allow benchmark-
ing of data concerning death, patterns of practice, morbidity and
postoperative length of stay [540]. As a level 1 class C recommen-
dation, all paediatric and congenital cardiac teams should rou-
tinely assess their own data against national and international
benchmarks using multi-institutional databases and registries
[540, 697–699, 701].

Table 22: ECHSA Congenital Database (Europe only): hypo-
plastic left heart syndrome as primary diagnosis

Primary diagnosis Number Proportion of all
operations in
ECHSA Congenital
Database (%)

Hypoplastic left heart syndrome 2709 5.72
Shone’s syndrome 134 0.28

ECHSA: European Congenital Heart Surgeons Association.

Table 21: ECHSA Congenital Database: hypoplastic left heart syndrome primary procedure

Primary procedure Number Percentage of all operations
in ECHSA Congenital
Database (%)

Operative mortality
rate (%)

Norwood S1P 1041 1.24 22.85
Biventricular repair 73 0.09 12.33
h-S1P, application of b-PAB 106 0.13 10.58
h-S1P, stent placement in DA 7 0.01 0.00
h-S1P, stent placement in DA + application of b-PAB 52 0.06 40.38
h-S2P, Ao-PA amalgamation + BCPS + PAB removal + Ao arch repair 28 0.03 11.11
h-S2P, Ao-PA amalgamation + BCPS + PAB removal (no Ao arch repair) 1 0.00 100.00

Ao: aortic; b-PAB: bilateral pulmonary artery banding; BCPS: bidirectional cavopulmonary shunt; DA: ductus arteriosus; ECHSA: European Congenital Heart
Surgeons Association; h-S1P: hybrid stage 1 palliation; h-S2P: hybrid stage 2 palliation; PA: pulmonary artery; S1P: stage 1 palliation.

Analysis of outcome data

Recommendations Classa Levelb

The International Paediatric and
Congenital Cardiac Code should be used
in all registries, databases and research
studies in paediatric and congenital car-
diac care, including those related to
hypoplastic left heart syndrome

I C

All paediatric and congenital cardiac
teams should routinely assess their data
against national and international bench-
marks using multi-institutional databases
and registries

I C

aClass of recommendation.
bLevel of evidence.
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[99] Petko C, Hoffmann U, Möller P, Scheewe J, Kramer H-H, Uebing A.
Assessment of ventricular function and dyssynchrony before and after
stage 2 palliation of hypoplastic left heart syndrome using two-dimen-
sional speckle tracking. Pediatr Cardiol 2010;31:1037–42.

[100] Hill GD, Frommelt PC, Stelter J, Campbell MJ, Cohen MS, Kharouf R
et al. Impact of initial Norwood shunt type on right ventricular defor-
mation: the Single Ventricle Reconstruction trial. J Am Soc Echocardiogr
2015;28:517–21.

[101] Nagueh SF, Smiseth OA, Appleton CP, Byrd BF, Dokainish H, Edvardsen
T et al. Recommendations for the evaluation of left ventricular diastolic
function by echocardiography: an update from the American Society of
Echocardiography and the European Association of Cardiovascular
Imaging. Eur Heart J Cardiovasc Imaging 2016;17:1321–60.

[102] Margossian R, Sleeper LA, Pearson GD, Barker PC, Mertens L,
Quartermain MD et al. Assessment of diastolic function in single-ven-
tricle patients after the Fontan procedure. J Am Soc Echocardiogr 2016;
29:1066–73.

[103] Stamm C, Anderson RH, Ho SY. The morphologically tricuspid valve in
hypoplastic left heart syndrome. Eur J Cardiothorac Surg 1997;
12:587–92.

[104] Bharucha T, Honjo O, Seller N, Atlin C, Redington A, Caldarone CA et al.
Mechanisms of tricuspid valve regurgitation in hypoplastic left heart
syndrome: a case-matched echocardiographic-surgical comparison
study. Eur Heart J Cardiovasc Imaging 2013;14:135–41.

[105] Mart CR, Eckhauser AW, Murri M, Su JT. A systematic method for using
3D echocardiography to evaluate tricuspid valve insufficiency in hypo-
plastic left heart syndrome. Ann Pediatr Card 2014;7:193–200.

[106] Kutty S, Colen T, Thompson RB, Tham E, Li L, Vijarnsorn C et al.
Tricuspid regurgitation in hypoplastic left heart syndrome: mechanistic
insights from 3-dimensional echocardiography and relationship with
outcomes. Circ Cardiovasc Imaging 2014;7:765–72.

[107] Colen T, Kutty S, Thompson RB, Tham E, Mackie AS, Li L et al. Tricuspid
valve adaptation during the first interstage period in hypoplastic left
heart syndrome. J Am Soc Echocardiogr 2018;31:624–33.

[108] Bharucha T, Khan R, Mertens L, Friedberg MK. Right ventricular
mechanical dyssynchrony and asymmetric contraction in hypoplastic
heart syndrome are associated with tricuspid regurgitation. J Am Soc
Echocardiogr 2013;26:1214–20.

[109] van Velzen CL, Clur SA, Rijlaarsdam MEB, Pajkrt E, Bax CJ, Hruda J et al.
Prenatal diagnosis of congenital heart defects: accuracy and discrepan-
cies in a multicenter cohort. Ultrasound Obstet Gynecol 2016;
47:616–22.

[110] Marek J, Tomek V, Skovr�anek J, Povysilov�a V, Sam�anek M. Prenatal
ultrasound screening of congenital heart disease in an unselected
national population: a 21-year experience. Heart 2011;97:124–30.

[111] Quartermain MD, Pasquali SK, Hill KD, Goldberg DJ, Huhta JC, Jacobs JP
et al. Variation in prenatal diagnosis of congenital heart disease in
infants. Pediatrics 2015;136:e378–85.

484 EACTS/AEPC Guidelines / European Journal of Cardio-Thoracic Surgery

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article/58/3/416/5898365 by U

niversiteit Leiden / LU
M

C
 user on 30 Septem

ber 2022



[112] Quartermain MD, Hill KD, Goldberg DJ, Jacobs JP, Jacobs ML, Pasquali
SK et al. Prenatal diagnosis influences preoperative status in neonates
with congenital heart disease: an analysis of the society of thoracic sur-
geons congenital heart surgery database. Pediatr Cardiol 2019;
40:489–96.

[113] Sivarajan V, Penny DJ, Filan P, Brizard C, Shekerdemian LS. Impact of
antenatal diagnosis of hypoplastic left heart syndrome on the clinical
presentation and surgical outcomes: the Australian experience. J
Paediatr Child Health 2009;45:112–17.

[114] Markkanen HK, Pihkala JI, Salminen JT, Saarinen MM, Hornberger LK,
Ojala TH. Prenatal diagnosis improves the postnatal cardiac function in
a population-based cohort of infants with hypoplastic left heart syn-
drome. J Am Soc Echocardiogr 2013;26:1073–9.

[115] Weber RW, Stiasny B, Ruecker B, Fasnacht M, Cavigelli-Brunner A,
Valsangiacomo Buechel ER. Prenatal diagnosis of single ventricle physi-
ology impacts on cardiac morbidity and mortality. Pediatr Cardiol 2019;
40:61–70.

[116] Holland BJ, Myers JA, Woods CR. Prenatal diagnosis of critical congeni-
tal heart disease reduces risk of death from cardiovascular compromise
prior to planned neonatal cardiac surgery: a meta-analysis. Ultrasound
Obstet Gynecol 2015;45:631–8.

[117] Thakur V, Dutil N, Schwartz SM, Jaeggi E. Impact of prenatal diagnosis
on the management and early outcome of critical duct-dependent car-
diac lesions. Cardiol Young 2018;28:548–53.

[118] Wernovsky G, Licht DJ. Neurodevelopmental outcomes in children with
congenital heart disease-what can we impact? Pediatr Crit Care Med
2016;17:S232–42.

[119] Limperopoulos C, Tworetzky W, McElhinney DB, Newburger JW,
Brown DW, Robertson RL et al. Brain volume and metabolism in
fetuses with congenital heart disease: evaluation with quantitative
magnetic resonance imaging and spectroscopy. Circulation 2010;
121:26–33.

[120] Peyvandi S, De Santiago V, Chakkarapani E, Chau V, Campbell A, Poskitt
KJ et al. Association of prenatal diagnosis of critical congenital heart dis-
ease with postnatal brain development and the risk of brain injury.
JAMA Pediatr 2016;170:e154450.

[121] McBrien A, Hornberger LK. Early fetal echocardiography. Birth Defects
Res 2019;111:370–9.

[122] De Robertis V, Rembouskos G, Fanelli T, Volpe G, Muto B, Volpe P. The
three-vessel and trachea view (3VTV) in the first trimester of pregnancy:
an additional tool in screening for congenital heart defects (CHD) in an
unselected population. Prenat Diagn 2017;37:693–8.

[123] Donofrio MT, Moon-Grady AJ, Hornberger LK, Copel JA, Sklansky MS,
Abuhamad A et al.; American Heart Association Adults with Congenital
Heart Disease Joint Committee of the Council on Cardiovascular
Disease in the Young and Council on Clinical Cardiology, Council on
Cardiovascular Surgery and Anesthesia, and Council on Cardiovascular
and Stroke Nursing. Diagnosis and treatment of fetal cardiac disease: a
scientific statement from the American Heart Association. Circulation
2014;129:2183–242.

[124] International Society of Ultrasound in Obstetrics and Gynecology,
Carvalho JS, Allan LD, Chaoui R, Copel JA, DeVore GR et al. ISUOG prac-
tice guidelines (updated): sonographic screening examination of the
fetal heart. Ultrasound Obstet Gynecol 2013;41:348–59.

[125] American Institute of Ultrasound in Medicine. AIUM practice guideline
for the performance of fetal echocardiography. J Ultrasound Med 2013;
32:1067–82.

[126] Alsoufi B, Mori M, Gillespie S, Schlosser B, Slesnick T, Kogon B et al.
Impact of patient characteristics and anatomy on results of Norwood
operation for hypoplastic left heart syndrome. Ann Thorac Surg 2015;
100:591–8.

[127] Gaynor JW, Wernovsky G, Jarvik GP, Bernbaum J, Gerdes M, Zackai E
et al. Patient characteristics are important determinants of neurodeve-
lopmental outcome at one year of age after neonatal and infant cardiac
surgery. J Thorac Cardiovasc Surg 2007;133:1344–53, 1353.e1–3.

[128] Alsaied T, Tseng S, King E, Hahn E, Divanovic A, Habli M et al. Effect of
fetal hemodynamics on growth in fetuses with single ventricle or trans-
position of the great arteries. Ultrasound Obstet Gynecol 2018;
52:479–87.

[129] Kinnear C, Haranal M, Shannon P, Jaeggi E, Chitayat D, Mital S.
Abnormal fetal cerebral and vascular development in hypoplastic left
heart syndrome. Prenat Diagn 2019;39:38–44.

[130] Liu MY, Zielonka B, Snarr BS, Zhang X, Gaynor JW, Rychik J.
Longitudinal assessment of outcome from prenatal diagnosis through
Fontan operation for over 500 fetuses with single ventricle-type

congenital heart disease: the Philadelphia Fetus-to-Fontan Cohort
Study. J Am Heart Assoc 2018;7:e009145.

[131] Beroukhim RS, Gauvreau K, Benavidez OJ, Baird CW, LaFranchi T,
Tworetzky W. Perinatal outcome after prenatal diagnosis of single-ven-
tricle cardiac defects. Ultrasound Obstet Gynecol 2015;45:657–63.

[132] Rychik J, Szwast A, Natarajan S, Quartermain M, Donaghue DD, Combs
J et al. Perinatal and early surgical outcome for the fetus with hypoplas-
tic left heart syndrome: a 5-year single institutional experience.
Ultrasound Obstet Gynecol 2010;36:465–70.

[133] Hellmund A, Berg C, Herberg U, Geipel A, Kempe A, Gembruch U.
Levoatrial cardinal vein in a series of five prenatal cases with hypoplastic
left heart syndrome and intact atrial septum. Ultraschall in Med 2017;
38:206–11.

[134] Morris SA, Ethen MK, Penny DJ, Canfield MA, Minard CG, Fixler DE
et al. Prenatal diagnosis, birth location, surgical center, and neonatal
mortality in infants with hypoplastic left heart syndrome. Circulation
2014;129:285–92.

[135] Peterson AL, Quartermain MD, Ades A, Khalek N, Johnson MP,
Rychik J. Impact of mode of delivery on markers of perinatal hemo-
dynamics in infants with hypoplastic left heart syndrome. J Pediatr
2011;159:64–9.

[136] Miller TA, Ghanayem NS, Newburger JW, McCrindle BW, Hu C, DeWitt
AG et al.; for the Pediatric Heart Network Investigators. Gestational age,
birth weight, and outcomes six years after the Norwood procedure.
Pediatrics 2019;143:e20182577.

[137] Costello JM, Pasquali SK, Jacobs JP, He X, Hill KD, Cooper DS et al.
Gestational age at birth and outcomes after neonatal cardiac surgery: an
analysis of the Society of Thoracic Surgeons Congenital Heart Surgery
Database. Circulation 2014;129:2511–17.

[138] Herberg U, Berg C, Geipel A, Gembruch U, Breuer J. Foetal therapy:
what works? Closed interatrial septum. Cardiol Young 2014;24:47–54.

[139] Arai S, Fujii Y, Kotani Y, Kuroko Y, Kasahara S, Sano S. Surgical outcome
of hypoplastic left heart syndrome with intact atrial septum. Asian
Cardiovasc Thorac Ann 2015;23:1034–8.

[140] Sathanandam SK, Philip R, Gamboa D, Van Bergen A, Ilbawi MN, Knott-
Craig C et al. Management of hypoplastic left heart syndrome with
intact atrial septum: a two-centre experience. Cardiol Young 2016;
26:1072–81.

[141] Vida VL, Bacha EA, Larrazabal A, Gauvreau K, Thiagaragan R, Fynn-
Thompson F et al. Hypoplastic left heart syndrome with intact or highly
restrictive atrial septum: surgical experience from a single center. Ann
Thorac Surg 2007;84:581–5; discussion 586.

[142] Vlahos AP, Lock JE, McElhinney DB, van der Velde ME. Hypoplastic left
heart syndrome with intact or highly restrictive atrial septum: outcome
after neonatal transcatheter atrial septostomy. Circulation 2004;
109:2326–30.

[143] Jantzen DW, Moon-Grady AJ, Morris SA, Armstrong AK, Berg C, Dangel
J et al. Hypoplastic left heart syndrome with intact or restrictive atrial
septum: a report from the International Fetal Cardiac Intervention
Registry. Circulation 2017;136:1346–9.

[144] Gellis L, Drogosz M, Lu M, Sleeper LA, Cheng H, Allan C et al.
Echocardiographic predictors of neonatal illness severity in fetuses with
critical left heart obstruction with intact or restrictive atrial septum.
Prenat Diagn 2018;38:788–94.

[145] Sanapo L, Moon-Grady AJ, Donofrio MT. Perinatal and delivery man-
agement of infants with congenital heart disease. Clin Perinatol 2016;
43:55–71.

[146] Lowenthal A, Kipps AK, Brook MM, Meadows J, Azakie A, Moon-Grady
AJ. Prenatal diagnosis of atrial restriction in hypoplastic left heart syn-
drome is associated with decreased 2-year survival. Prenat Diagn 2012;
32:485–90.

[147] Taketazu M, Barrea C, Smallhorn JF, Wilson GJ, Hornberger LK.
Intrauterine pulmonary venous flow and restrictive foramen ovale
in fetal hypoplastic left heart syndrome. J Am Coll Cardiol 2004;
43:1902–7.

[148] Goltz D, Lunkenheimer J-M, Abedini M, Herberg U, Berg C, Gembruch
U et al. Left ventricular obstruction with restrictive inter-atrial communi-
cation leads to retardation in fetal lung maturation. Prenat Diagn 2015;
35:463–70.

[149] Seed M, Bradley T, Bourgeois J, Jaeggi E, Yoo S-J. Antenatal MR imaging
of pulmonary lymphangiectasia secondary to hypoplastic left heart syn-
drome. Pediatr Radiol 2009;39:747–9.

[150] Victoria T, Andronikou S. The fetal MR appearance of “nutmeg lung”:
findings in 8 cases linked to pulmonary lymphangiectasia. Pediatr
Radiol 2014;44:1237–42.

EA
C

TS
/A

EP
C

G
U

ID
EL

IN
ES

485EACTS/AEPC Guidelines / European Journal of Cardio-Thoracic Surgery

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article/58/3/416/5898365 by U

niversiteit Leiden / LU
M

C
 user on 30 Septem

ber 2022



[151] Lloyd DF, van Amerom JF, Pushparajah K, Simpson JM, Zidere V, Miller
O et al. An exploration of the potential utility of fetal cardiovascular MRI
as an adjunct to fetal echocardiography. Prenat Diagn 2016;36:916–25.

[152] Chintala K, Tian Z, Du W, Donaghue D, Rychik J. Fetal pulmonary
venous Doppler patterns in hypoplastic left heart syndrome: relation-
ship to atrial septal restriction. Heart 2008;94:1446–9.

[153] Divanovi�c A, Hor K, Cnota J, Hirsch R, Kinsel-Ziter M, Michelfelder E.
Prediction and perinatal management of severely restrictive atrial sep-
tum in fetuses with critical left heart obstruction: clinical experience
using pulmonary venous Doppler analysis. J Thorac Cardiovasc Surg
2011;141:988–94.

[154] Jaeggi E, Renaud C, Ryan G, Chaturvedi R. Intrauterine therapy for struc-
tural congenital heart disease: contemporary results and Canadian
experience. Trends Cardiovasc Med 2016;26:639–46.

[155] Szwast A, Tian Z, McCann M, Donaghue D, Rychik J. Vasoreactive
response to maternal hyperoxygenation in the fetus with hypoplastic
left heart syndrome. Circ Cardiovasc Imaging 2010;3:172–8.

[156] Enzensberger C, Axt-Fliedner R, Degenhardt J, Kawecki A, Tenzer A,
Kohl T et al. Pulmonary vasoreactivity to materno-fetal hyperoxygena-
tion testing in fetuses with hypoplastic left heart. Ultraschall in Med
2016;37:195–200.

[157] Schidlow DN, Donofrio MT. Prenatal maternal hyperoxygenation testing
and implications for critical care delivery planning among fetuses with
congenital heart disease: early experience. Am J Perinatol 2018;
35:16–23.

[158] Glatz JA, Tabbutt S, Gaynor JW, Rome JJ, Montenegro L, Spray TL et al.
Hypoplastic left heart syndrome with atrial level restriction in the era of
prenatal diagnosis. Ann Thorac Surg 2007;84:1633–8.

[159] Marshall AC, Levine J, Morash D, Silva V, Lock JE, Benson CB et al.
Results of in utero atrial septoplasty in fetuses with hypoplastic left heart
syndrome. Prenat Diagn 2008;28:1023–8.

[160] Donofrio MT, Skurow-Todd K, Berger JT, McCarter R, Fulgium A,
Krishnan A et al. Risk-stratified postnatal care of newborns with congen-
ital heart disease determined by fetal echocardiography. J Am Soc
Echocardiogr 2015;28:1339–49.

[161] Hancock HS, Romano JC, Armstrong A, Yu S, Lowery R, Gelehrter S.
Single ventricle and total anomalous pulmonary venous connection:
implications of prenatal diagnosis. World J Pediatr Congenit Heart Surg
2018;9:434–9.

[162] Axt-Fliedner R, Tenzer A, Kawecki A, Degenhardt J, Schranz D, Valeske K
et al. Prenatal assessment of ventriculocoronary connections and ven-
tricular endocardial fibroelastosis in hypoplastic left heart. Ultraschall in
Med 2014;35:357–63.

[163] Sathanandam S, Cui W, Nguyen NV, Husayni TS, Van Bergen AH, Sajan I
et al. Ventriculocoronary artery connections with the hypoplastic left
heart: a 4-year prospective study: incidence, echocardiographic and
clinical features. Pediatr Cardiol 2010;31:1176–85.

[164] Nathan M, Williamson AK, Mayer JE, Bacha EA, Juraszek AL. Mortality in
hypoplastic left heart syndrome: review of 216 autopsy cases of aortic
atresia with attention to coronary artery disease. J Thorac Cardiovasc
Surg 2012;144:1301–6.

[165] Hornberger LK, Sanders SP, Rein AJ, Spevak PJ, Parness IA, Colan SD.
Left heart obstructive lesions and left ventricular growth in the mid-
trimester fetus. A longitudinal study. Circulation 1995;92:1531–8.

[166] Simpson JM, Sharland GK. Natural history and outcome of aortic steno-
sis diagnosed prenatally. Heart 1997;77:205–10.

[167] Kovacevic A, €Ohman A, Tulzer G, Herberg U, Dangel J, Carvalho JS et al.;
the Fetal Working Group of the AEPC. Fetal hemodynamic response to
aortic valvuloplasty and postnatal outcome: a European multicenter
study. Ultrasound Obstet Gynecol 2018;52:221–9.

[168] Wohlmuth C, Wertaschnigg D, Wieser I, Arzt W, Tulzer G. Tissue
Doppler imaging in fetuses with aortic stenosis and evolving hypoplastic
left heart syndrome before and after fetal aortic valvuloplasty.
Ultrasound Obstet Gynecol 2016;47:608–15.

[169] Ishii T, McElhinney DB, Harrild DM, Marcus EN, Sahn DJ, Truong U et al.
Ventricular strain in fetuses with aortic stenosis and evolving hypoplastic
left heart syndrome before and after prenatal aortic valvuloplasty. Fetal
Diagn Ther 2013;35:18–26.

[170] Arzt W, Wertaschnigg D, Veit I, Klement F, Gitter R, Tulzer G.
Intrauterine aortic valvuloplasty in fetuses with critical aortic stenosis:
experience and results of 24 procedures. Ultrasound Obstet Gynecol
2011;37:689–95.

[171] Tulzer G, Arzt W. Fetal cardiac interventions: rationale, risk and benefit.
Semin Fetal Neonatal Med 2013;18:298–301.

[172] Freud LR, McElhinney DB, Marshall AC, Marx GR, Friedman KG, del
Nido PJ et al. Fetal aortic valvuloplasty for evolving hypoplastic left heart
syndrome: postnatal outcomes of the first 100 patients. Circulation
2014;130:638–45.

[173] M€aKikallio K, McElhinney DB, Levine JC, Marx GR, Colan SD, Marshall
AC et al. Fetal aortic valve stenosis and the evolution of hypoplastic left
heart syndrome: patient selection for fetal intervention. Circulation
2006;113:1401–5.

[174] Gardiner HM, Kovacevic A, Tulzer G, Sarkola T, Herberg U, Dangel J
et al.; Fetal Working Group of the AEPC. Natural history of 107 cases of
fetal aortic stenosis from a European multicenter retrospective study.
Ultrasound Obstet Gynecol 2016;48:373–81.

[175] Friedman KG, Sleeper LA, Freud LR, Marshall AC, Godfrey ME, Drogosz
M et al. Improved technical success, postnatal outcome and refined
predictors of outcome for fetal aortic valvuloplasty. Ultrasound Obstet
Gynecol 2018;52:212–20.

[176] Moon-Grady AJ, Morris SA, Belfort M, Chmait R, Dangel J, Devlieger R
et al. International fetal cardiac intervention registry: a worldwide col-
laborative description and preliminary outcomes. J Am Coll Cardiol
2015;66:388–99.

[177] Tulzer A, Arzt W, Gitter R, Prandstetter C, Tulzer G. In-utero aortic valvu-
loplasty in fetuses with critical aortic stenosis and evolving hypoplastic
left heart syndrome: effects on the fetal heart and on outcome. A single
center analysis of 80 patients. Cardiol Young 2019;29:S39.

[178] Lisanti AJ. Parental stress and resilience in CHD: a new frontier for health
disparities research. Cardiol Young 2018;28:1142–50.

[179] Lisanti AJ, Allen LR, Kelly L, Medoff-Cooper B. Maternal stress and
anxiety in the pediatric cardiac intensive care unit. Am J Crit Care 2017;
26:118–25.

[180] Bratt E-L, J€arvholm S, Ekman-Joelsson B-M, Mattson L-Å, Mellander M.
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[649] Rüffer A, Arndt F, Potapov S, Mir TS, Weil J, Cesnjevar RA. Early stage 2
palliation is crucial in patients with a right-ventricle-to-pulmonary-
artery conduit. Ann Thorac Surg 2011;91:816–22.

[650] Wilder TJ, McCrindle BW, Phillips AB, Blackstone EH, Rajeswaran J,
Williams WG et al. Survival and right ventricular performance for
matched children after stage-1 Norwood: modified Blalock-Taussig
shunt versus right-ventricle-to-pulmonary-artery conduit. J Thorac
Cardiovasc Surg 2015;150:1440–50, 1452.e1–8; discussion 1450–2.

[651] Jean-St-Michel E, Meza JM, Maguire J, Coles J, McCrindle BW. Survival
to stage II with ventricular dysfunction: secondary analysis of the single
ventricle reconstruction trial. Pediatr Cardiol 2018;39:955–66.

[652] Rogers L, Pagel C, Sullivan ID, Mustafa M, Tsang V, Utley M et al.
Interventions and outcomes in children with hypoplastic left heart syn-
drome born in England and Wales between 2000 and 2015 based on
the national congenital heart disease audit. Circulation 2017;
136:1765–7.

[653] Taylor LC, Burke B, Donohue JE, Yu S, Hirsch-Romano JC, Ohye RG
et al. Risk factors for interstage mortality following the Norwood
procedure: impact of sociodemographic factors. Pediatr Cardiol
2016;37:68–75.

[654] Crowe S, Ridout DA, Knowles R, Tregay J, Wray J, Barron DJ et al. Death
and emergency readmission of infants discharged after interventions for
congenital heart disease: a national study of 7643 infants to inform serv-
ice improvement. J Am Heart Assoc 2016;5:e003369.

[655] Knirsch W, Bertholdt S, Stoffel G, Stiasny B, Weber R, Dave H et al.
Clinical course and interstage monitoring after the Norwood and hybrid

EA
C

TS
/A

EP
C

G
U

ID
EL

IN
ES

497EACTS/AEPC Guidelines / European Journal of Cardio-Thoracic Surgery

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article/58/3/416/5898365 by U

niversiteit Leiden / LU
M

C
 user on 30 Septem

ber 2022



procedures for hypoplastic left heart syndrome. Pediatr Cardiol 2014;
35:851–6.

[656] Simsic JM, Phelps C, Kirchner K, Carpenito KR, Allen R, Miller-Tate H
et al. Interstage outcomes in single ventricle patients undergoing hybrid
stage 1 palliation. Congenit Heart Dis 2018;13:757–63.

[657] Hsu DT, Zak V, Mahony L, Sleeper LA, Atz AM, Levine JC et al.;
Pediatric Heart Network Investigators. Enalapril in infants with single
ventricle: results of a multicenter randomized trial. Circulation 2010;
122:333–40.

[658] Brown DW, Mangeot C, Anderson JB, Peterson LE, King EC, Lihn SL et al.
Digoxin use is associated with reduced interstage mortality in patients
with no history of arrhythmia after stage i palliation for single ventricle
heart disease. J Am Heart Assoc 2016;5:e002376.

[659] Truong DT, Menon SC, Lambert LM, Burch PT, Sheng X, Minich LL et al.
Digoxin use in infants with single ventricle physiology: secondary analy-
sis of the pediatric heart network infant single ventricle trial public use
dataset. Pediatr Cardiol 2018;39:1200–9.

[660] Crowe S, Knowles R, Wray J, Tregay J, Ridout DA, Utley M et al.
Identifying improvements to complex pathways: evidence synthesis and
stakeholder engagement in infant congenital heart disease. BMJ Open
2016;6:e010363.

[661] Elias ER, Murphy NA; Council on Children with Disabilities. Home care
of children and youth with complex health care needs and technology
dependencies. Pediatrics 2012;129:996–1005.

[662] Kogon B, Woodall K, Kanter K, Alsoufi B, Oster M. Reducing readmis-
sions following paediatric cardiothoracic surgery: a quality improve-
ment initiative. Cardiol Young 2015;25:935–40.

[663] Nieves JA, Uzark K, Rudd NA, Strawn J, Schmelzer A, Dobrolet N.
Interstage home monitoring after newborn first-stage palliation for
hypoplastic left heart syndrome: family education strategies. Crit Care
Nurse 2017;37:72–88.

[664] Carlo WF, Cnota JF, Dabal RJ, Anderson JB. Practice trends over time in
the care of infants with hypoplastic left heart syndrome: a report from
the National Pediatric Cardiology Quality Improvement Collaborative.
Congenit Heart Dis 2017;12:315–21.

[665] Hehir DA, Cooper DS, Walters EM, Ghanayem NS. Feeding, growth,
nutrition, and optimal interstage surveillance for infants with hypoplas-
tic left heart syndrome. Cardiol Young 2011;21(Suppl 2):59–64.

[666] Shirali G, Erickson L, Apperson J, Goggin K, Williams D, Reid K et al.
Harnessing teams and technology to improve outcomes in infants with
single ventricle. Circ Cardiovasc Qual Outcomes 2016;9:303–11.

[667] Tregay J, Wray J, Crowe S, Knowles R, Daubeney P, Franklin R et al.
Going home after infant cardiac surgery: a UK qualitative study. Arch
Dis Child 2016;101:320–5.

[668] Tregay J, Wray J, Bull C, Franklin RC, Daubeney P, Barron DJ et al.
Unexpected deaths and unplanned re-admissions in infants discharged
home after cardiac surgery: a systematic review of potential risk factors.
Cardiol Young 2015;25:839–52.

[669] Sames-Dolzer E, Gierlinger G, Kreuzer M, Schrempf J, Gitter R,
Prandstetter C et al. Unplanned cardiac reoperations and interventions
during long-term follow-up after the Norwood procedure. Eur J
Cardiothorac Surg 2017;51:1044–50.

[670] Evans WN, Acherman RJ, Mayman GA, Rothman A. B-natriuretic pep-
tide: a helpful clinical marker after Norwood I. Pediatr Cardiol 2008;
29:214–16.

[671] Eagam M, Loomba RS, Pelech AN, Tweddell JS, Kirkpatrick E. Predicting
the need for neoaortic arch intervention in infants with hypoplastic left
heart syndrome through the Glenn procedure. Pediatr Cardiol 2017;
38:70–6.

[672] Lowenthal A, Camacho BV, Lowenthal S, Natal-Hernandez L, Liszewski
W, Hills NK et al. Usefulness of B-type natriuretic peptide and N-termi-
nal pro-B-type natriuretic peptide as biomarkers for heart failure in
young children with single ventricle congenital heart disease. Am J
Cardiol 2012;109:866–72.

[673] Butts RJ, Zak V, Hsu D, Cnota J, Colan SD, Hehir D et al. Factors associ-
ated with serum B-type natriuretic peptide in infants with single ven-
tricles. Pediatr Cardiol 2014;35:879–87.

[674] Harahsheh AS, Hom LA, Clauss SB, Cross RR, Curtis AR, Steury RD et al.
The impact of a designated cardiology team involving telemedicine
home monitoring on the care of children with single-ventricle physiol-
ogy after Norwood palliation. Pediatr Cardiol 2016;37:899–912.

[675] Cross R, Steury R, Randall A, Fuska M, Sable C. Single-ventricle palliation
for high-risk neonates: examining the feasibility of an automated
home monitoring system after stage I palliation. Future Cardiol 2012;8:
227–35.

[676] Tadphale SD, Tang X, ElHassan NO, Beam B, Prodhan P.
Cavopulmonary anastomosis during same hospitalization as stage 1
Norwood/hybrid palliative surgery. Ann Thorac Surg 2017;103:1285–91.

[677] Petit CJ, Fraser CD, Mattamal R, Slesnick TC, Cephus CE, Ocampo EC.
The impact of a dedicated single-ventricle home-monitoring program
on interstage somatic growth, interstage attrition, and 1-year survival. J
Thorac Cardiovasc Surg 2011;142:1358–66.

[678] Ghanayem NS, Tweddell JS, Hoffman GM, Mussatto K, Jaquiss R.
Optimal timing of the second stage of palliation for hypoplastic left
heart syndrome facilitated through home monitoring, and the results of
early cavopulmonary anastomosis. Cardiol Young 2006;16:61–6.

[679] Meza JM, Jaquiss RDB, Anderson BR, Moga M-A, Kirklin JK, Sarris G
et al. Current practices in the timing of stage 2 palliation. World J
Pediatr Congenit Heart Surg 2017;8:135–41.

[680] Hill GD, Rudd NA, Ghanayem NS, Hehir DA, Bartz PJ. Center variability
in timing of stage 2 palliation and association with interstage mortality:
a report from the national pediatric cardiology quality improvement
collaborative. Pediatr Cardiol 2016;37:1516–24.

[681] Davis D, Davis S, Cotman K, Worley S, Londrico D, Kenny D et al.
Feeding difficulties and growth delay in children with hypoplastic left
heart syndrome versus d-transposition of the great arteries. Pediatr
Cardiol 2008;29:328–33.

[682] Kelleher DK, Laussen P, Teixeira-Pinto A, Duggan C. Growth and corre-
lates of nutritional status among infants with hypoplastic left heart syn-
drome (HLHS) after stage 1 Norwood procedure. Nutrition 2006;
22:237–44.

[683] Vogt KN, Manlhiot C, Van Arsdell G, Russell JL, Mital S, McCrindle BW.
Somatic growth in children with single ventricle physiology impact of
physiologic state. J Am Coll Cardiol 2007;50:1876–83.

[684] Medoff-Cooper B, Irving SY, Marino BS, Garc�ıa-Espa~na JF, Ravishankar
C, Bird GL et al. Weight change in infants with a functionally univentric-
ular heart: from surgical intervention to hospital discharge. Cardiol
Young 2011;21:136–44.

[685] Srinivasan C, Jaquiss RDB, Morrow WR, Frazier EA, Martin D, Imamura
M et al. Impact of staged palliation on somatic growth in patients with
hypoplastic left heart syndrome. Congenit Heart Dis 2010;5:546–51.

[686] Hong BJ, Moffett B, Payne W, Rich S, Ocampo EC, Petit CJ. Impact of
postoperative nutrition on weight gain in infants with hypoplastic left
heart syndrome. J Thorac Cardiovasc Surg 2014;147:1319–25.

[687] Li Y, Huang Y. Early versus late parenteral nutrition in critically ill chil-
dren. N Engl J Med 2016;375:384–5.

[688] Hill GD, Hehir DA, Bartz PJ, Rudd NA, Frommelt MA, Slicker J et al.
Effect of feeding modality on interstage growth after stage I palliation: a
report from the National Pediatric Cardiology Quality Improvement
Collaborative. J Thorac Cardiovasc Surg 2014;148:1534–9.

[689] Hebson CL, Oster ME, Kirshbom PM, Clabby ML, Wulkan ML, Simsic
JM. Association of feeding modality with interstage mortality after sin-
gle-ventricle palliation. J Thorac Cardiovasc Surg 2012;144:173–7.

[690] Brown KL, Wray J, Knowles RL, Crowe S, Tregay J, Ridout D, et al. Infant
Deaths in the UK Community Following Successful Cardiac Surgery:
Building the Evidence Base for Optimal Surveillance, a Mixed-Methods
Study. Southampton, UK: NIHR Journals Library, 2016 (Health Services
and Delivery Research). http://www.ncbi.nlm.nih.gov/books/
NBK363028/ (16 December 2019, date last accessed).
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