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In the recent era, no congenital heart defect has undergone a more dramatic change in diagnostic
approach, management, and outcomes than hypoplastic left heart syndrome (HLHS). During this
time, survival to the age of 5 years (including Fontan) has ranged from 50% to 69%, but current
expectations are that 70% of newborns born today with HLHS may reach adulthood. Although the
3-stage treatment approach to HLHS is now well founded, there is significant variation among
centers. In this white paper, we present the current state of the art in our understanding and
treatment of HLHS during the stages of care: 1) pre-Stage I: fetal and neonatal assessment and
management; 2) Stage I: perioperative care, interstage monitoring, and management strategies; 3)
Stage II: surgeries; 4) Stage III: Fontan surgery; and 5) long-term follow-up. Issues surrounding
the genetics of HLHS, developmental outcomes, and quality of life are addressed in addition to the
many other considerations for caring for this group of complex patients.
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In the recent era, no congenital heart defect has undergone a more dramatic change in
diagnostic approach, management, and outcomes than hypoplastic left heart syndrome
(HLHS). Although just over 30 years ago, comfort care was the only option, there are now a
number of therapeutic options available for families, though there continues to be a debate as
to the optimal treatment approach. Although the 3-stage treatment approach to HLHS is now
well founded, there is significant variation among centers (1). The goals of Stage I palliation
are to relieve systemic outflow tract obstruction, provide nonrestrictive coronary blood flow
and adequate pulmonary blood flow, and create a nonrestrictive atrial septal defect. The
second stage eliminates the existing, high-pressure, arterial or ventricular source of
pulmonary blood flow and connects the superior vena cava (SVC) with the pulmonary
artery. Conversion to a bidirectional superior cavopulmo- nary shunt results in reduced
pressure and volume work for the single ventricle, improved circulatory efficiency because
the source of pulmonary blood flow is now more desaturated venous blood rather than an
arteriovenous admixture, generally higher arterial saturation, and growth potential. The third
stage directs the remaining desaturated blood returning from the lower body to the
pulmonary arteries.

Author Manuscript

Despite the effort devoted to this condition, there remains a lack of definitive evidence of
cause and agreement on many management issues. In this white paper, we present the
current state of the art in our understanding and treatment of HLHS during the stages of
care: 1) pre-Stage I: fetal and neonatal assessment and management; 2) Stage I:
perioperative care, interstage monitoring, and management strategies; 3) Stage II: surgeries;
4) Stage III: Fontan surgery; and 5) long-term follow-up. Issues surrounding the genetics of
HLHS, developmental outcomes and quality of life will be addressed.
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Pre-Stage I Considerations
Prenatal Diagnosis and Outcome
Possible mechanisms of development of HLHS.—The ability to identify and follow
the fetus with HLHS with fetal echocardiography has shown the progressive nature of HLHS
and highlighted the importance of abnormal flow patterns in the mechanisms of
development of HLHS. The structures are all generally present albeit severely hypoplastic,
or may be atretic, and at least some forms of HLHS occur relatively late in development
after embryogenesis. Although fetal demise has been reported, most pregnancies reach term
gestation with relatively normal growth and development of other organ systems although
with an increased prevalence of central nervous system abnormalities (2, 3).

Author Manuscript

There are likely several inciting mechanisms resulting in the underdevelopment of the left
ventricle (LV). In fetal life, the LV is predominantly filled by flow through the foramen
ovale and any perturbation of flow into or out of the LV may result in growth impairment. It
has been observed that the fetus with HLHS has a smaller foramen ovale than the fetus with
a normal heart (4). In addition, there is a known association between HLHS and an anatomic
abnormality of the atrial septum, namely posterior deviation of the septum primum (5). In
this anomaly, the superior edge of the septum primum is deviated posterior and leftward,
attaching anomalously to the left atrial wall, restricting atrial level shunting. An intact atrial
septum in association with HLHS has also been observed in utero (6); often, there is a small
communication early in gestation that closes over time. This diagnosis carries a very poor
prognosis.

Author Manuscript

In addition to atrial septal anomalies, HLHS may result primarily from abnormal
development of the cardiac valves or the left ventricle itself, caused by an intrinsic genetic
abnormality or cause. The ventricle often appears dilated and echo bright with poor systolic
function. Endocardial fibroelastosis, a poorly understood phenomenon whereby the
endocardium of the LV becomes fibrotic, is often observed (7). Fetal restrictive
cardiomyopathy is present with endocardial fibroelastosis, resulting in elevation of LV enddiastolic and left atrial pressures, and subsequent diminution of flow through the foramen
ovale into the left heart. Typically, the LV initially appears dilated, poorly contractile, and
larger than the right ventricle (RV), and later in gestation, hypoplastic in comparison to the
normally growing RV (Fig. 1) (8, 9). In some forms of the disease, there is an inherent
abnormality of the mitral (parachute, arcade) and/or the aortic valve (bicuspid or unicuspid),
and multiple animal models have produced left ventricular hypoplasia as a result of the
introduction of left-sided obstruction (inflow or outflow) (10, 11).

Author Manuscript

Fetal Flow Patterns in HLHS
The normal fetal circulation allows both ventricles to contribute to the work of supplying
blood for the developing fetus and permits immediate postnatal adaptation to terrestrial
existence. As a consequence, there are important communications between the pulmonary
and systemic circulations, including the foramen ovale and the ductus arteriosus. As a
consequence of these communications, if one ventricle should be hypoplastic, the
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contralateral ventricle can compensate, permitting essential normal growth and development
of the remaining organ systems.
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In HLHS, in utero shunting across the atrial septum is reversed from the normal pattern. The
minimal blood flow that enters the left atrium from the pulmonary veins must predominantly
cross the atrial septum into the right atrium. The mixture of pulmonary and systemic venous
blood then passes from the RV into the pulmonary artery. A small amount of blood enters
the branch pulmonary arteries, whereas the majority goes through the ductus arteriosus. In
the most extreme form of HLHS with aortic atresia, the myocardial and cerebral circulations
are supplied solely by the ductus in a retrograde fashion. The lower body blood flow is also
provided by the ductus arteriosus. This “adaptation” allows for hemodynamic stability
during fetal life. However, flow inefficiencies are poorly tolerated in the fetus with HLHS.
For example, severe tricuspid regurgitation results in volume overload and systemic venous
hypertension, and may eventually cause hydrops fetalis (12). In rare forms of HLHS, there is
severe mitral regurgitation with a markedly dilated left atrium. In these cases, the LV may
actually be enlarged, though noncontractile, and may impact RV performance in utero.
Finally, ductal constriction may occur in cases of maternal exposure to arachadonic acid
inhibitors such as indomethacin or aspirin; this negatively affects right ventricular
performance and systemic perfusion in these patients.
Impact of Fetal Diagnosis on Outcome
Infants with HLHS present in different ways. Many infants are now diagnosed prenatally
and are physiologically stable at presentation; some infants are diagnosed due to a murmur
or cyanosis that is discovered in the newborn nursery prior to discharge; and still other
infants are diagnosed only after becoming acutely and critically ill following ductal closure.

Author Manuscript
Author Manuscript

There is conflicting data regarding the impact of fetal diagnosis on surgical outcome in
neonates with HLHS. The majority of reports have concluded that mortality is not reduced if
a prenatal diagnosis is made (13–15), though some have reported improved survival (16). In
most cases, the inherent risks associated with the Norwood procedure likely outweigh the
benefit of prenatal recognition of the disease. Though mortality may not be significantly
altered, there is an improvement in morbidity when HLHS is diagnosed before birth. Infants
with a prenatal diagnosis of HLHS have overall better pre-operative condition, including
lower lactate levels (17), and better renal function (13). Neurological events that carry a poor
prognosis, such as post-operative seizures, occur in fewer patients with a prenatal diagnosis
of HLHS (13), and this is likely due to the rapid initiation of prostaglandin therapy and the
prevention of cardiovascular collapse that occurs with ductal constriction or closure. As
expected, a prenatal diagnosis of HLHS does not protect against neurodevelopmental
abnormalities. Microcephaly and impaired somatic growth may be more prevalent in this
population, though conflicting studies exist (18, 19).
Prenatal recognition of disease allows families to prepare for a child with a life-threatening
defect by meeting with the multidisciplinary team that will care for their newborn and
learning about the short- and long-term prognosis of the disease. Counseling also provides
an opportunity to discuss the option of pregnancy termination or comfort care after birth.
Genetic testing and evaluation for extracardiac anomalies has become imperative for
J Am Coll Cardiol. Author manuscript; available in PMC 2018 August 27.
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prognosis. Genetic syndromes in which HLHS has been seen include Turner syndrome,
trisomy 13, trisomy 18, Holt-Oram, Smith- Lemli-Opitz, partial trisomy 9, Jacobsen
syndrome, and others (20). Extracardiac anomalies associated with HLHS include agenesis
of the corpus callosum, diaphragmatic hernia, and omphalocele, among others (21). It is well
recognized that genetic disorders and extracardiac anomalies in association with a diagnosis
of HLHS carry a worse prognosis (22). Finally, prenatal diagnosis allows for potential fetal
intervention. In select cases, prenatal balloon dilation of the aortic valve has been associated
with decreased progression of left ventricular hypoplasia (23). Fetal atrial septostomy to
provide an adequate atrial communication in fetuses with HLHS and intact atrial septum
may also improve prognosis for this particularly high-risk subset of patients (23).

Author Manuscript

In the high-risk fetus with unfavorable anatomy, consideration for fetal listing for heart
transplantation may be offered, and increases the potential window of opportunity for a
donor organ to become available (24). In the current era of improved Stage I palliation, this
option is rarely pursued.
Pre-Operative Assessment and Management
HLHS and related functional single RV conditions remain the highest risk and costliest
group of lesions among the commonly occurring congenital heart defects (25). Regardless of
presentation, infants with HLHS require careful management during the interim period
between diagnosis and surgery. The goals of pre-operative management include clinical
stabilization, complete definition of cardiac anatomy, recognition of noncardiac diagnoses,
and family education.
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Pre-operative medical management varies tremendously between institutions and providers
(1,26–29). Neonates with HLHS require continuous intravenous infusion of prostaglandin
E1 (PGE) to maintain ductal patency for adequate systemic blood flow. Infants who present
in cardiac shock need immediate, effective resuscitation and often require intubation,
volume expansion, and inotropic support. For all neonates, pulmonary vascular resistance
(PVR) falls following birth, and for neonates with HLHS, ensuring adequate systemic
perfusion (i.e., balancing the systemic and pulmonary circulations) becomes crucial. Some
institutions use medical management including intubation and hypoventilation or inhaled
nitrogen or carbon dioxide to increase PVR and redirect cardiac output to the body (30).
Other management strategies seek to increase overall cardiac output via inotropic support,
whereas some institutions pursue early surgical intervention prior to significant decrease in
PVR.

Author Manuscript

Transthoracic echocardiography is used to determine patency of the ductus arteriosus,
presence of an adequate atrial level communication, myocardial function, and degree of
tricuspid regurgitation. Treatment and stabilization of secondary organ system involvement
and impairment requires prompt diagnosis and treatment to optimize the pre-operative
status.
The patient with HLHS and an intact or nearly intact atrial septum presents a particularly
challenging clinical scenario. The decision to intervene using transcatheter versus surgical
techniques varies by institution. In either procedure, the primary goal is to reduce the
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obstruction at the atrial level and then allow for recovery before performing the complete
first-stage palliation, as banding is usually not well tolerated in the critical newborn.
These important pre-operative days allow for family education, which is particularly
important if the cardiac lesion was not diagnosed prenatally. Although most centers counsel
and encourage a staged palliation approach (31), some centers focus on primary
transplantation (32). In recent years, and with significant improvements in outcomes,
controversy has developed as to whether comfort care should still be offered as a treatment
option (33, 34).

Author Manuscript

In centers located at altitude, pre-operative issues (e.g., pulmonary overcirculation) and
management are similar. In the long term, unpublished and anecdotal evidence suggests
similar outcomes and no significant correlation between altitude and PVR, pulmonary artery
pressure, or trans- pulmonary gradient at pre-bidirectional cavopulmonary anastomosis and
pre-Fontan.

Neonatal Treatment Strategies
Three basic strategies for the neonatal management of HLHS have evolved over the last 4
decades: surgical palliation with a Norwood procedure, hybrid palliation with surgical
bilateral pulmonary artery banding and transcatheter ductal stenting, and orthotopic
transplantation. Each strategy has a common set of objectives: provide unobstructed
systemic cardiac output, a controlled source of pulmonary blood flow, a reliable source of
coronary blood flow, and unobstructed egress of pulmonary venous drainage.

Author Manuscript

In the average-risk newborn, the optimal timing for surgical or hybrid palliation is not
known and may be center specific. Although after 30 days, risks increase, the physiological
parameters of pulmonary vascular resistance, ventricular performance, and atrioventricular
valve competency are the determinants of palliative feasibility and success.
Norwood Procedure
Theoretical surgical strategies have long been put forth for palliation of HLHS, and several
unsuccessful attempts occurred during the 1970s, but it was Norwood and colleagues who
achieved the first real success in the 1980s (35–46). In addition to the formidable surgical
obstacles to be overcome, this early success was codependent on the simultaneous
developments in neonatal management. Among these developments was the use of PGE for
maintenance of ductal patency that permitted resuscitation of profoundly ill neonates prior to
complex surgery (47–57).

Author Manuscript

The Norwood procedure with modified Blalock-Taussig shunt.—In the classic
Norwood procedure, pulmonary blood flow is provided by a Blalock-Taussig (BT) shunt,
which directs blood from the innominate or subclavian artery to the pulmonary arteries via a
polytetrafluoroethylene tube. Due to the lower PVR relative to systemic vascular resistance,
there is continuous forward flow into the BT shunt, not only throughout systole, but also
during diastole. This results in lower systemic diastolic blood pressure and “coronary steal”
that may result in decreased myocardial perfusion (58–60). Utilizing nuclear imaging at rest
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and after administration of adenosine, coronary arterial flow and oxygen delivery have been
shown to be significantly decreased in patients after the Norwood procedure compared with
patients after anatomic repair of a congenital heart defect. It has been suggested that this
relative coronary arterial insufficiency secondary to the coronary steal that occurs with a BT
shunt may play an important role in the significant mortality of the palliated patient (61–63).

Author Manuscript

The Norwood procedure with RV-to-pulmonary artery conduit.—Early in the
development of the operation that bears his name, Dr. William Norwood attempted to use an
RV-to-pulmonary-artery conduit/shunt (RV-PA) to supply pulmonary artery blood flow (44).
Although this source of pulmonary blood flow was abandoned in favor of the BT shunt,
decades later, several authors have resurrected this technique in an attempt to address the
issue of coronary artery steal. The RV-PA has the advantage of eliminating the diastolic
runoff and coronary artery steal (46,59,64,65), but the ventriculotomy adds the risks of direct
myocardial injury and arrhythmias (66).
A number of historically controlled case series have reported a decrease in hospital mortality
with the RV-PA compared with the BT shunt (46,67–69). Sano et al. (46) reported an 89%
hospital survival with the RV-PA compared with 53% with the BT shunt, and similar results
were reported by Pizarro et al. (69) (BT shunt 70%, RV-PA 92%) and Mair et al. (68) (BT
shunt 72%, PV-PA conduit 93%). Other recent, nonrandomized studies have shown no
improvement in hospital survival comparing the 2 shunts (63,67,70,71).

Author Manuscript

SVR (Single Ventricle Reconstruction) Trial.—In an attempt to resolve the question
of which Norwood modification is superior, the SVR trial was undertaken (19). The trial, a
Pediatric Heart Network, 15-center, National Institutes of Health-sponsored, randomized
trial compared the BT shunt and RV-PA. Patients with single RV malformations undergoing
a Norwood procedure were randomized to receive either a BT shunt or RV-PA. The primary
endpoint was death or transplantation at 1 year. Secondary endpoints included hospital
course, RV function by echo, pulmonary artery size by angiography, unintended
cardiovascular interventions, and serious adverse events and complications between shunts.
Between May 2005 and July 2008, 555 newborns were enrolled.
The RV-PA was found to be superior to the BT shunt (26% vs. 36%, p = 0.01) for the
primary endpoint of death or transplant at 12 months. All patients enrolled were followed
annually until study close out, with a final mean follow-up of 32 ± 11 months. Although
there was a significantly higher risk of mortality in the BT shunt at 12-month endpoint, this
was no longer significant with the longer follow-up.

Author Manuscript

The need for cardiopulmonary resuscitation during the Norwood hospitalization was greater
in the BT shunt group (20% vs. 13%, p = 0.04), whereas unintended cardiovascular
interventions on the shunt or neoaorta were more common in the RV-PA group (92 vs. 70 per
100 infants, p = 0.003). Echo measures of RV end-diastolic volume and ejection fraction
were both superior for the RV-PA group up to Stage II, but had equalized by 14 months.
Pulmonary artery size was larger in the BT shunt group (169 vs. 145, p = 0.009). The
complication rate was higher in the RV-PA group (5.3 vs. 4.7 complications per infant, p =
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0.002), although the percentage of infants with at least 1 complication was the same in both
groups at 91%.
Post-Operative Management Strategies

Author Manuscript

The newborn with univentricular anatomy has a high risk of shock before and after an initial
palliative surgical procedure. The syndrome of inadequate cardiac output, characterized by
reduced systemic oxygen delivery, high systemic oxygen extraction, and anaerobic endorgan dysfunction, is a stereotypical finding following neonatal cardiac surgery. Myocardial
edema and post-ischemic systolic and diastolic dysfunction result in reduced stroke volume,
and the metabolic response to trauma and inflammatory stimulus from cardiopulmonary
bypass result in increased oxygen demand. The superimposition of these processes results in
a high risk of shock (inadequate oxygen supply/demand economy) in the first 6 to 12 h after
surgery following both complete repair of 2 ventricle defects and palliation of singleventricle lesions (72–75). The newborn with HLHS has additional vulnerabilities: total
ventricular mass—the source for mechanical circulatory energy—is reduced; the parallel
anatomy of pulmonary and systemic circulations results in obligate desaturation of arterial
blood, and the need exists for double the normal total cardiac output from a single ventricle.
These superimposed vulnerabilities are implicated in the high mortality risk and are the
focus of the strategies to mitigate that risk.

Author Manuscript

Optimizing oxygen delivery.—Achieving normal systemic oxygen delivery at the lowest
total cardiac output requires an arteriovenous oxygen saturation difference of 20% to 25%
and a pulmonary to systemic blood flow ratio (Qp/Qs) close to 1.0 (76–80). These
conditions are not reliably met using standard monitoring; because univentricular output is
apportioned by the balance of system and pulmonary resistances, arterial blood pressure and
saturation will be relatively unchanged as systemic vascular resistance rises or falls (78, 81).
Standard perioperative hemodynamic monitoring provides inadequate warning of circulatory
failure, resulting in a high rate of cardiac arrest, cardiopulmonary resuscitation,
extracorporeal circulatory support, and organ dysfunction in this population. In addition to
improved operative techniques and perfusion strategies, application of venous oxygen
(SvO2) monitoring with invasive devices or near- infrared spectroscopy, and
pharmacological control of vascular resistance in the postoperative period have been
associated with reduced operative mortality to <10% (79,80,82,83).

Author Manuscript

Balancing the circulation: managing pulmonary vascular resistance.—Early
efforts to address circulatory failure recognized that pulmonary overcirculation would result
in an increase inarterial oxygen saturation (SaO2) if systemic blood flow were maintained.
Because venous oxygen measures were difficult to obtain, the variability in systemic blood
flow was a theoretic concept (84) not visible at the bedside, and clinical management
focused on preventing a rise in SaO2. Manipulation of inspired gas mixtures to control PVR,
particularly inspired carbon dioxide (CO2), was reported to increase stability after Norwood
palliation for HLHS (85–87). Both reduced fraction of inspired O2 and inspired CO2 will
acutely lower SaO2, but only hyper- carbia will improve systemic oxygen delivery and
cerebral oxygenation (30,88,89).
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Balancing the circulation: targeting systemic venous oxygenation.—After
reports of the usefulness of intermittent measures of SvO2 (76), the use of continuous
venous oximetry via an oximetric catheter placed in the SVC at the time of surgery has
become more common. Routine use of venous oximetry during the first 48 h after surgery
(Fig. 2) has been associated with improved early and intermediate survival, fewer
complications, and improved neurodevelopment at 4 to 6 years of age, particularly when
SvO2 is >50% (78,80,90). More recently, application of near-infrared spectroscopy as a
measure of regional venous-weighted oxygen saturation can provide a continuous and noninvasive estimate of SvO2 (91–93). Strategies measuring regional venous-weighted oxygen
saturation in both cerebral and noncerebral regions provide better estimates of SvO2 and
stronger relationship to outcome (93–95).

Author Manuscript

Early experience with venous oximetry demonstrated the occurrence of life-threatening falls
in SvO2 without significant perturbations in SaO2, blood pressure, or heart rate (Fig. 3).
Episodes of falling SvO2, and thus reduced systemic oxygen delivery, were ineffectively
managed by ventilator and medical gas manipulation, but rather reversed with additional
anesthetic and inotropic support. These observations led to strategies that targeted measures
of oxygen delivery and control of systemic vascular resistance to avoid circulatory collapse.

Author Manuscript

Balancing the circulation: managing systemic vascular resistance.—Alphaadrenergic blockade has been the afterload-reducing agent most extensively studied in this
population. Unlike nitrovasodilators, phenoxybenzamine and phentolamine directly block
the systemic vasoconstriction that results from increased endogenous or exogenous
catecholamines. Phenoxybenzamine has been shown to be successful in attenuating the
expected low cardiac output syndrome (Fig. 4) (73–74,96) and to increase SvO2 and reduce
Qp/Qs over a wide range of SaO2 and blood pressure, reducing the vulnerability to runaway
vasoconstriction that precedes cardiovascular collapse (81). Effective control of systemic
vascular resistance has been associated with reduced incidence of early circulatory collapse
(73,97,98).

Author Manuscript

Adjunctive therapies.—Maintenance of systemic oxygen delivery is dependent on
optimizing cardiac output and arterial oxygen content. Optimal cardiac output requires
attention to volume status (preload), vascular resistance (afterload), heart rate, rhythm, and
myocardial contractility, whereas arterial oxygen content is predominately dependent on
hemoglobin and arterial saturation. In addition to venous oximetry or near-infrared
spectroscopy and pulse oximetry, central venous pressure (CVP) and invasive arterial blood
pressure monitoring, electrocardiography, capnography, urine output, and biochemical
assessment of perfusion should be part of the routine perioperative monitoring. Adjunctive
medical therapy may include inotropic agents and/or vasoactive medications. Sedativeanalgesic medications can be used for reduction in systemic vascular resistance, but also
have the advantage of reducing metabolic demands, allowing for better matching of oxygen
consumption to oxygen delivery. In the presence of strategies that prioritize afterload
reduction to balance the circulation, ventilator management can be targeted at preventing
atelectasis while avoiding hypocarbia, inspired oxygen rather than promoting
disproportionate hypoxia, and avoiding excessive work of breathing. Delayed sternal closure
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is commonly employed to reduce the risk of tamponade physiology, and has been associated
with less circulatory collapse and a reduced need for mechanical circulatory support (99).
Finally, extracorporeal membrane oxygenator (ECMO) support may be needed for infants
with inadequate systemic oxygen delivery or to rescue infants with acute cardiovascular
collapse that most commonly occurs from cardiogenic shock or acute shunt obstruction. In a
multicenter randomized control trial of infants who had Stage I palliation, approximately
75% had delayed sternal closure, 10% were placed on ECMO during the postoperative
period, and 15% required cardiopulmonary resuscitation (19).
Outcomes and Complications

Author Manuscript

Outcomes have improved over the last 3 decades, likely due to broad improvements in
perioperative care (79). Singlecenter retrospective analyses have identified factors in
perioperative care and technical modifications associated with improved outcomes, and
several recent large series report survival rates between 74% and 93% (13,22,79,100). The
Society of Thoracic Surgeons Congenital Heart Surgery Database has shown an
improvement in hospital survival from 68.6% of 303 reported cases in 2002 to 81.4% of
2,320 cases in 2009 (Table 1). The post-operative period is significant for morbidity from
both cardiac and noncardiac etiologies, often related to decreased cardiac output. Multiple
studies report the need for chest compressions in 10% to 17% of patients and the emergent
use of ECMO support in 7% to 10% (19,22,80,101). Arrhythmias, most commonly
supraventricular tachycardia, occur in 14% to 15% of patients, and junctional ectopic
tachycardia, ventricular tachycardia, and complete heart block have been reported (80, 101).
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Bleeding with coagulopathy and product replacement are essentially universal problems
following the Norwood procedure, yet little data exist to characterize the bleeding,
transfusion use or specific coagulation abnormalities in these patients. A recent study of
patients following the Norwood procedure found chest tube output for the first 24 h was 20.9
± 21.9 ml/kg, and the patients received 14.5 ± 20.2 ml/kg of red cell transfusions (102). Data
for the use of component therapy, recombinant factor VIIa, or topical hemostatic agents for
correction of coagulopathy and control of bleeding in this group of patients is lacking.
The use of mechanical ventilation is required, on average, for 3 to 7 days (80, 101).
Prolonged chylothorax and the use of supplemental oxygen for treatment of excessive
cyanosis not due to inadequate pulmonary blood flow are also not uncommon post-operative
issues and affect mechanical ventilation duration.
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Infection due to impaired cardiac output, cyanosis, prolonged intensive care unit stay, central
venous access, and invasive monitoring complicates approximately 10% of patients and was
the sixth leading cause of death following Stage I palliation (76,101,103).
The most common neurological abnormality identified in the post-operative period is
seizures and is associated with neurodevelopmental delay (101, 104). The incidence of
seizures varies depending on whether clinical or electroencephalogram-identified seizures
are reported. Clinical seizures occur in up to 4% to 17%, and electroencephalogram seizures
were identified in 22% of postoperative Norwood patients (80,105–107). Similarly,
identification of other central nervous system injury depends on the method of detection.
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Stroke and intracranial hemorrhage occur at a rate of approximately 5%, and the risk extends
outside the perioperative period due to the ongoing, obligatory intracardiac shunt (80, 101).
With more sophisticated imaging techniques, the identification of ischemic lesions increases.
Pre- and post-operative magnetic resonance imaging (MRI) scanning has detected ischemic
events in >20% of patients with HLHS undergoing the Norwood procedure (108, 109).
Phrenic nerve injury has an incidence of <5% (101), whereas recurrent laryngeal nerve
injury as documented by vocal cord paralysis on laryngoscopy has been reported in 8% to
9% of patients (101,110,111).
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Renal dysfunction (defined as an elevation of creatinine) has been reported in up to 13% of
patients during the post-operative period, and oliguria with hyperkalemia in 2.5% (80, 101).
Although peritoneal dialysis is used by some groups in as many as one-quarter of their
patients to remove excess water in the absence of the usual indications for dialysis, one large
reported experience used dialysis in <2% of patients (80,101,112).
Biochemical evidence of hepatic dysfunction, such as elevation of transaminases and even
hepatic cellular necrosis, has been reported in patients with HLHS, but these appear to be
rare and resolve with improvement in cardiac output (101, 113). The incidence of
necrotizing enterocolitis varies from 1% to 18% (101, 103), and the spectrum is broad.
Feeding difficulties are common (gastroesophageal reflux has been reported in up to 9% of
patients) and add to the length of stay (103). The use of nasogastric and gastrostomy tubes
for feeding is used in up to one-quarter of patients in some series (103, 114).
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Late complications can be defined as those that occur after hospital discharge and prior to
Stage II palliation and are commonly anatomic lesions initially addressed at the time of
Stage I palliation. In a series of 122 postmortem evaluations, the mechanism of death was
associated with residual lesions in approximately three-quarters of the patients. Most
commonly, impairment of coronary artery perfusion, excessive pulmonary blood flow,
obstruction of pulmonary arterial blood flow, and neoaortic arch obstruction were found
(76). Aortic arch obstruction is not well tolerated following the Norwood procedure, and
most centers have a low threshold for transcatheter interventions to relieve residual
obstruction.
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Progressive decline in function with or without the development of tricuspid valve
insufficiency occurs in a subset of patients. It is conceivable that this is due in some cases to
coronary insufficiency, whether due to congenital coronary anomalies or as a consequence of
an obstructive connection to the native ascending aorta. Recurrent or residual arch
obstruction has been reported in up to 33% of Fontan survivors in some series and may be
technique and materials dependent (115–117). As a cause of interstage death, arch
obstruction is associated with poor weight gain and decreased ventricular function
(76,114,118). Successful interventional catheterization may ameliorate the impact of
recurrent arch obstruction (119, 120). Excessive cyanosis is also common and may be due to
shunt obstruction, branch pulmonary artery stenosis, or rarely, a restrictive atrial
communication (114, 121). If these late complications are detected in a timely manner
during the interstage period, morbidity and mortality can be reduced significantly (114).
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Hybrid (Combination Surgery/Interventional Catheterization)
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In 1992, Gibbs and colleagues proposed palliating a newborn with HLHS using
percutaneous patent ductus arteriosus (PDA) stent implantation and surgical bilateral
pulmonary artery banding without cardiopulmonary bypass (122). These and subsequent
efforts by Ruiz and others (123, 124) had poor outcomes. Over the last decade, the approach
has seen renewed interest, improved results, and as a result, greater though nonuniform
adoption. In those who have not adopted the concept as standard, some still employ the
technique as a “rescue” procedure for high-risk HLHS and single-ventricle patients or as a
bridge to heart transplant in infants with HLHS (125, 126).
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Galantowicz and Cheatham with one of the largest U.S. experiences to date have settled on
the following approach: 1) placement of surgical bilateral pulmonary artery bands via a
small median sternotomy off cardiopulmonary bypass, and PDA stent delivery through a
surgically placed sheath in the main pulmonary artery above the pulmonary valve; and 2)
subsequent balloon atrial septostomy in a separate procedure 1 to 2 weeks later. The delay
allows the left atrium to enlarge and permits the use of a larger balloon, which has decreased
the need for repeat septostomy. Only retrograde aortic arch obstruction with the PDA fully
open is considered a contraindication to the hybrid Stage I palliation. In attempting to
predict which patients are at risk for retrograde aortic arch obstruction, one echo study using
showed a tendency for the aortic root to be smaller, the angle between the aortic isthmus and
PDA to be larger, and retrograde aortic arch Doppler velocities to be higher (127). In this
scenario, obstruction of the retrograde orifice by stent struts can lead to coronary
insufficiency. To avoid hemodynamic issues related to retrograde obstruction, one center has
advocated the use of the “reverse BT shunt” at the time of hybrid palliation to protect
coronary blood flow, but this is not universally applied in hybrid palliation (128, 129). A
completely percutaneous Stage I procedure remains elusive as the technology for safe and
effective internal pulmonary artery bands is not yet available.
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In Europe, Akintuerk et al. reported an overall actuarial survival after hybrid palliation of
83% with a 21% combined mortality for patients through Stage II repair (130–133). In the
current era, Galantowicz et al. have results similar to those reported by Akintuerk et al.
(134–139). A recent multicenter study of 7 institutions examined all forms of hybrid
procedures performed. Of the 128 procedures, single-ventricle circulation was present in
60% of the procedures. The most common hybrid intervention was PDA stent placement,
accounting for 55 of 128 (43%) procedures, the majority of which (87%) were performed at
the same time as surgical banding of the branch pulmonary arteries. Sixteen adverse events
occurred in 15 of 128 (12%) procedures. The only major or catastrophic adverse event in a
patient with HLHS was in a 7-day-old infant who required multiple cardioversions for atrial
flutter and supraventricular tachycardia during the procedure. Although the study size was
relatively small, the study suggests HLHS patients may have a lower incidence of adverse
events if the procedure is performed using a direct approach with surgical exposure rather
than a percutaneous approach. The impact that the hybrid approach will have on
neurodevelopmental outcomes remains unanswered.

J Am Coll Cardiol. Author manuscript; available in PMC 2018 August 27.

Feinstein et al.

Page 13

Transplantation

Author Manuscript
Author Manuscript

The use of orthotopic transplantation for initial palliation in neonates with HLHS was
introduced by Leonard Bailey in the mid 1980s after development of the model in laboratory
animals (140). Infants and children waiting for hearts in the United States have the highest
waitlist mortality of all solid organ recipients (17%) and has increased progressively over the
past 2 decades (141). Though a preferred therapeutic modality in a few centers (32, 142),
given that waiting times for neonates in most regions approach several months and Stage 1
reconstructive palliation at most centers carry acceptable results, primary heart transplant for
HLHS is rarely offered in this era, and is, in general, limited to neonates with severe RV
dysfunction and/or moderate-to- severe tricuspid regurgitation. Because the limited supply
of donor organs contributes to significant mortality while patients are waiting for a suitable
donor, attempts have been made to increase the donor pool through the use of ABOincompatible donors (143). In those who received transplants, perioperative mortality is
higher than for older children, but longer-term outcomes are overall better, with current 30day, 1-, 5-, and 10-year survival rates of 80% to 85%, 75%, 65%, and 60%, respectively
(144).

Interstage Morbidity and Mortality

Author Manuscript

Following successful Stage I palliation, even the most stable of survivors remain at risk for
acute hemodynamic decompensation during the interstage period (the time from hospital
discharge following Stage I palliation until Stage II palliation). Interstage death remains an
unfortunate, but not uncommon, occurrence, with published rates of 2% to 16% (61,82,145–
147). The presence of residual, recurrent, or progressive anatomic lesions such as a
restrictive atrial septum, stenosis/obstruction of the shunt or conduit, aortic arch, and/or
pulmonary arteries, or tricuspid valve insufficiency has been associated with interstage death
(76, 148). In addition, the occurrence of a simple childhood illness such as a respiratory tract
infection or gastroenteritis as well as fever, may cause hypovolemia, hypoxemia, and/or
increased systemic vascular resistance and may place an interstage infant with minimal
cardiovascular reserve at great risk for interstage morbidity and mortality (149). Infants
discharged home following Stage I palliation, warrant heightened surveillance during the
interstage period.
Home Monitoring and Other Outcomes Programs

Author Manuscript

Conventional management of interstage infants consists of routine outpatient evaluation by a
pediatric cardiologist and primary care provider along with parents observing their infant at
home for signs of respiratory distress or poor perfusion and alerting the medical team as
warranted. This level of monitoring has proven inadequate in limiting interstage death. In
fact, infants who die during the interstage period had been evaluated by a physician within
days of death and not uncommonly, interstage death occurred with 24 h of the first symptom
(150).
The current best practice for interstage care is heightened surveillance of this at-risk
population through participation in a home monitoring program (114, 151). The goal of
home monitoring is to provide a simple, reliable, in-home method of detecting worsening
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systemic oxygenation, acute dehydration, or growth failure based on the hypothesis that
early, at-home, detection of these parameters may indicate the development of serious
anatomic lesions or an intercurrent illness and allow for life-saving intervention.
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Home monitoring usually consists of supplying the family with an infant scale and pulse
oximeter at home. Parents are asked to obtain and record a daily weight and oxygen
saturation, as well as track enteral intake volumes in a log book. The parents are counseled
to notify the cardiology team if a breach of pre-determined criteria occurs. The goal of the
program is to provide a simple, reliable, in-home method of detecting worsening systemic
oxygenation, acute dehydration, or growth failure based on the hypothesis that early, athome, detection of these parameters may indicate the development of serious anatomic
lesions or an intercurrent illness and allow for life-saving intervention. The home monitoring
program established in 2000 (114) enrolls all patients after Norwood palliation. When these
infants are discharged from the hospital, they are sent home with a digital infant scale and
pulse oximeter for daily assessments of weight and oxygen saturation, and a standardized
form for recording these parameters as well as daily enteral intake volumes. The parents are
counseled to notify the cardiac care team if a breach of pre-determined criteria occurs.
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Concerning physiological criteria include arterial saturation <75% or >90%, acute weight
loss of 30 g or more, inability to gain 20 g over 2 to 3 days, or enteral intake <100 ml/kg/day
(149). If a breach of criteria has occurred, infants need evaluation by a healthcare provider
within 24 h or less based on the severity of the breach and the presence of compounding
factors. An additional strategy utilized to expand the surveillance that home monitoring
provides is the implementation of a weekly follow-up phone call to parents by a member of
the cardiac team to assess nutritional parameters and other trends in an effort to prevent call
criteria breaches.
Over the past decade, implementation of a home monitoring program has been associated
with improved interstage survival at several centers (82,114,146). In one series, 128 infants
were home monitored over a period of 8 years. Ninety-eight percent (125 of 128) of the
infants survived to Stage II palliation. A breach of home monitoring criteria occurred in 62%
of home-monitored infants and resulted in 106 hospital admissions, 88% of which required
additional medical or surgical intervention (152).
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Another interstage strategy targeted at improving outcomes for infants discharged home
following Stage I palliation is the implementation of a specialized cardiology clinic
dedicated to outpatient care of interstage infants. The availability of a high-risk or interstage
specialty clinic provides an opportunity for frequent in-depth evaluation of these fragile
infants as frequently as every 1 to 2 weeks without overburdening a general cardiology clinic
setting (153). Clinic evaluation is provided by a dedicated cardiac team consisting of
pediatric cardiologists, nurse practitioners, and clinic nurses familiar with the multifaceted
needs of interstage infants and their families. In order to provide the greatest benefit, the
clinic should be multidisciplinary, with routine patient evaluation by a dietician, speech and
feeding specialist, social worker, and case manager. Advantages of a high-risk or interstage
clinic include a venue for constant reassessment of the infant’s cardiorespiratory status and
review of home monitoring data as well as the opportunity for frequent, thorough evaluation
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of nutritional status including oral-motor feeding skills. Growth failure is a well-described
finding in this population, and inadequate nutrition contributes significantly to interstage
morbidity and mortality (154).
Interventional Procedures
There are numerous studies demonstrating the usefulness of interventional catheterization
after the Norwood procedure. Although some procedures occur in the acute post-operative
setting, most often due to unexplained cyanosis, the majority are performed during the
interstage period either as a result of detected or suspected anatomic abnormalities, or as
planned pre-Stage II catheterizations. Interventions address obstructions/stenoses in the BT
shunt or RV-PA conduit, pulmonary arteries, aortic arch, and/or the acquisition/ persistence
of aortopulmonary (APCs) and venovenous collaterals (VVCs).

Author Manuscript

Stenotic BT shunt and RV-PA conduits with resulting increased cyanosis often lead to
immediate evaluation and intervention. Although surgery may be used to alleviate shunt or
conduit obstruction, many centers rely on the effectiveness of catheter intervention (155–
166).
In the immediate post-operative time period, various transcatheter methods have been used
to treat thrombosed BT shunts. Mechanical disruption using catheter manipulation and/or
balloon angioplasty, pharmacological dissolution with urokinase or recombinant tissue
plasminogen activator, and rheolytic catheter thrombectomy have been used individually or
in combination (158–160,165). In cases of extreme cyanosis, the use of ECMO prior to
catheter intervention has been described (164).
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Shunt stenosis is more common than occlusion and is often due to a physical narrowing of
the BT shunt or RV-PA conduit. Multiple studies have shown the success of balloon
angioplasty for shunt stenosis, with recalcitrant lesions responding to stent placement (155–
157,161,163,165,166). More recently, the institution of the Sano modification resulted in
documented cases of RV-PA conduit stenoses. Several published reports demonstrated
endovascular stent placement in obstructed RV-PA conduits to be effective and safe
(163,167–170). Complications include hypotension and blood loss, less commonly complete
heart block and bradycardia, and rarely, cardiac arrest and death.
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In addition to pulmonary blood source obstruction, pulmonary artery obstruction has also
been diagnosed and intervened upon in the catheterization laboratory. Outside of deferring
until the time of Stage II surgery to plasty pulmonary arteries, several studies reported
successful balloon dilatation of pulmonary arteries at the pre-operative catheterization for
pulmonary artery stenosis (171–173). For lesions resistant to balloon dilation, stent
placement has been utilized between stages, although many institutions would favor surgical
repair to stent placement in patients of this size.
Obstruction to systemic blood flow is also a serious and well-documented finding in HLHS
patients, with studies finding as many as one-third of patients developing arch obstruction
(118,120,174–176). Although studies have demonstrated technical success in treating the
arch obstruction (118,120,172–177), high morbidity and mortality was noted in this group of
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patients (118,176,177). Recent studies have reported similar survival rates between this
group and control groups without recoarctation (120). Blood loss requiring transfusion,
decreased lower extremity perfusion, and transient arrhythmia ranked among the most
common complications. Rarely, obstructive intimal flap development or aortic damage
requiring surgical repair occurred.
The final 2 interventions that occur between Stage I and II involve vessel embolization.
Venovenous collaterals and left SCV to coronary sinus, or pulmonary venous connections
can cause cyanosis in patients after Stage II. One study found almost one-third of their
patients developed venous collaterals after superior cavopulmonary anastomosis (178).
Other studies reported successful coil closure of these venous collaterals with resulting
increased saturation (166, 179). The effect of venous collateral embolization on long-term
morbidity remains unknown.
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Finally, embolization of APCs can occur during interstage catheterization. Some centers do
occlude large APCs to avoid volume loading the single ventricle. However, the clinical
significance and actual indications for closure are not currently known or documented.
Although one study showed prolonged post-operative pleural effusions in Fon- tan patients
with significant APCs (180), 2 studies demonstrated the lack of impact of APC flow on postoperative hemodynamics, pleural effusions, or outcome (181, 182). The most common risk
associated with vessel occlusion would be coil dislodgment.

Stage II (Glenn; Hemi-Fontan)

Author Manuscript

Stage II palliation is the conversion from a high pressure (RV or aorta) “arterial” source of
pulmonary blood flow to a venous source through anastomosis of the SVC to the pulmonary
arteries (183–187). In the case of bilateral superior caval veins both SVCs are connected to
the pulmonary arteries. The shunt or RV-PA conduit is generally ligated and/or divided at the
same time. Stage II is most commonly performed at 4 to 6 months of age, but may be safely
performed at <3 months of age (188).
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After a bidirectional Glenn shunt, an extracardiac conduit is most commonly used to
complete the Fontan procedure. However, it is possible to allow the SVC to remain
connected to the heart with patch closure of the superior vena caval/right atrial junction. This
patch is removed at the time of Fontan completion allowing creation of an intra- atrial lateral
tunnel. This hemi-Fontan procedure was described by Norwood and Jacobs and involves a
side-to-side anastomosis of the SVC to the right pulmonary artery with homograft patch
augmentation of central pulmonary arteries, creating a baffle between the pulmonary artery
and the right atrium (185, 189). Following a hemi-Fontan procedure, the Fontan completion
is usually performed by creation of an intra-atrial lateral tunnel. There is no conclusive
evidence that the type of superior cavopulmonary connection (i.e., Glenn vs. hemi-Fontan)
has a significant impact on late outcomes for patients with HLHS (185,190,191).
The Glenn is most commonly performed using cardiopulmonary bypass with widely varying
strategies ranging from normothermia without cross-clamping to deep hypothermic
circulatory arrest (192–194). Techniques have been described that allow creation of a
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bidirectional Glenn shunt without the use of cardiopulmonary bypass; however, these are not
widely utilized (195–197).
The bidirectional Glenn shunt and hemi-Fontan are physiologically identical and achieve a
number of goals: reduced work of providing pulmonary blood flow and volume loading of
the heart, and improved circulatory system efficiency, given the source of pulmonary blood
flow is more desaturated venous blood rather than an arteriovenous admixture (185,198–
200). The arterial saturations are generally improved (though still cyanotic) and the
completion of the Glenn heralds in a period of decreased risk compared with the preceding
interstage period. Intermediate staging with a Glenn/hemi-Fontan reduces the risk of
mortality and morbidity at the subsequent Fontan procedure (183,185,189).
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Management of additional sources of pulmonary blood flow at the time of superior
cavopulmonary anastomosis remains controversial. Leaving an additional source of
pulmonary blood flow (BT shunt or RV-PA conduit) has the potential advantage that the
increased flow may enhance pulmonary artery growth; however, the increased flow is not
tolerated in all patients and occasionally leads to unacceptable elevation of SVC pressure.
There is no definite evidence that leaving additional sources of pulmonary blood flow
improves outcomes (201–202).
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Stage II requires a low PVR. A PVR of <2 Wood units has been associated with improved
survival (199). This maturation includes growth of the pulmonary vascular bed such that the
ratio of arterioles to alveoli increases, combined with a reduction in the thickness of the
arteriolar smooth muscle (203). The age at which pulmonary maturation is sufficient to
permit conversion from an arterial source of pulmonary blood flow to a SVC-pulmonary
artery connection is not precisely established and may be dependent on a number of factors
such as age at presentation, the size of the arterial source of pulmonary blood flow, presence
of a restrictive atrial septal defect and presence or absence of parenchymal lung disease.
Whereas in the past, Stage II was arbitrarily performed at 6 months of age, it is now
routinely performed at 3 to 4 months of age and has been performed in patients as young as
1 month of age (193) to limit the duration of the vulnerable interstage period.
Diagnostic studies prior to Stage II.
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Prior to the use of cardiac MRI, the debate existed about whether patients required
catheterization prior to Stage II. However, due to limitations of echocardiography to reliably
define pulmonary artery and arch anatomy, studies reported only a subset of low-risk
patients with adequate echo evaluation who qualified for noninvasive testing only
(171,204,205). With the increased use and improvement of cardiac MRI, the question
surrounding the need for pre-Stage II catheterization resurfaced.
Two studies showed the ability of MRI to define aortic and pulmonary artery anatomy in
infants (206, 207). One retrospective study of HLHS patients reported MR sensitivity of
86% and specificity 97% for neoaortic obstruction (1 false-negative result that detected a
lesser degree of aortic narrowing and 1 false positive that did not require repair upon surgical
inspection), and sensitivity of 100% and specificity 94% for LPA stenosis (2 false-positive
results) with routine right pulmonary artery reconstruction for all patients at this institution
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(208). They concluded that MR could replace catheterization given their institution’s
preference for surgical repair of pulmonary artery stenosis and coarctation.
The only prospective study randomized patients without pulmonary vein stenosis,
pulmonary hypertension, severe ventricular dysfunction, severe atrioventricular valvar
regurgitation, known large APCs or VVCs, or coarctation of the aorta into MRI versus
catheterization. This study showed that the patients undergoing catheterization had higher
rates of minor adverse events and longer post-study hospital stays, and found no detectable
differences in immediate or short-term post-operative outcomes (209). However, they
specifically did not randomize patients with suspected vascular lesions or hemodynamic
compromise as these patients all had catheterizations.
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The need for pre-Stage II catheterization remains a controversy in the literature. For those
with clearly no hemodynamic or anatomic vulnerabilities, the studies support the ability of
good-quality echocardiograms and MRIs to supply pre-operative data (171,204,205,208–
210). In the setting of coarctation, pulmonary artery or vein stenosis, APCs, VVCs, or
elevated PVR, the data remain mixed (190,209,211). Center preference for angioplasty
versus surgical repair for pulmonary artery stenosis and coarctation clearly affects the
decision for noninvasive imaging versus catheterization. Finally, the inability to coil
collateral vessels with MRI remains a reason for some institutions to support catheterization
prior to Stage II (211), despite the lack of data with regard to its impact on long-term
morbidity or outcomes (180–182,212).
Outcomes.
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The mortality for Stage II remains low. Among several large recent series, hospital mortality
was virtually zero with a 1-year survival of >95% (193, 213). Patients undergoing Stage II at
an earlier age do have increased utilization of hospital resources and are initially more
cyanotic (Fig. 5) (193). Patients undergoing earlier Stage II appear to progress to Fontan
completion in the usual fashion (214). As a consequence, indications for Stage II have
changed from an arbitrary age criteria to patient- specific factors such as worsening
cyanosis, congestive heart failure, decreased function, and/or poor weight gain (215). Stage
II is frequently combined with additional procedures to address arch obstruction, a
restrictive atrial septal defect, or tricuspid valve insufficiency.
General complications.
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Complications following Stage II are substantially less than following Stage I. The
complications center on the procedure itself and the unique physiology of the
cavopulmonary connection. Venous return from the superior circulation, head, and arms,
including the substantial cerebral blood flow, is directed across the pulmonary vascular bed.
Some degree of CVP elevation is a sine qua non of this procedure. The elevation of CVP is
due to the in-series addition of the pulmonary vascular bed to the SVC drainage. SVC
pressure early after Stage II is commonly in the high teens, but more significant elevation
will result in impaired cerebral blood flow and a decrease in pulmonary blood flow resulting
in cyanosis (213). This constellation is recognizable as SVC syndrome and requires prompt
investigation into identification of reversible causes, including SVC anastomotic narrowing,
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pulmonary artery hypoplasia., or a restrictive atrial septal defect (216–218). Through the
same mechanism of backward transmission of elevated pressure to the pulmonary veins and
pulmonary artery, severe tricuspid valve insufficiency or an elevated RV end-diastolic
pressure can also result in elevation of CVP. Mechanical ventilation will raise intrathoracic
pressure, adding to the pressure needed to drive blood across the pulmonary vascular bed.
Early extubation will result in a decrease in CVP and should be part of the post-operative
management strategy of patients following Stage II surgery (217). The use of pulmonary
vasodilators such as inhaled nitric oxide or sildenafil may be effective in the patient with a
borderline or reactive pulmonary vascular bed (219, 220). If no anatomic issue is identified,
and elevation of the CVP and cyanosis persist despite pulmonary vasodilator therapy,
takedown to an arterial source of pulmonary blood flow should be considered. Additional
causes of cyanosis (SaO2 <70%) early after Stage II include pulmonary parenchymal disease
resulting in pulmonary venous desaturation. Venous collaterals that diverting flow from the
SVC can also result in excessive cyanosis by decreasing pulmonary blood flow (221). The
CVP helps to differentiate the causes of cyanosis following Stage II. If the CVP is elevated,
then anatomic obstruction, tricuspid valve insufficiency, elevated RV end- diastolic pressure,
and pulmonary parenchymal disease should be considered. If the CVP is low, venovenous
collaterals are more likely.
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Additional complications include arrhythmias, phrenic nerve injury, and embolic
complications. The most common arrhythmia following Stage II is sinus node dysfunction.
This is more common following the hemi-Fontan than the bidirectional Glenn shunt,
presumably, but is an early phenomenon, and by hospital discharge, the incidence is equal
(6% to 8%) between the 2 (191). Phrenic nerve injury can occur during Stage II because the
nerve comes into jeopardy during dissection of the SVC (222). Inability to wean from
positive-pressure ventilation may be an indication for diaphragm plication. With the
obligatory right-to- left shunt, patients following Stage II are at risk of embolic
complications, especially from femoral or lower extremity intravenous access (223).
Anticoagulation is commonly used to prevent thrombotic complications in small infants with
central venous lines in place, and care should be taken to prevent air bubbles from entering
intravenous lines.
Pleural effusions.
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All patients with single-ventricle physiology, particularly those with HLHS, are at increased
risk for developing effusions in the pleural, pericardial, and peritoneal spaces (224–227).
The rate of pleural effusions in patients with functional single ventricles ranges from 12% to
45% (228–231). Persistent pleural effusions may require long-term chest tube drainage,
dietary modifications, repletion of serum proteins (clotting factors, immunoglobulin, and
albumin), fluid restriction, introduction of medications, and further procedures
(228,230,232). Effusions are the principal cause of prolonged hospital stays following
singleventricle palliative surgeries (230). Therefore, care of the child with HLHS
necessitates careful attention to factors that contribute to effusions and vigilance to prevent
effusive complications.
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On the most fundamental level, effusions result from either physical disruption of capillaries
and lymphatic vessels, or physiological disruption of their function. Conditions that support
the development of effusions when the vessels are intact include high hydrostatic pressure
and/or low oncotic pressure in the vascular space, and low hydrostatic pressure and/or high
oncotic pressure in the tissue compartment or potential spaces. Among patients with HLHS,
the specific hemodynamic characteristics that favor these conditions include elevated RV
end-diastolic pressure (231) (such as from poor ventricular compliance or significant
neoaortic valve regurgitation), tricuspid valve stenosis or regurgitation, obstruction at the
atrial septal level or pulmonary veins, elevated PVR (233), obstruction at any level between
the systemic and pulmonary microvasculature, and significant aortopulmonary collaterals
(230). The inadvertent surgical disruption of lymphatic channels during repair may increase
oncotic pressure in tissue spaces and potential spaces due to extravasation of chylous fluid
and compromise of local lymphatic function.
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Factors that enhance the degree to which vascular and lymphatic structures behave as porous
membranes also promote the development of effusions. In patients with HLHS, activation of
the inflammatory and complement cascades during the course of surgical interventions may
induce capillary leakage (234). Hormonal influences that contribute to fluid retention and
elevated systemic venous pressures, such as elevated aldosterone (235) and atrial natriuretic
hormone (236) may also promote effusions.

Author Manuscript

Strategies aimed to prevent or reduce effusive complications address these hydrostatic,
oncotic, inflammatory. and hormonal factors. Most data about such interventions around
Stage II come from retrospective reviews. In 42 patients with HLHS undergoing
bidirectional Glenn operations, a reduced incidence of persistent pleural effusions was
associated with use of the Sano modification versus use of the BT shunt in the Stage I
palliation. Hypothetically,improved development of the pulmonary arteries (greater
pulmonary artery diameter and less discrepant branch pulmonary artery sizes), also
associated with use of the Sano approach, may have led to improved pulmonary artery
hemodynamics (237). In a series of patients with functional single ventricles, the presence of
accessory pulmonary blood flow was associated with a > 8-fold increase in risk of prolonged
pleural effusions following bidirectional Glenn (238). These authors postulated that
accessory pulmonary blood flow may increase pressures in systemic venous pathways,
“steal” from systemic circulation, contribute to low systemic cardiac output, and promote
activation of the renin-angiotensin system. Further review of 142 such cases suggested that
elimination of accessory pulmonary blood flow was associated with significantly improved
survival and reduced incidence of persistent effusions (233).
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Several perioperative strategies are generally considered to improve hemodynamics and
reduce the likelihood of effusions after Stage II palliation (Table 2). Despite judicious care to
prevent or minimize pleural effusions following Stage II palliation for HLHS, some patients
suffer with prolonged pleural effusions. If the effusions persist, a stepwise increase in
therapy is commonly employed: low-fat diet, medical therapy with an angiotensinconverting enzyme (ACE) inhibitor or octreotide, total parenteral nutrition, exploration for
identification of a lymphatic leak, thoracic duct ligation, and pleurodesis (227,239,240).
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Stage III (Fontan Operation; Total Cavopulmonary Connection)
In 1971, Dr. Francois Fontan became the first to place the pulmonary and systemic
circulations in series with one ventricle, creating the named procedure (241). This original
operation, as well as several modifications, was soon realized to be of benefit, not only to
patients with tricuspid atresia, but to many patients with single-ventricle physiology. In
1988, de Leval et al. introduced the concept of the total cavopulmonary connection (TCPC)
as an alternative to the atriopulmonary Fontan (Fig. 6), and by the early 1990s, staging
towards the TCPC (i.e., the 3-stage approach) was being advocated (109, 242).
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Although the Fontan circulation has become the accepted final arrangement for the singleventricle pathway, controversy in timing of the TCPC still remains. Many complete the
Fontan circulation when children are 2 to 3 years of age to minimize the end-organ exposure
to cyanosis (243, 244). However, other programs delay Fontan until it is physiologically
indicated (i.e., decreasing saturations or symptoms of cyanosis with activity) and therefore
complete the Fontan in the 3- to 5-year-old timeframe (245). This strategy may be supported
by the literature demonstrating that younger age at Fontan is associated with prolonged
recovery and Fontan failure (244,246,247). Regardless of timing, the Fontan circulation
results in several physiological and anatomic consequences stemming from the increased
pressure seen in the Fontan circulation and include right atrial dilation, inefficient flow
dynamics, baffle thrombus, repeated subclinical pulmonary emboli, and atrial arrhythmias.
These can coalesce to cause the Fontan circulation to fail (248–250). This is magnified in
HLHS patients in whom there is a systemic RV and accompanying tricuspid valve, which
are at risk for failure over time. RV dysfunction will lead to dilation and tricuspid
insufficiency. Likewise, primary tricuspid insufficiency will lead to RV volume overload and
dysfunction (251). This potential for negative synergy merits an aggressive approach
towards tricuspid valve repair at the time of TCPC that is essential for longevity.
Extracardiac Conduit Versus Lateral Tunnel Fontan
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The lateral tunnel (LT) Fontan connection has been the most extensively studied and most
used configuration for completion of the TCPC. The use of the extracardiac conduit (ECC)
technique to complete the Fontan, connecting the inferior vena cava to the pulmonary
arteries via a conduit (most often Gore-Tex [W. L. Gore & Associates, Elkton, Maryland]
and ranging in size from 18 to 24 mm, most commonly 18 to 20 mm), was introduced in
1990 (252), although it was not until this past decade that it gained widespread popularity.
The ECC has several theoretical advantages, including flexibility in anatomically difficult
situations (i.e., heterotaxy), the avoidance of sinus node manipulation, decreased suture lines
and pressure in the right atrium (decreasing arrhythmogenic potential), low potential for
dilation, and avoidance of cardioplegic arrest (253). The avoidance of cardiac arrest,
fibrillatory arrest, and even circulatory arrest may preserve cardiac function, though this has
not been clearly demonstrated when studying all single ventricles undergoing Fontan (254,
255). Advantages for the LT include growth potential and all of the advantages associated
with the avoidance of a conduit, particularly in the low-pressure, right-sided circulation,
which include the risk of thromboembolism. As with the ECC, these theoretical LT
advantages have not been clearly demonstrated (253, 255). Fluid dynamic, geometric, and
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mathematical models have confirmed the hemodynamic advantages of both the LT and ECC
techniques (256, 257).
Even though the advantages of avoiding cardiac arrest, systemic cooling, and extensive atrial
manipulation appear obvious, studies comparing the LT and ECC Fontan procedures have
not consistently shown an advantage of either technique (253–255). Also, there are many
series reporting excellent outcomes in which either the ECC or LT strategy is almost
exclusively used (245,258–261). HLHS patients are unique patient cohorts that often
highlight subtle differences between surgical and medical therapies because of their tenuous
hemodynamic state and reliance on a systemic RV and tricuspid valve. Unfortunately, there
has not been a study in this cohort to see whether the theoretical advantages of either the LT
or ECC Fontan are magnified to a point of consistently changing outcomes.
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Fenestration.—Fenestration has been employed to minimize post-operative
complications, including low post-operative cardiac output, pleural and pericardial effusions,
and ascites, as well as long-term complications such as diminished exercise performance,
and protein-losing enteropathy (PLE) (246,262–266). Despite the potential benefits of
fenestration, drawbacks include the risks of systemic embolization, systemic desaturation,
and need for late catheter interventions for fenestration closure (264,267,268). There have
been a number of studies including one from the Pediatric Heart Network Fontan crosssectional study group (269), as well as a prospective randomized study by Lemler et al.
(266) that have demonstrated that fenestration decreases length of post-operative pleural
effusions requiring chest tubes and hospital length of stay.
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The emergence of the ECC Fontan in many programs has led to questioning the need for
fenestration, and several centers have adopted a highly selective strategy for Fontan
fenestration with encouraging and possibly even better results than those after fenestrated
Fontan (245,270–272). Fenestration is reserved for the highest-risk patients, which may
include those undergoing significant concomitant procedures or single-lung Fontan
palliation, patients with elevated PVR or transpulmonary gradient, those having significant
atrioventricular valve regurgitation or poor ventricular function, and patients with
intracardiac anatomy not amenable to extracardiac conduit (263, 264). HLHS patients are at
particular risk for poor systemic ventricular function and atrioventricular valve insufficiency
and, therefore, may require fenestration more often than patients with other types of single
ventricles. However, this has not been consistently seen in centers that are using fenestration
selectively (245). These centers believe that the HLHS candidates for TCPC currently are
better candidates than in the past because of the advances in all aspects of patient
management, from improved outcomes after first- and second-stage single-ventricle
palliation, as well as better medical management and interstage surveillance. Centers using
the nonfenestrated Fontan strategy also tend to palliate their patients at an older age (3 to 5
years) (243, 245). Salazar et al. (245) reported similar outcomes over a 6-year period
whether patients were fenestrated or not. The nonfenestrated patients had a shorter hospital
and intensive care unit length of stay and less need for reintervention. These outcomes are
confounded by the higher rate of extubation in the operating room for nonfenestrated
patients, which this center, in the past, has shown to result in a shorter duration of intensive
care unit and hospital stay, chest tube requirement, and lower resource utilization. The
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immediate reduction in Fontan baffle pressure and ability to mobilize these patients early
may explain these findings (273).
As the pre-operative state (i.e., hemodynamics and/or age), operative techniques (i.e., ECC),
and post-operative care (i.e., immediate extubation and mobilization) of Fon- tan patients
continue to change, the benefit of fenestration must be readdressed. It is also very important
to realize that practices and patient populations (i.e., ventricular morphology, age at Fontan,
operating room extubation) at different centers may vary greatly and thus so may the
usefulness of fenestration in any particular practice. With this in mind, the cohort of HLHS
should be separately evaluated in the current era with regard to fenestration, controlling for
important factors such as age.
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Cardiopulmonary bypass.—In the late 1990s, with the spreading popularity of the ECC
Fontan, surgeons began to investigate how completion of the TCPC could occur without
cardiopulmonary bypass. Starting in 1998, a series of reports from different centers
established the feasibility and safety of avoiding bypass when creating an ECC Fontan (274–
277). The proinflammatory and vasoactive substances caused by cardiopulmonary bypass
and their ill effect on the myocardium, the coagulation system, and the pulmonary
vasculature have been well established (234). However, this relationship is dependent on
time, the conduct of bypass, and many other factors. Therefore, whether avoidance of bypass
during Fontan completion has clinical significance is unclear. Off-bypass Fontan completion
has been demonstrated to attenuate proinflammatory markers; however, multiple studies
have been unable to establish consistent clinical improvements (278, 279). The largest and
most recent series to evaluate Fontan completion without cardiopulmonary bypass found no
difference in immediate postoperative pressures or in early outcomes including chest tube
drainage, arrhythmias, or mechanical ventilation (280). Although avoidance of
cardiopulmonary bypass at completion Fontan in HLHS is safe and can be done with
consistent results, it appears at this juncture to have no clinical benefit to patient care and
will require more study if it is to become widely adopted.
Outcomes.—Hospital mortality after Fontan completion for HLHS is excellent, with
short-term survival averaging >95% (258,259,281,282). Intermediate and long-term survival
rates are 77% to 95% at 5 years and 72% to 91% at 10 years (245,258,281). Right
ventricular morphology continues to be a risk factor highly associated with long-term
mortality and heart failure after Fontan.
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Fifty percent to 70% of newborns with HLHS will survive the 3 surgeries and live to the age
of 5 (31,79,283). Increasingly, there is recognition that the major determinants of outcome
following surgical intervention for HLHS have less to do with intraoperative support
strategies than with patient-related factors such as gestational age, associated genetic
syndromes, and genetic susceptibility, such as apolipoprotein polymorphisms (284, 285).
International Experience
Although a complete review of the international perspective on HLHS is beyond the scope
of this paper, differences exist in both logistical and management approaches to the patient
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with HLHS. Perhaps one of the greatest differences between the United States and abroad is
the concept of regionalization.
Larger center volumes and regionalization of patients with complex congenital heart disease
has been shown to improve outcomes (286). Numerous countries, including Sweden and the
United Kingdom, and the continent of Australia use this approach in the treatment of
children with congenital heart disease, especially HLHS.
As in the United States, pre-operative management strategies are not standardized (26). In
some centers in Germany, for example, to minimize pulmonary hyperperfusion and an
increase in vascular resistance, avoidance of pre-operative ventilation and inotropic support
are combined with systemic afterload reduction (29).
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Most European centers perform the Norwood operation with a modified BT shunt rather
than an RV-PA conduit, although some centers have adopted this modification with
improved outcomes (283). A small number advocate the hybrid approach (131), and
transplantation as an initial option is rarely used due to poor donor availability. In the Stage I
post-operative period, afterload reduction includes phosphodiesterase inhibitors, sodium
nitroprusside, or the alpha blocker phentolamine (83). Phenoxybenzamine is rarely in use in
Europe due to the long half life.
The bidirectional Glenn is preferred over the hemi- Fontan for the second stage, whereas for
the final stage, great differences exist in the type of procedure performed and the timing.
One explanation of the timing differences (Germany early, United Kingdom later) could be
insurance system related. Both the use of fenestrations and/or anticoagulation varies
throughout Europe.
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Pleural Effusions
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The same principles underlying the development of effusions in the patient with HLHS
undergoing Glenn or hemi-Fontan repairs apply to the patient proceeding to Fontan. In
particular, specific hemodynamic factors that seem to increase the incidence of pleural
effusions include higher mean pre-operative pulmonary artery pressure (230, 287) and
higher mean post-operative CVP (230). Retrospective data comparing bypass versus offbypass procedures, LT versus ECC, and modified ultrafiltration versus none have mixed
results (255,279,287,288). However, a prospective randomized trial of the Fontan with and
without fenestration suggests use of fenestration decreases the duration of post-operative
effusions and reduces the length of hospital stay (266). Fenestration may result in creation of
a “pop-off valve” to reduce CVPs and thereby reduce the hemodynamic conditions that lead
to pleural effusion, particularly for patients with high pulmonary vascular resistance.
One retrospective review of nearly 100 patients undergoing Fontan suggested that operating
during the winter respiratory viral season was associated with a higher risk of pleural
effusions (230). As a result, some have suggested that if the Fontan cannot be postponed past
the respiratory viral season, screening for subclinical respiratory syncytial virus may detect
patients at high risk for effusive complications and other morbidities.
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Afterload reduction.—Increased afterload is a fundamental feature of baseline
hemodynamics in patients with HLHS. In patients with good functional outcome following
the Fontan repair, preload conditions and ventricular contractility may be normal, but
measures of increased afterload (including arterial elastance, end-systolic elastance and
pressure, and CVP) account for reduced cardiac index and exercise performance (289). In
single-ventricle patients, reducing both systemic afterload and PVR might theoretically
improve cardiac performance and clinical outcome
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Most large centers discharge HLHS patients on ACE inhibitors (27), and ACE inhibitors
have documented success in treating children with heart failure (290). However, case-control
studies of captopril and enalapril, and randomized, controlled trials of enalapril and
lisinopril suggest that ACE inhibitors are not associated with decreased pleural drainage or
effusions in the weeks following Fontan surgery (235, 291), improved exercise capacity
years following surgery (288), general somatic growth, favorable ventricular remodeling and
function, or Ross classification of congestive heart failure (292, 293).
ACE inhibitors may be associated with improved neuro- developmental outcome (292),
improved endothelial function (294), and reduced renal injury (295) following the Fontan.
Therefore, on a case-by-case basis, each patient on ACE inhibitors should be monitored to
ensure that measurable benefit justifies use. Angiotensin receptor blockers, such as valsartan,
are newer afterload-reducing agents employed in pediatric cardiovascular diseases, but no
evidence exists for use in patients with HLHS following any stage of palliation.
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Success in treating children with pulmonary hypertension and recent understanding of
endothelial dysfunction in patients with single ventricles (295) and patients with Fontan
circulation (296) has led to use of selective pulmonary vasodilators and endothelin receptor
blockers. Use of sildenafil, a phosodiesterase-5 inhibitor, improved plastic bronchitis in a
single case of a child with HLHS following Fontan surgery (297). A randomized, controlled
study of sildenafil showed that a single dose improved cardiac index and exercise capacity in
teens and young adults with Fontan circulation (298), and a recent abstract reporting on a
double-blind, placebo-controlled crossover trial in 28 children and teens with Fontan
circulation suggests sildenafil improves myocardial performance and may increase cardiac
output (299). The dual-endothelin receptor antagonist, bosentan, has also been associated
with improved symptoms and reduced pulmonary artery pressure, pulmonary vascular
resistance, and pulmonary blood flow in patients with Fontan circulation (300–302). Further
trials of these afterload reducers in patients with HLHS would clearly be warranted and
helpful.

Author Manuscript

Anticoagulation and hematologic issues.—Thromboembolic events (TE), which
occur more frequently after Fontan operation than for any other form of cardiac surgery
except prosthetic valve replacement, may be due to inherited, acquired, and/or associated
factors (e.g., cyanosis) (303). One-quarter of patients with Fontan physiology are at risk for
the development of thrombus in the venous system because of the low-flow state of the
cavopulmonary baffle (267). Levels of protein C, factors II, V, VII, IX, and X, plasminogen,
fibrinogen, and antithrombin III (ATIII) are significantly lower in Stage I infants (304).
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Stage II patients have significantly lower levels of protein C, protein S, ATIII, and factors II,
V, VII, and X (305). Despite these coagulation factor abnormalities, these patients do not
commonly have an increased risk for clinical TE complications, with the isolated
documented exception being Stage II patients with elevated levels of factor II and low levels
of ATIII (306). Fontan patients have been shown to exhibit low levels of protein C, factors II,
V, VII, and X, plasminogen, and ATIII, and elevated levels of factor VIII. Monitoring factor
VIII level may help identify a subset of patients at risk for thrombosis, especially those with
low levels of protein C (307).
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Thromboembolic events after Fontan occur in a bimodal distribution peaking during the first
post-operative year, and again 10 years later (249,308–312). Several crosssectional series
report the incidence of TE to be between 0.8% (313) and 33% (314), and mortality
following TE is as high as 25% in pediatric series (315). Risk factors for thrombosis include
dehydration, low-flow state, stasis in the Fontan or pulmonary circuit, increased venous
pressure, right-to-left shunt, hepatic dysfunction, PLE, prolonged post-operative
immobilization, azygous continuation of the inferior vena cava (316), blind cul-de-sacs,
prosthetic material, hypercoagulable states, ventricular dysfunction, atrial arrhythmias, and
pulmonary embolism. The incidence of cerebrovascular accidents is reported as 1.4% to
19% (311, 315).
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There is no consensus in the literature as to the optimal type of anticoagulation therapy or
whether therapy is warranted at all (309,317,318). Aspirin is often used at a dose of 1 to 5
mg/kg/day. Clopidogrel, a glycoprotein IIb/IIIa inhibitor and antiplatelet aggregation agent,
may provide an additive antiplatelet effect if combined with aspirin. Mutations in the
CYP2C19 gene render certain patients unable to respond to clopidogrel. Warfarin is a
vitamin K antagonist and is usually recommended in Fontan patients with documented
thrombosis, poor hemodynamics (with or without chronic venous hypertension), those
undergoing Fontan revision, and those with atrial tachyarrhythmias (310,318,319).
A recent multicenter, prospective, randomized trial comparing heparin/warfarin with aspirin
as primary thromboprophylaxis found no significant difference in safety or efficacy in the
first 2 years after Fontan. In the 111 patients (57 received aspirin, 54 received heparin/
warfarin), the overall thrombosis rate was 23% (18% aspirin, 9% heparin/warfarin) despite
medical prophylaxis. Major bleeding occurred in 1 patient in each group (320).
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Patients with thrombosis while receiving aspirin should be switched to warfarin or low
molecular weight heparin (LMWH). Although LMWH has become more commonly used in
pediatric patients due to its ease of monitoring (anti-factor Xa level 4 h after an injection)
and its relative lack of interference by other drugs or diet, there is no consensus on the
benefits of LMWH over warfarin, and reports of failure of LMWH as bridging therapy exist.
Thrombolytic therapy is reserved for those patients with thrombosis of immediate clinical
importance. Tissue plasminogen activator, which converts endogenous plasminogen to
plasmin, is most commonly employed. There are a significant number of bleeding
complications associated with thrombolytic therapy in children, occurring in 30% to 68% of
patients (321).
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Currently, long-term anticoagulation therapy is influenced by the provider’s preference,
anticipated risk for thrombosis, presence of arrhythmias, and patient’s functional status. As a
result of the multiple factors contributing to thrombus formation, it is unlikely that a single
therapy or drug will provide complete prophylaxis.
Long-Term Outcomes
The original selection criteria for patients undergoing atrio- pulmonary connection for
tricuspid atresia were laid out by Choussat and Fontan (Table 3) and remain relevant
physiologic risk factors for Fontan outcomes (322). Because Fontan physiology requires
systemic venous baffle pressure to be higher than left atrial pressure in order for the
systemic and pulmonary circulations to work in series, many of the long-term outcomes
post-Fontan may be a reflection of this relatively elevated pressure in the systemic venous
system.
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Over the past 2 decades, the outcome after Fontan operations has improved, with actuarial
survival of 87% at 20 years in one study for all underlying diagnoses (265). The current
literature on long-term outcome after the Fontan operation reflects primarily single LV
physiology; however, studies increasingly include single RVs and mixed physiology.
Regardless of underlying diagnosis, late complications present ongoing management
challenges in the adult Fon- tan patient. These long-term outcomes (262) include impaired
systemic ventricular systolic and diastolic function, progressive hypoxemia, elevated
pulmonary vascular resistance, and complications including arrhythmias, thromboembolism,
and hepatic dysfunction. Maximal exercise tolerance is impaired in individuals with a
Fontan and worsens with age as well. The majority of these changes, demonstrated late after
Fontan operation, are not specific to HLHS. However, “failing Fontan” physiology,
including the development of plastic bronchitis and PLE, may be increasingly prevalent in
the HLHS Fontan population.
RV morphology in a Fontan patient may not increase intermediate-term mortality; however,
it is associated with poorer ventricular and valvular function, as well as heart failure-related
death in the long term (323). Gradual attrition in Fontan patients is most frequently
secondary to thromboembolic or heart failure-related deaths and sudden cardiac death
(thought to be associated with arrhythmia). Risk factors associated with late
thromboembolic mortality include lack of antiplatelet or anticoagulant therapy and
intracardiac thrombus, whereas heart failure-related mortality is predicted by the
development of PLE, high right atrial pressures, and single RV morphology (281), and
therefore may become more prevalent as the HLHS Fontan population ages.
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Long-term outcomes in the Fontan circulation are reflected in exercise capacity. These
individuals demonstrate a unique physiological response to exercise, and although there is a
range of exercise responses, most individuals have reduced exercise tolerance. The etiology
of this limitation is multifactorial and involves cardiac, pulmonary, systemic venous, and
muscular contributions. Most well defined is an inadequate preload reserve limiting
inotropic cardiac augmentation (324). During exercise, the increase in pulmonary blood flow
leads to an increase in pressure, because the pulmonary vasculature is unable to vasodilate as
in normal biventricular physiology. This increased demand is reflected into the Fontan
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circulation, and without a subpulmonary ventricle to increase pressure, LV filling is
diminished and cardiac output does not increase normally. There is likely also diastolic
dysfunction of the single ventricle with aging that further impairs passive LV filling (325).
These physiological changes can be measure with cardiopulmonary exercise testing (326). In
patients with Fontan circulation, peak oxygen uptake is diminished for age, peak heart rate is
decreased, with likely chronotropic incompetence, and arterial oxygen saturation is also
decreased at peak exercise. Cardiac output is subnormal, secondary to reduced stroke
volume, heart rate response, and diminished pulmonary venous return. Ventilatory anaerobic
threshold is below normal values, and the ventilatory equivalent for carbon dioxide is higher
than normal ranges for age. With training and cardiac rehabilitation, many of these
parameters may demonstrate improvement (327). Further study of the effect of structured
cardiopulmonary rehabilitation in the adult Fontan patient are underway.
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“Routine” Follow-Up and Testing—As improved early outcomes lead to greater
longevity in post-Fontan patients, caregivers are increasingly faced with recognizing and
managing long-term complications of Fon- tan physiology including the “failing Fontan.”
The failing Fontan population is broad and may include individuals limited by impaired
ventricular function but also includes patients with preserved ventricular function with
additional devastating and challenging complications such as PLE and plastic bronchitis.
Essential to treatment in these patients is vigilance and a high index of suspicion to make an
early diagnosis, with hopes that persistent optimization of the entirety of the Fontan
circulation and physiology will aid in decreasing the rates of “failing Fontan” as the new
generation of HLHS patients age.
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There are no standard algorithms for long-term follow-up of children and adults who have
undergone staged palliation for HLHS, but suggested guidelines have been published (328).
The Fontan circulation is an unnatural cardiovascular state with risk for pathophysiological
aberration that does not diminish over time. In fact, risks likely increase as these patients
age. Patients with Fontan physiology have elevated systemic venous pressure, low cardiac
output, and endothelial dysfunction (329–331). Over their lifetime, these significant
morbidities require aggressive long-term follow-up and surveillance with cardiac testing to
identify potentially serious complications. Moreover, transition to adult congenital heart
disease specialists should occur as patients enter adulthood. Of note, the oldest patients with
HLHS who have experienced “current” Fontan strategies are only now entering their third
decade of life, and as such, the long-term consequences of the Fontan physiology in the
setting of a single RV remain unknown.
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If patients are clinically well without significant complications, visits to the cardiologists can
be every 6 to 12 months. In addition to routine vital signs, physical examination should
include pulse oximetry and upper and lower extremity blood pressures (to assess for
recurrent distal arch obstruction). As part of a thorough history, patients should be asked
about development of diarrhea and/or abdominal swelling (signs of PLE), palpitations, and
syncope and exercise intolerance. Testing at regular intervals should include
echocardiography, electrocardiograms, Holter monitoring, and exercise stress testing. Some
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suggest the addition of other tests to this long-term regimen including cardiac MRI, cardiac
catheterization, and laboratory screening for PLE, coagulation, and/or hepatic abnormalities.
Echocardiography as a screening tool is useful to assess for ventricular dysfunction,
tricuspid regurgitation, and function of the neoaortic root and valve. Neoaortic root dilation
and valve regurgitation are common after the Fontan palliation and have as yet unknown
long-term consequences (332). Echocardiography can be useful in identifying thrombus
formation though thrombus can be missed on transthoracic imaging. If there is a high index
of suspicion, transesophageal echocardiography may be required (314, 318). In patients with
known thrombus formation, a coagulation profile with consultation from hematology is
warranted.
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Assessment for symptomatic and asymptomatic arrhythmias is useful as many can be treated
with medical therapy. Electrocardiograms and Holter monitors may identify some of these
rhythm disturbances. When symptoms are infrequent, transtelephonic event monitoring may
be useful. Exercise stress testing is also useful to determine whether there is sinus node
dysfunction or exercise-induced arrhythmias.
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More controversial is whether other monitoring should be routinely performed in patients
with HLHS after the Fontan procedure. Cardiac MRI, though noninvasive, often requires
conscious sedation. The benefits of cardiac MRI include accurate assessment of ventricular
ejection fraction and cardiac output, good visualization of branch pulmonary arteries, and
estimation of the impact of aortopulmonary collaterals on the Fontan circulation (333, 334).
Echocardiography cannot accurately and consistently provide the same information and
some suggest routine cardiac MRI every 3 to 5 years after the Fontan procedure. Cardiac
catheterization is no longer routinely performed after Fontan completion because of the
inherent risks of an invasive procedure. However, catheterization provides important
hemodynamic information and allows for catheter-directed interventions such as fenestration
enlargement or closure, coil embolization of aortopulmonary collateral vessels, and dilation
of residual or recurrent distal arch obstruction. In some centers, cardiac catheterization is
recommended in the asymptomatic HLHS patient 3 to 5 years after Fontan and/or before
they transition to adult cardiology caretakers (328).
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Liver pathology runs the spectrum of congestion to cirrhosis and hepatocellular carcinoma
after the Fontan operation (335). Some patients with failing Fontan circulation are found to
have hepatic cirrhosis and thus are no longer candidates for cardiac transplantation, whereas
others have undergone heart-liver transplant. Unfortunately, there is no good screening tool
for cirrhosis. In patients with Fontan circulation, abnormal liver histology may be patchy and
missed on single liver biopsies. No laboratory values definitively make the diagnosis or are
markers for early stages of the disease (336). Despite these obstacles, some suggest that
screening for liver abnormalities should be a part of routine follow-up in patients with
Fontan physiology and that a liver biopsy before adulthood is warranted. Both PLE and
hepatic cirrhosis require consultation with gastrointestinal specialists.
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Protein-losing enteropathy.—PLE is an excessive loss of proteins across the intestinal
mucosa, and its occurrence in Fontan patients was first reported in 1980 (337). Loss of
protein in the bowel may be secondary to lymphatic distension as a result of elevated
systemic venous pressure; however, PLE has been seen in patients with normal Fontan
pressures, and the exact etiology of PLE remains elusive. Presenting symptoms include
peripheral edema, ascites, and pleural or pericardial effusions, unlike the gastrointestinal
symptoms of diarrhea and abdominal pain seen in patients with a primary gastrointestinal,
rather than cardiac, etiology (338).
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The prevalence of PLE as cited in the literature ranges from 3.7% to 24% (339), with a
cumulative risk at 10 years of 13.4% (338). Risk factors associated with PLE include nonLV anatomy as in HLHS, long hospital stay at the time of Fontan surgery, prolonged
cardiopulmonary bypass time, and renal failure in the immediate post-operative period (338,
340). High systemic venous pressure, elevated right atrial diastolic or ventricular enddiastolic pressure, and high mesenteric vascular resistance (341, 342) have all been
associated with PLE in Fontan patients (343). Neither medical nor surgical interventions
guarantee complete resolution in all patients with PLE. PLE after Fontan operation is
associated with a very high mortality and morbidity rate with a 5-year actuarial survival rate
of 46% (338, 344); transplantation does improve overall survival in this subset of patients
(345). The diagnosis of PLE is made clinically with supporting lab results including
hypoalbuminemia, hypoproteinemia, hypocalcemia, lymphocytopenia, elevated stool alpha-1
antitrypsin, and increased alpha-1 antitrypsin clearance.
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Medical management of PLE should include treatment optimization of medical therapy
(diuretics, afterload reduction), use of parenteral albumin, and dietary changes including
sodium restriction, and a low-fat, high-protein, medium-chain triglyceride diet. Pulmonary
vasodilators (346) have been used to lower elevated Fontan pressures, and systemic steroids
(347, 348) and heparin may stabilize intestinal capillary endothelial cell membranes.
Intervention to relieve obstruction in the Fontan pathway, closure of residual systemic to
pulmonary arterial shunts and aortopulmonary collaterals (349), and creation of fenestrations
in the Fontan circuit (350) have also been suggested. Pacing to create atrioventricular
synchrony and improve cardiac output (351), conversion of the atriopulmonary Fontan (352)
to an extracardiac conduit (353), and heart transplantation (354, 355) have been proposed,
though mortality remains high.
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Plastic bronchitis.—Plastic bronchitis is a rare but potentially fatal complication after
Fontan operation characterized by recurrent expectoration of long, branching bronchial casts
which may manifest as airway obstruction. Although the pathogenesis is not well defined,
similar factors to the development of PLE may contribute, including increased systemic
venous pressure, elevated pulmonary venous pressure, and endobronchial lymphatic leakage.
Diagnosis is generally made at the time of clinical pulmonary decompensation, although
computed tomography can identify early stages as well as used to guide bronchoscopy or
monitor treatment response (356). Treatment modalities are primarily reported in the
literature as case reports, and include interventions such as optimization of heart failure
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therapy and similar medical therapy to PLE (357), Fontan fenestration (358), short-term,
high-frequency jet ventilation in intubated patients (359), aerosolized urokinase or tissue
plasminogen activator (360), pulmonary arterial vasodilators (297), thoracic duct ligation,
and cardiac transplantation have been proposed.
Arrhythmias.—One of the major causes of long-term morbidity and mortality in patients
following the Fontan procedure is arrhythmia. In a study of long-term survival of 260 Fontan
patients with a median follow-up of 12.2 years, the majority of deaths outside of the
perioperative period were classified as sudden and were presumed to be arrhythmic in origin
(281). The incidence of arrhythmia in Fontan patients range from 7% to 50% depending on
Fontan type, era, and years of follow-up (361–364).
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Chronic arrhythmia in the Fontan population has been associated with multiple
hemodynamic issues, and a lower functional status has independently been associated with
the development of intra-atrial re-entrant tachycardia (IART) following Fontan (362).
Several atrial arrhythmias have been reported following the Fontan procedure, including
atrial tachycardia, atrial fibrillation, and sinus node dysfunction (365, 366). Table 4 lists
potential or well recognized risk factors for the development of supraventricular tachycardia
(362, 367).
There have been several studies assessing the relationship of arrhythmia formation and type
of Fontan. Historically, these studies have suggested the extracardiac Fontan operation has a
lower incidence of post-operative arrhythmias when compared with the LT (8% to 10% vs.
30% to 50%) (368, 369). More recently, a multicenter cohort study of Fontan patients did
not find a difference in the prevalence of IART between these subgroups. This difference
may relate to patient age at the time of study.

Author Manuscript
Author Manuscript

Ventricular rates typically range from 110 to 250 beats/min during atrial tachycardia as
opposed to the usually 50 to 70 beats/min seen when in normal sinus rhythm. Thus,
persistent mild tachycardia >100 beats/min at rest should raise the suspicion of atrial
tachycardia. Symptoms may be nonspecific, such as general malaise, abdominal pain, or
nausea, or include palpitations (62%), fatigue (44%), dyspnea (23%), edema (21%),
presyncope (21%), or syncope (3%) due to rapid 1:1 atrioventricular conduction (361).
Therapeutic modalities for acute cardioversion of IART include transesophageal or intraatrial pacing, intravenous diltiazem or ibutilide, or synchronized cardioversion; evaluation
for atrial thrombus prior to electrical or medical cardioversion is advised as chronic
anticoagulation may be needed. Propafenone, beta-blockers, sotalol, and dofetilide have all
been used in Fontan patients. Unfortunately, medical therapy tends to be effective in only
one-third of patients (361, 370).
Transcatheter ablation may decrease the frequency of tachycardia episodes and the need for
repeated cardioversion and anti-arrhythmic drugs. Although an acute success of 72% has
been reported in Fontan patients, recurrence rates are high, ranging from 30% to 60% (371,
372). Atrial re-entry circuits tend to be multiple, and may occur in the pulmonary venous
atrium (372, 373). Improved anatomic mapping techniques and higher energy sources may
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improve the short-term outcome of catheter ablation, but the marked atrial hypertrophy in
atriopulmonary Fontan patients limits catheter ablation success.
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Pacemaker implantation in Fontan patients is reported to be 23% by 20 years of follow-up
(265). Pacing strategies have progressed from basic ventricular pacing for bradycardia, to
sophisticated antitachycardia pacing algorithms for atrial arrhythmias (374). Epicardial leads
are generally utilized due to limitations of venous accessibility and risk for thrombus
formation. Chronic atrial pacing may decrease atrial ectopy and the ability to trigger
tachycardia. Implantable cardioverter- defibrillators have been used in patients following the
Fontan procedure, but no organized retrospective or prospective study of utility or risk
factors has been undertaken. Novel implantable cardioverter-defibrillator configurations are
often required in congenital heart disease patients, specifically those with single ventricles
and usually consist of an epicardial pace/sense lead on the ventricle and defibrillator coil
placed in the pericardial, thoracic or subcutaneous space (375). These devices pose
significant technical challenges and have a higher failure rate than conventional devices
(376).

Author Manuscript

Conversion of the initial Fontan anastomosis to an extracardiac total cavopulmonary
connection with arrhythmia surgery and pacemaker implantation, has demonstrated the
ability to eliminate IART and atrial fibrillation, while improving exercise capacity in
selected patients (377, 378). Indications for conversion include Fontan pathway obstruction,
cyanosis, exercise intolerance, and/or refractory arrhythmias. During midterm follow-up, the
modified right atrial maze procedure, intended to address the multiplicity of atrial re-entrant
circuits, has essentially eliminated recurrence of IART. The left atrial maze essentially
eliminates the recurrence of atrial fibrillation, but has been associated with recurrent
organized tachycardia in approximately 15% of patients (379). The maze procedures are not
suitable for focal atrial tachycardia, or tachycardia utilizing accessory connections; these
mechanisms are ideally treated with catheter ablation techniques. One report on 127 Fontan
conversions demonstrated a surgical mortality of 1.6% and a subsequent need for
transplantation in 6% (380). Optimal therapeutic approaches are selected based on the type
of prior Fontan procedure, mechanism of tachycardia, and associated comorbidities. Efforts
to limit the development of bradycardia, perhaps with earlier atrial pacing, and modification
of the Fontan surgery are needed to minimize tachycardia development from this palliative
surgical intervention.
Adult Congenital Considerations
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Survival.—Until recently, studies have shown those born with HLHS in the early 1980s
had <30% chance of surviving to adulthood (149, 381). Most of the mortality occurred early
within the first year of life, and stabilized over the next 10 years. Given the overall
improvement in survival for HLHS, larger percentages are reaching adulthood than in the
past. In a study of over 300 patients (53% HLHS) at a single institution, from 1992 to 1999,
overall 1-year mortality following the Fontan procedure was 6.6%, and decreased to 1%
after 1994. HLHS was not associated with increased morality compared with other
univentricular anatomies (323). Therefore, the expectation that 70% of HLHS patients will
survive to adulthood may be achievable.
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However, reaching adulthood does not imply continued success. Outcome data for the postsurgical Fontan population suggest the morbidity and mortality risks are substantial. Since
there are no long-term data regarding adults with repaired HLHS, conclusions can be drawn
from the current Fontan population with additional caveats related to aortic arch repair, and a
systemic RV. In a multicenter study from European adult congenital heart disease (ACHD)
programs, morbidity and mortality were assessed for a variety of CHD lesions over a 5-year
period. With 4,110 patients followed (including 198 Fontan patients), the highest mortality
was found in those with cyanotic heart disease and Fontan circulation. The Fontan patients
had an 8.2% 5-year mortality. In comparison, repaired tetralogy of Fallot, coarctation of the
aorta, and D-transposition of the great arteries all were <3% over the same time period
(382). Although the cause of death was not specifically stated, the Fontan patients had
significant morbidity, with the overall highest percentage of cerebral vascular accidents and
supraventricular arrhythmias over the 5-year follow-up. Also, the Fontan group had
significant heart failure that worsened over time, with 10% classified as heart failure
functional class III/IV. In another study from Toronto evaluating the mean age of death in
ACHD patients, those with univen- tricular anatomy status post-Fontan had an astonishing
mean age of death <30 yrs (383). The most common cause of death was perioperative.
Therefore, assuming the repaired HLHS patients would, at a minimum, follow a similar
survival pattern, we would expect a continual decline in survival once reaching adulthood.
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Morbidity.—Complications leading to significant morbidity in adults after Fontan operation
are well established, and the adult with repaired HLHS carries additional “potential” risks
yet to be fully clarified. Known risks, however, include ongoing risk of arrhythmias,
thromboembolism, heart failure, exercise intolerance, PLE, Fontan circulation obstruction,
pulmonary vein obstruction (right pulmonary veins with atrial-to-pulmonary connection),
hepatic dysfunction, and cyanosis from residual or developing right-to-left shunts.
Two large European ACHD studies found at least a 50% incidence of supraventricular
arrhythmias, and 3% for ventricular arrhythmias (382, 384). Intra-atrial re-entry tachycardia
is the most common form of arrhythmia in this population, and re-entrant circuits tend to be
multiple. Any arrhythmia presentation should initiate a work-up for hemodynamic
etiologies. Sudden death, presumably from arrhythmias, is found to be the cause of death in
approximately 30% of adults with Fontan circulation (383).
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Over time, functional class seems to worsen. In a study following 39 adults with Fontan
circulation, functional class worsened from predominately class II 10 years out from repair,
to functional class III 20 years from Fontan operation (385). A morphologic LV was
associated with a higher VO2 max. In general, patients have a lower exercise capacity than
expected with a VO2 max % predicted ranging from 55% to 63% (386). With improved
surgical techniques, that is, from atrial pulmonary connections to LT and extracardiac
Fontan, some of the morbidity related to atrial arrhythmias and heart failure will hopefully
improve and will be sustained into adulthood.
There are additional potential complications to consider in the adult with repaired HLHS.
Close attention to ventricular function and clinical signs and symptoms of heart failure are
warranted in the adult patient, and studies evaluating the benefits of medical therapies are
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indicated. Additionally, previous studies have demonstrated aortic root and valve
abnormalities in those with repaired HLHS. In a study of 53 patients, median follow-up of
9.2 years, 98% developed progressive neoaortic root dilation with a z-score >2. Neoaortic
valve regurgitation progressed over time in 49% (332). Therefore, with some follow-up
reaching into adolescence, early data suggest neoaortic root dilation and neoaortic valve
regurgitation are potential problems and warrant close surveillance. Lastly, unique to the
repaired HLHS Fontan patient is an obligatory aortic arch repair. Whether the arch will have
a tendency toward restenosis, dilation/aneurysm formation, or both is yet to be determined
and also requires close surveillance. It is unclear whether the adult with repaired HLHS will
have a risk, similar to the adult with repaired coarctation of the aorta, for systemic
hypertension, cerebrovascular disease, and premature coronary artery disease.
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Follow-Up.—As repaired HLHS patients enter adulthood, the recommended follow-up
should reflect our current knowledge of potential complications as stated above. Recently
published ACHD care guidelines do not specifically address the repaired HLHS patient
(387). However, recommendations for the care of those with Fontan circulation and aortic
arch repair are applicable, with follow-up performed by staff with expertise in ACHD:
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■

Lifelong, at a minimum yearly, follow-up by cardiologists;

■

Periodic echocardiography;

■

Periodic monitoring of liver health, including serum albumin and liver function
as well as imaging studies;

■

Periodic cardiac MRI to evaluate the thoracic aorta;

■

Warfarin for patients with right-to-left shunts, atrial thrombus, atrial
arrhythmias, and/or a TE;

■

Close monitoring for arrhythmias and consultation with electrophysiologists
should be considered.
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Pregnancy.—Women with Fontan circulation are able to achieve successful pregnancy and
delivery. However, the hemodynamic changes associated with pregnancy, delivery, and postpartum period have the potential to lead to significant complications. The expected increase
in plasma volume and heart rate during pregnancy would increase the already substantial
risk for atrial arrhythmias. Cardiac output increases and systemic vascular resistance is
reduced during pregnancy and usually is well tolerated with Fontan circulation. However, at
the time of delivery, cardiac output must increase further and immediately after delivery
systemic afterload increases along with a drop in preload from blood loss. This set of
hemodynamic changes, especially if ventricular systolic function is diminished, has the
potential to be detrimental to maternal Fontan circulation.
Thromboembolic events are increased as a consequence of the expected hypercoagulable
state during pregnancy. With Fontan circulation and an existing right-to-left shunt, the risk
for a cerebral vascular event would potentially increase during pregnancy.
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There are only limited studies retrospectively evaluating women following Fontan operation
that have either attempted pregnancy or become pregnant. In one study, a higher than
expected incidence of infertility and miscarriages were found when Fontan patients
attempted pregnancy (388). In another study of 14 women with Fontan circulation who
became pregnant, only 2 cardiovascular events occurred. One developed supraventricular
tachycardia, and 1 developed heart failure symptoms during pregnancy. Both had
noncomplicated deliveries and survived (389). It is recommended that all women undergo
prepregnancy evaluation with a team consisting of high-risk obstetricians, anesthesiologists,
and ACHD experts.
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Transplant.—Heart transplantation may be utilized as rescue therapy at all stages of
palliation for HLHS (390) and most often after completion Fontan for single-ventricle
anatomies (391–393). One large multicenter study reviewed outcomes of 97 Fontan patients
listed at 17 pediatric centers from 1993 to 2001. In this series, 25% were <4 years of age at
time of listing, only 70 of 97 patients survived to transplant, and 1-year survival was 76%,
which is in contrast to the current overall survival of >90% for other pediatric recipients
(394). Infection was the most common cause of death (30%). Importantly, PLE resolved in
all 34 patients who survived >30 days after transplant (393).
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There is no clear consensus on the optimal timing of transplantation, and suggested
indications for transplantation are summarized in Table 5. In one small series of patients
with single-ventricle physiology, there was a significant difference in outcomes between
patients transplanted following bidirectional Glenn (100% late survival, n = 9) versus after
Fontan (33% survival, n = 6). These authors concluded that for selected high-risk singleventricle patients, transplant should be considered as an alternative to Fontan completion
(393). However, a recent large multi-center study from the Pediatric Heart Transplant Study
group found similar outcomes for patients listed after bidirectional Glenn (n = 189) versus
those transplanted after Fontan (n = 194); in this series, patients transplanted with Fontan
who became ventilator dependent had poor survival (395).
A further factor that affects decisions about timing of transplantation is that children listed
for transplant have the highest waiting list mortality in solid organ transplantation. In one
multicenter series, 20.6% of listed Fontan patients died waiting (393). A review of U.S.
registry data of 3,098 children listed for transplant from 1999 to 2006 found 17% of patients
died waiting, with risk factors for death including HLHS, ECMO, ventilator support,
congenital heart disease, dialysis, and nonwhite ethnicity (141).
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Transplant centers in the United States, as well as Canada and Europe have improved
waitlist times by listing infants for ABO-incompatible transplantation, which has improved
donor scarcity, with acceptable outcomes (396). However, in the United States at the present
time, only infants <18 months of age are eligible for ABO-incompatible transplants. Patients
with single-ventricle physiology are particularly difficult to support while listed with
measures other than ventilation and high-dose ino- tropes, as no ideal ventricular assist
device exists. Limited success has been reported with ECMO as well as with the Berlin
Heart Ventricular Assist Device, which is awaiting U.S. Food and Drug Administration
approval (397, 398).
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Children who survive to transplant after Stage I, II, or III palliation commonly have multiple
complex technical surgical challenges and medical comorbidities, such as renal, pulmonary,
and hepatic insufficiency, which complicate their post-operative course. In addition to these
challenges, many of these patients have the added concern of “presensitization.” Singleventricle patients may develop preformed antibodies to donor human leukocyte antigens,
either due to multiple prior blood transfusions, or the presence of prior homograft material
(396). Of rescue transplants in children who had HLHS, half had a panel reactive antibody
test >10% (390), which may cause morbidity from antibody-mediated rejection (399), and
lead to a higher risk of allograft vasculopathy (400). Most transplant centers are
incorporating protocols to address sensitization, attempting to desensitize patients at the time
of transplant, for example with plasmapheresis, intravenous immunoglobulin (401), and
utilizing virtual cross-match protocols, so as not to limit the donor selection pool (402).
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Other Topics
Fetal Interventions
Fetal cardiac interventions can be performed for 2 types of HLHS. Most enticingly, it can be
performed for severe aortic stenosis (AS) in an attempt to prevent progression to HLHS. At
the other end of the spectrum, it can be performed for the otherwise lethal HLHS with intact
atrial septum in an attempt to improve perinatal survival and surgical outcome.
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Fetal aortic stenosis with evolving HLHS.—The first fetal cardiac interventions (FCI)
for AS with LV dilation and dysfunction were performed by Maxwell et al. (403) in London,
United Kingdom, in the late 1980s, and this defect remains the major focus of current FCI
(404). Although there are only a few studies describing the natural history of fetal AS and
the evolution to HLHS, there are no papers proposing otherwise (405–407). Conventional
thinking has proposed that valvar AS is the dominant lesion resulting in LV myocardial and
mitral valve damage and dysfunction with resultant growth arrest and HLHS at birth. This is
likely oversimplifying the pathogenesis, because a primary genetic disorder that
simultaneously affects myocardial and valvar development may be a significant contributor
to the development and evolution of HLHS. Despite a hiatus in FCI during the 1990s, the
hypotheses behind HLHS in this unique subgroup have remained an area of focus in the field
of fetal therapy (408–410). To this end, since 2000, the cardiology and perinatal groups in
Boston, and other centers around the world have continued to pursue AS dilation in midgestation to prevent progression to HLHS, with increasing technical and clinical success
(411–416). Despite increasing experience and technical success, fetal loss from the
procedure remains around 10% to 15%. If fetal therapy is considered, early referral to a FCI
center for evaluation is important because AS, LV dysfunction, and irreversible damage can
progress rapidly. Patient selection for FCI for AS continues to evolve. Currently, FCI is not
recommended, but instead, close follow-up is undertaken in fetuses with AS with preserved
LV function and antegrade arch flow because they might achieve a biventricular repair
without FCI. Additionally, FCI is not recommended in fetuses where the LV has gone
through the dilation phase and is shrinking, generating low pressure, and has significant
endocardial fibroelastosis. Current selection of “appropriate” candidates for FCI are those
who are predicted to evolve to HLHS (moderate or more LV dysfunction and retrograde arch
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flow) but whose LV is still dilated and generating at least fetal systemic pressure as
measured by mitral regurgitation jet velocity or aortic stenosis gradient (>20 mm Hg or
similar to gestational age) (414, 417).
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HLHS with highly restrictive or intact atrial septum.—There are several convincing
papers illustrating the highly lethal nature of this subgroup of HLHS (6,418,419). Thus,
prenatal creation of an adequate sized atrial septal defect should, in theory, allow for
decompression of pulmonary venous return prenatally, and potentially benefit lung and
pulmonary vascular development. Fetal creation of an atrial defect can be achieved via
percutaneous, transpulmonary parenchymal, right or left atrial puncture, with balloon or
stent dilation of the commonly thick atrial septum (420, 421). Although creating an adequate
atrial defect (>2.5 mm) prenatally in this group will likely lead to improved clinical stability
in the neonatal period, it is likely that the pulmonary parenchymal and pulmonary arterial
and venous damage previously incurred during gestation may make these patients poor
candidates for early surgical and medium-term survival. Preferably, an atrial defect should
be created as early as possible (20 to 25 weeks) to potentially prevent or reverse this
damage. However, cannula puncture through the thin atrial wall can lead to fatal
hemopericar- dium in mid-gestation. Thus, most procedures for this defect have been
performed in the third trimester. Although the short-term survival in published series may be
better than the natural history, the medium-term outcome is unknown (421). Not
surprisingly, some patients, both those who underwent a successful fetal intervention and
those born with an intact, highly restrictive atrial septum, have developed late pulmonary
vein stenosis and pulmonary hypertension. Therefore, it behooves us in this field to work
towards the creation of novel and miniaturized tools that would enable procedures to be
performed earlier in gestation to allow creation of a larger atrial septal defect on a thinner
atrial septum, more time for pulmonary parenchymal, lymphatic, and vascular remodeling,
and a more stable perinatal transition.
Genetics/Genomics
In addition to hypoplasia of the LV and ascending aorta, the pathological anatomy of the
aortic and mitral valves defines HLHS (422–424). Pathology series have shown aortic valve
malformation is universal, and mitral valve abnormalities are common, with tricuspid and/or
pulmonary valve dysplasia less frequently observed (425–428). The presence of bicuspid
aortic valve (BAV) in family members of HLHS probands, the observation that HLHS is part
of the in utero natural history of aortic stenosis (414), and the frequent occurrence of leftand right-sided valve dysplasia in HLHS probands suggests that HLHS is a severe form of
valve malformation (428).
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Genetic origins of HLHS
HLHS is heritable and has been linked with several cytogenetic abnormalities, including
Turner and Jacobsen syndromes (20,429,430), and heterozygous mutations in NKX2.5 and
GJA1 have been reported in a small number of cases (431, 432). However, the genetic basis
of HLHS remains largely unknown. Family clustering of HLHS and other cardiovascular
malformations has long been known. Pedigree analyses have been interpreted as indicating
simple Mendelian inheritance of HLHS (433), but this interpretation has been challenged
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(434). To determine the size of the genetic effect (heritability) in families ascertained by a
child with HLHS proband, echocardiograms were performed on participating family
members using a sequential sampling strategy. All HLHS patients had aortic valve
hypoplasia and dysplasia; in addition, dysplasia of the mitral (94%), tricuspid (56%), and
pulmonary (11%) valves was also noted. Over half the families had >1 affected individual,
and 36% of participants had cardiovascular malformations, including 11% with BAV.
Maximum likelihood- based variance decomposition showed that HLHS is a complex trait
with a heritability of h2 = 0.99 (428).
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HLHS links to chromosomes 10q and 6q and is genetically related to BAV. To demonstrate
this, family-based nonparametric genome-wide linkage analysis to identify disease loci for
HLHS and evaluate the genetic relationship between HLHS and BAV was performed.
Families ascertained by either HLHS (n = 33) or BAV (n = 102) proband were evaluated.
The recurrence risk ratio of BAV in HLHS families (8.05) was nearly identical to that in
BAV families (8.77). In addition, 5 suggestive loci suggesting linkage were identified (435).
These studies indicate that HLHS is determined largely by genetic effects, and specifically,
the linkage to multiple loci identifies HLHS as genetically heterogeneous, and suggest
complex inheritance of HLHS.
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The grouping of left-sided malformations (BAV, aortic coarctation, and HLHS) as causally
related was based on epidemiology studies that identified these defects in the same kindreds
(436, 437). Further support is provided by the occurrence of these defects in patients with
Turner syndrome (429), and identical twins with discordant phenotypes of BAV and HLHS
(428). In addition, when families exhibiting these phenotypes are grouped, heritability is
identified (438). However, the first evidence of a direct genetic relationship between HLHS
and BAV came from the identification of shared loci in a combined cohort of HLHS and
BAV families (435); still, the majority of linkage peaks, including the strongest HLHS and
BAV loci, could not be confirmed in a combined cohort. This finding suggests that the
genetic relationship between HLHS and BAV may not be as strong as has been presumed
(439) and suggests that future genetic studies should focus on specific phenotypes to reduce
background noise. In addition, several studies have questioned simple Mendelian inheritance
of HLHS and BAV (428,434,438,440,441) and suggested they are complex traits.
Neurodevelopment Outcomes
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There are now numerous studies of neurodevelopmental outcome after palliative surgery or
transplantation for HLHS. There is a distinctive pattern of neurodevelopmen- tal and
behavioral dysfunction characterized by mild cognitive impairment, impaired social
interaction, and deficits in core communication skills including pragmatic language, as well
as inattention, impulsive behavior, and impaired executive function (442, 443). School-age
survivors more commonly require remedial services including tutoring, special education,
and physical, occupational, and speech therapy.
There are several factors that may pose additional risks for neurodevelopmental outcome in
HLHS. It is now widely recognized that prior to birth, children with CHD may have
impaired brain growth as well as delayed brain maturity. A recent study demonstrated that
fetal brain growth is inversely proportional to the proportion of combined ventricular output
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through the aortic valve (444). It is also recognized that somatic growth in the first year of
life—a critical time for brain development—may play a major role in later developmental
outcome.
For those children undergoing the Norwood procedure, aortic arch reconstruction
historically has necessitated the use of deep hypothermic circulatory arrest (DHCA).
Prolonged periods of DHCA—generally greater than 40 min—have been associated with
later neurological impairment in some studies. As such, certain investigators have suggested
that regional low-flow perfusion be used to augment cerebral blood flow during deep
hypothermia. To date, the neuroprotective benefits of this strategy in HLHS surgery are
unproven. A single-institution randomized trial comparing DHCA with regional low-flow
perfusion did not demonstrate any difference in the primary outcome measure, the Bayley
Scales of Infant Development-II, assesses at 1 year of age (445).
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Infant heart transplantation has been undertaken in many centers as an alternative
management approach to reconstructive surgery. In general, these studies have reported
intermediate-term neurodevelopmental outcomes quite comparable to the assessment
following staged surgical palliation (446). Interestingly, one study found that patients who
waited longer for transplantation had significantly lower scores on cognitive testing,
estimating a 4.5-point fall in IQ for each month on the waiting list. This finding is in keeping
with numerous other studies that have reported hospital length of stay to be an important
predictor of later developmental status. To date, there are very limited data regarding
neurodevelopmental outcome following hybrid- type management of HLHS. Hopefully,
recently instituted studies can shed light on neurological implications of this novel approach.
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In reviewing published reports, group data must be interpreted with caution: “HLHS”
represents a heterogeneous spectrum of disease, both from an anatomic and a physiological
perspective, with multiple risk factors for adverse neurodevelopmental outcomes. Patients
with genetic syndromes, low birth weight, shock at presentation, or with intraoperative or
post-operative complications may have a guarded neurological prognosis, whereas those
with a smooth transition to the operating room, an anatomically and physiologically sound
repair, and uneventful postoperative course are likely to do well over the long run. Future
research should be directed at optimal pre- and post-operative oxygen delivery, further
improvements in intraoperative support techniques, and a better understanding and
recognition of “neurological resuscitation” after complex open heart surgery in neonates to
not only optimize outcomes but to define realistic, risk-adjusted outcome data so that
realistic expectations may be obtained.
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Effects of Altitude: Attempts at Minimizing Pulmonary Vascular Resistance
Energy efficiency in the Fontan circuit is dependent on low vascular resistance. Altitude may
impact outcomes of cavo- pulmonary palliation by elevating baseline pulmonary artery
pressures and PVR attributable to pulmonary vasoconstriction and alveolar hypoxia. Thus, in
theory, cavopulmonary palliation of single-ventricle physiology should be less effective at
elevated altitude. However, the elevation at which clinically significant deterioration in the
Fontan palliation occurs is uncertain. Some patients may seemingly do well at elevations of
1,600 m or less, whereas others do poorly. One study noted a trend toward increased survival
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at altitude in fenestrated patients with mean pulmonary artery pressure >15 mm Hg (447). In
a more recent retrospective study at a mean altitude of 1,600 m, the average pre-bidirectional
Glenn pulmonary arterial pressure was 15.4 mm Hg and transpulmonary gradient of 8.1 mm
Hg (448). Despite these elevated values for this patient cohort, a substantial proportion of
patients had favorable outcomes after cavopulmonary palliation, with a survival after
bidirectional Glenn of 92.4% at 5 years, and freedom from palliation failure, defined as
death, transplant, bidirectional Glenn/Fontan takedown, or revision of 81% at 5 years.
Factors for palliation failure at elevated altitude include pulmonary artery pressure >15 mm
Hg, and transpulmonary gradient >8 mm Hg, and higher mean altitude than those patients
who were asymptomatic at follow-up (1,706 ± 270 m versus 1,579 ± 313 m, p < 0.05). It is
interesting that a portion of patients undergoing heart transplantation for failed Fontan
circulation may unmask pulmonary vascular disease once cardiac output through the
pulmonary circulation is normalized (449). Most centers performing a Fontan procedure at
moderate altitude include a fenestration because lack of fenestration at the time of the initial
procedure is associated with marginal status in the midterm.
Quality of Life/Air Travel
The complex nature of HLHS and limited information on long-term physical and
psychosocial morbidity demand attention to quality-of-life (QOL) issues for survivors.
Strategies to minimize limitations and empower parents to pursue therapies, such as early
intervention for motor or cognitive delay, should be used to achieve optimal functioning
(450). It is important for providers and parents to understand that high treatment burden does
not necessarily translate to poor QOL (33), and the majority of patients and families will
adapt well to the challenges faced (451, 452).
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Findings from QOL research in CHD have been inconsistent (453). This is due in part to
methodological issues such as small sample size, use of proxy-reporters, and variable
approaches to the measurement of QOL (454, 455). The inconsistency in findings also
reflects that the psychological response to the stress of chronic illness is highly individual
and is influenced by many factors including personal perceptions, expectations, and values
that likely exert far more influence than a specific diagnosis (451,452,456).
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Severity of disease is not a reliable predictor of QOL. Other outcomes, such as New York
Heart Association functional status, level of education, employment, or exercise tolerance,
although they may contribute to QOL, are not adequate substitutes for assessment of QOL
directly. The presence of functional limitations, cognitive delays, comorbid conditions, and a
higher perceived daily burden of disease have been found to be related to reports of poorer
QOL (453,457–460). Patients, parents, and clinicians may have different perspectives on
which aspects of a disease and treatment impact QOL (461).
Most studies exploring QOL in CHD have involved heterogeneous groups of patients. Only
2 studies were identified that examined QOL in HLHS exclusively, and both have
limitations. In a sample of 38 infants and children with HLHS operated on in the 1990s,
parents reported the lowest QOL in infants following Stage II surgical palliation. In the
portion of the sample greater than 5 years of age and after Fontan completion, psychosocial
function was noted to be lower than a healthy reference sample, but physical function was
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not different (462). In 18 children with HLHS born from 1993 to 2005 and assessed at 2.7 to
10.6 years of age, parents reported that their children had lower selfesteem, more
psychosomatic symptoms, and lower peer acceptance than age- and gender-matched healthy
children. The presence of neurological sequelae was an added risk factor for poorer
outcomes (459).

Author Manuscript

Several studies have explored QOL and functional health status in survivors of the Fontan
procedure for multiple forms of single ventricle CHD (455). In one study, 67 adults living
with single-ventricle CHD reported QOL scores that were similar to a healthy population.
Older age and residual cyanosis were related to poorer outcomes (463). Using a cardiacspecific QOL measure, QOL scores were reported to be significantly lower for those with
single-ventricle CHD compared with biventricular CHD for children (age 8 to 12 years),
adolescents (age 12 to 18 years), and by parent-proxy report (464). A multicenter, crosssectional study of 537 children with Fontan physiology at a mean age of 11.9 years explored
QOL, heart rhythm, exercise tolerance, and the presence of other physical morbidities (458,
465). In this study, parent-reported scores for quality of physical health were approximately
1 standard deviation below normal, and scores for psychosocial health were one-half
standard deviation lower than normative values.
Prospective, longitudinal assessment of QOL and its determinants is needed to understand
the impact of this disease. Emphasis should be placed on seeking self-report from
adolescents and adults as they adjust to increasing demands for social and role functioning.
Air Travel

Author Manuscript

There are no specific guidelines regarding air travel for patients with CHD, and providers
should address specific concerns with their individual patients. Concern has been raised that
high altitudes may induce hypoxemia in patients with heart or lung disease. One study
examined the effects of altitude in adults with cyanotic CHD using both simulated and actual
flight conditions. In both patients and control subjects, transcutaneous SaO2 decreased at a
maximum cabin altitude of 8,000 feet. Reductions in SaO2 as compared with sea level
values averaged 8.8% in patients and 7.0% in control subjects. These changes were well
tolerated, and all patients returned to baseline values in ground conditions (466). A
subsequent study documented safe air travel for patients with Eisenmenger syndrome and
acyanotic CHD (467). Both studies concluded that there is no justification for limiting air
travel in these patient populations.

Author Manuscript

Patients who require supplemental oxygen need to make special arrangements with their
airline prior to air travel. A prescription for oxygen should be provided to the patient.
Policies for onboard oxygen vary by carrier, and oxygen service may not be provided.
Federal regulations prohibit passengers from bringing or checking their own oxygen
canisters on a flight. Some brands of oxygen concentrators are allowed, or canisters can be
purchased for use during the flight (468, 469). Patients with pacemakers traveling via air
should carry a pacemaker identification card and request a private security screening that
does not involve a metal detector or hand-wanding (468).
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Very little data are available regarding the use of resynchronization therapy in children, and
even less in multisite pacing in patients with single ventricles. Friedberg et al. showed that
patients with HLHS, a group that is known to be at high risk of RV failure, do indeed have
RV mechanical dyssynchrony unrelated to electrical dyssynchrony (470). In 17 children with
HLHS, they found that although electrical dyssynchrony was not seen in this group (median
QRS duration of 93 ms [71 to 140 ms]), patients did have significant abnormalities in strain
and strain rate when compared with controls (time to peak strain 37 ± 35 ms in patients with
HLHS vs. 8 ± 8 ms in controls). This suggests part of the ventricular dysfunction often seen
in HLHS may be related to mechanical dyssynchrony and may be amenable to
resynchronization therapy.
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Bacha et al. (471) Zimmerman et al. (472) evaluated the use of multisite pacing in patients
with univentricular hearts in an acute post-operative setting. They compared acute
hemodynamic parameters (systolic blood pressure, cardiac index) as well as 3-dimensional
echo measurements before and after a brief (20 min) pacing intervention of atrial- multisite
ventricular pacing. Ventricular leads were placed on the outflow tract near the semilunar
valve, on the right side of the anterior wall, near the atrioventricular groove, and on the
ventricular apex. Simultaneous ventricular stimulation at 2 sites was used for this study. The
authors found significant improvement in mechanical synchrony, as measured by 3dimensional echo, which resulted in hemodynamic improvement.
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There have been 3 large studies of chronic resynchronization in CHD patients (473–475).
Each of these studies had a subgroup of patients with single-ventricle physiology, but the
underlying diagnosis of HLHS was found in only a small number of patients. The evaluation
of chronic resynchronization therapy by Dubin et al. (475) included 7 patients with single
ventricles. Patients had no change in ejection fraction (as measured by radionuclide scan)
but did have a decrease in QRS duration. Clinical improvement was seen in 2 of the 7.
Janousek et al. (474) had 4 patients with a functional single ventricle (1 HLHS), with
clinical improvement (New York Heart Association functional class) seen in 3 patients.
Cechin et al. (473) 13 patients with single-ventricle physiology (473) and found clinical
improvement in 7 of 11 patients, and ejection fraction improvement in 10 of 11 patients.
These data, although somewhat encouraging, need to be interpreted with caution; there are
extremely limited data regarding the use of multisite pacing in patients with univentricular
hearts, and there are no data regarding appropriate lead placement in these patients. It
appears from Friedberg et al. (470) that the substrate of mechanical dyssynchrony is present,
and that there may be some potential benefit of this therapy in this complex group, but much
more research needs to be done as to where and how resynchronization occurs.
Computational Simulation
The role of computational simulations in the treatment of HLHS patients is increasing,
although currently still limited in its direct clinical application. Although there have been
many advances in patient-specific modeling and simulation techniques in recent years, these
tools are not yet used as standard of care in day-to-day clinical practice. In a recent review
article, DeGroff (476) issued a “call to arms” to increase the sophistication and clinical
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impact of Fontan simulations. In particular, this paper cited a need for, among other things,
more realistic methods for modeling respiration, wall compliance, exercise, and increased
anatomic sophistication. Above all else, the biggest need in increasing clinical applicability
is validation with in vivo data, and direct comparison of simulation parameters to clinical
outcomes and patient data.
With that said, there have been impressive advances in the areas of patient-specific
modeling, fluid structure interaction, closed-loop circulation modeling, and surgery
optimization in recent years. Simulations are now being used to evaluate new surgical
designs for the Fontan and Glenn, as well as the first-stage Norwood and BT shunt
procedures. These tools are now poised to make significant contributions towards clinical
decision making and surgical planning, particularly in the customization of surgeries for
individual patients.
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The clinical impact of simulation methods on the Fontan procedure began with pioneering
computational simulations by de Leval et al. that compared energy loss associated with the
standard T-junction Fontan procedure with a newly proposed “offset” model (477, 478). This
work subsequently led to the adoption of the offset model as the currently preferred surgical
method.
During the ensuing 10 years, there has been ongoing and increasing interest in modeling the
Fontan circulation, with contributions in several clinically relevant areas. Simulations have
been used to study exercise hemodynamics following the Fontan surgery (479, 480). This
helps to fill a much- needed gap, as current diagnostic methods have limited capabilities for
determining in vivo flow and pressure during exercise.
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Most of the recent Fontan simulation work has focused on a single energy-loss parameter for
evaluating Fontan performance. Simulations are now being used to evaluate a broader range
of parameters that are believed to be clinically relevant, including wall shear stress (Fig. 7),
particle residence times, hepatic flow distribution, and changes in pressure levels and
pressure drops (481, 482).
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Patient-specific simulations also provide a means to evaluate new surgical methods and
interventions at no risk to the patient. As an example of this, simulations have recently been
used to evaluate a new bifurcated Y-graft design for the ECC Fontan surgery, and the design
has proven to decrease energy losses and improve flow distribution in both idealized and
patient specific models (483, 484). Surgery optimization methods are now being expanded to
take advantage of sophisticated and efficient tools developed for optimal shape design in the
aeronautics industry (485).
Multiscale modeling and lumped parameter networks have been increasing in sophistication
in the past several years, and it is now possible to model the entire circulatory system as a
closed loop. Whereas uncoupled simulations provide insight only into local hemodynamics,
full circulatory models are also able to account for global changes in heart rate, cardiac
output, and other parameters. These tools have recently been applied to both the Fontan and
Norwood surgeries (486).
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Ongoing efforts are also underway to design and simulate mechanical circulatory support
devices for Fontan patients. Recent work has pioneered an expandable rotary impeller pump,
which is being tested in simulations and mock circuits. Simulations are also being used to
design next- generation pediatric ventricular assist devices, which may hold promise for
bridge to transplant use in single-ventricle patients (487).

Summary

Author Manuscript

The dramatic improvements in the treatment and outcomes for HLHS over the past 3
decades have been accomplished through the efforts of many dedicated providers, families,
and patients. Current successes and expectations that 70% of newborns born today with
HLHS may reach adulthood are exciting, yet one must always remember that the current
surgical strategies remain palliative. Caution must be exercised because a great deal remains
to be understood as it relates to this group of patients, their QOL, their long-term
morbidities, and the sequelae of recent surgical modifications. The work of the Joint
Commission on Congenital Heart Disease, the recent publication from the first multicenter
randomized surgical trial in congenital heart disease (SVR), and the increased awareness
surrounding the CHD population (both pediatric and adult). all herald a new “infancy” in the
field of CHD and should give both providers and family members a great deal of hope for
the future. Emerging knowledge around fetal interventions, genetics of the disease,
computational simulations, and neurodevelopmental outcomes will all likely shape our
understanding and may affect future management decisions.
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Figure 1. Fetal Echocardiograms

(A) Four-chamber view of a fetal echocardiogram at 20 weeks’ gestation demonstrates a
dilated left ventricle with echo bright endocardium suggestive of endocardial fibroelastosis.
The position of the atrial septum suggests abnormal left atrial to right atrial shunting in
utero. (B) Four-chamber view of a fetal echocardiogram in the same fetus imaged at 33
weeks’ gestation demonstrates that the left ventricle has become hypoplastic. The echo
bright endocardium is even more evident. LA = left atrium; LV = left ventricle; RA = right
atrium; RV = right ventricle; Sp = spine.
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Figure 2. Complication Risk Associated With Superior Venous Oximetry
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Risk of complication according to post-operative superior venous oximetry saturation
(SvO2) assessed hourly during first 48 h. *Significant difference from risk at lower SvO2 in
time-series regression. CPR = cardiopulmonary resuscitation; ECMO = extracorporeal
membrane oxygenator. Reprinted with permission from Tweddell et al. (80).

Author Manuscript
J Am Coll Cardiol. Author manuscript; available in PMC 2018 August 27.

Feinstein et al.

Page 71

Author Manuscript
Author Manuscript

Figure 3. Hemodynamic Monitoring in the Immediate Post-Operative Period

Author Manuscript

Multichannel recording of the arterial saturation (SaO2), mean arterial blood pressure
(MAP) and superior vena cava saturation (SvO2) during the first 4 h after the Norwood
procedure. Two episodes of decreased SvO2 were identified. Fall in SvO2 was mirrored by
changes in MAP. Fall in SvO2 was initially mirrored by changes in SaO2, but with a marked
decline in SvO2, the SaO2 decreased as well. These changes indicate that acute changes in
SvO2 can occur and are not reliably identified by changes in SaO2 or MAP. Reprinted with
permission from Tweddell et al. (73).
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Figure 4. Superior Venous Saturation During the First 48 h After Norwood Procedure
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The SvO2 was significantly higher during hours 1 to 10 in infants treated with
phenoxybenzamine (0.25 mg · kg at commencement of cardiopulmonary bypass + selective
use of continuous infusion 0.25 · mg · kg · day) than in those treated with milrinone (load 50
μg · kg · min prior to separation from bypass + continuous infusion 0.5 μg · kg · min after
surgery). Reprinted with permission from Tweddell et al. (73).
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Figure 5. Oxygen Saturation by Age at Surgery for Stage II Palliation

Patients undergoing early (<4 months) Stage II palliation initially had lower arterial
saturation although they were not different than older patients at the time of hospital
discharge. Reprinted with permission from Jaquiss et al. (193).
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Figure 6. Fontan Surgical Techniques

The original atriopulmonary Fontan (A) has been replaced with the lateral tunnel (B) and
extracardiac conduit (C) Fontan. Reprinted with permission from de Leval (488).
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Figure 7. Computational Simulation as an Emerging Tool

Representative Fontan model showing angiography and computational simulation-derived
measures of wall shear stress. The red areas indicate higher levels of shear (when compared
with blue or green).
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Hospital Discharge Mortality for Patients Undergoing Stage I Palliation, 2002–2009
Year

Patients Undergoing Stage 1 Palliation, n

Deaths Prior to Discharge, n

Discharge Survival, %

2002
2003

303

95

68.60

391

119

69.60

2004

297

75

74.70

2005

658

140

78.70

2006

1,155

234

79.70

2007

1,535

276

82.00

2008

1,879

334

82.20

2009

2,320

432

81.40

From the Society of Thoracic Surgeons, Congenital Heart Database, courtesy of Dr. Jeff Jacobs.
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Strategies for Reducing the Likelihood of Effusion Development Following Stage II Palliation
• Minimize anatomical obstructions in cavopulmonary circuit
• Optimize atrioventricular and semilunar valve function
• Maintain lowest central venous pressure possible (using ultrafiltration and diuretics)
• Minimize pulmonary vascular resistance (using selective and nonselective pulmonary vasodilators)
• Enhance systemic output (using inotropes and systemic afterload reduction)
• Enhance diastolic function (using lusitropic agents)
• Minimize systemic inflammatory response (using ultrafiltration and antiinflammatory therapies)
• Reduce lymphatic flow (avoiding enteral exposure to long-chain fatty acids, considering the use of the somatostatin analog, octreotide)
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Original Criteria for Fontan’s Operation: The “10 Anatomic and Physiologic Commandments”
• Age 4–15 yrs
• Sinus rhythm
• Normal drainage of the caval veins
• Normal right atrial volume
• Low pulmonary artery pressure (≤15 mm Hg)
• Pulmonary resistance <4 WU/m2
• Adequate pulmonary artery size (PA/AO ratio >0.75)
• Normal ventricular function
• No mitral insufficiency
• No pulmonary artery distortion (from the BT shunt)
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AO = aorta; BT = Blalock Taussig; PA = pulmonary artery; WU = Wood units.
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Risk Factors for the Development of SVT
• Elevated pre-operative pulmonary artery pressures
• Pre-operative arrhythmia
• Older age at Fontan operation
• Type of Fontan repair
• Longer follow-up interval
• Increased right atrial size and pressure
• Sinus node dysfunction
• Heterotaxy
• Atrioventricular valve regurgitation
• Post-operative SVT
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SVT = supraventricular tachycardia.
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Indications for Heart Transplantation With HLHS
• Primary transplantation: infants with HLHS and poor RV function
• HLHS s/p Stage I palliation: poor candidates for proceeding to Stage 2
• HLHS s/p Stage II palliation: poor RV function ± moderate/severe TR
• HLHS s/p Stage III palliation with Fontan procedure and:
○ Ventricular systolic dysfunction
○ Ventricular diastolic dysfunction
○ Protein-losing enteropathy
○ Plastic bronchitis
○ Refractory arrhythmias (and not suitable for Fontan conversion surgery)
○ Cyanosis: saturation <80% (Fontan), <70% (Glenn); pulmonary AVMs
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AVMs = arteriovenous malformations; HLHS = hypoplastic left heart syndrome; RV = right ventricle; TR = tricuspid regurgitation
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