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Current Therapy for Hypoplastic Left Heart
Syndrome and Related Single Ventricle Lesions

ABSTRACT: Universally fatal only 4 decades ago, the progress in the Richard G. Ohye, MD
3-stage palliation of hypoplastic left heart syndrome and related single Dietmar Schranz, MD, PhD
right ventricular lesions has drastically improved the outlook for these Yves D’Udekem, MD, PhD

patients. Although the stage Il operation (hemi-Fontan or bidirectional
Glenn) and stage lll Fontan procedure have evolved into relatively low-risk
operations, the stage | Norwood procedure remains one of the highest-
risk and costliest common operations performed in congenital heart
surgery. Yet, despite this fact, experienced centers now report hospital
survivals of >90% for the Norwood procedure. This traditional 3-stage
surgical palliation has seen several innovations in the past decade aimed
at improving outcomes, particularly for the Norwood procedure. One
significant change is a renewed interest in the right ventricle-to-pulmonary
artery shunt as the source of pulmonary blood flow, rather than the
modified Blalock-Taussig shunt for the Norwood. The multi-institutional
Single Ventricle Reconstruction trial randomly assigned 555 patients

to one or the other shunt, and these subjects continue to be followed
closely as they now approach 10 years postrandomization. In addition to
modifications to the Norwood procedure, the hybrid procedure, a combined
catheter-based and surgical approach, avoids the Norwood procedure in
the newborn period entirely. The initial hybrid procedure is then followed

by a comprehensive stage I, which combines components of both the
Norwood and the traditional stage Il, and later completion of the Fontan.
Proponents of this approach hope to improve not only short-term survival,
but also potentially longer-term outcomes, such as neurodevelopment, as
well. Regardless of the approach, traditional surgical staged palliation or
the hybrid procedure, survivals have vastly improved, and large numbers of
these patients are surviving not only through their Fontan in early childhood,
but also into adolescence and young adulthood. As this population grows,
it becomes increasingly important to understand the longer-term outcomes
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ized by hypoplasia of the left ventricle and systemic

outflow tract obstruction.! Other common related
functional single right ventricle (FSRV) lesions include
double-outlet right ventricle with mitral atresia and unbal-
anced atrioventricular septal defect. Without intervention,
HLHS and related FSRV lesions are essentially uniformly
fatal. Since the first description of the Norwood procedure
in 1981, great strides have been made in the treatment
of the HLHS and related lesions.? Over the past 35 years,
hospital survival for the Norwood procedure has improved
from 0% to >90% in experienced centers.3

H ypoplastic left heart syndrome (HLHS) is character-

CURRENT THERAPY FOR HLHS AND OTHER
FUNCTIONAL SINGLE RIGHT VENTRICLE
LESIONS

Traditional surgical staged palliation consists of the Nor-
wood procedure at birth, a stage Il superior cavopulmo-
nary connection, generally performed at 4 to 6 months
of age, and a completion Fontan at 18 to 48 months of
age. More recently, the hybrid procedure has been pro-
posed as an alternative to the initial Norwood procedure.
Although the physiology remains the same after a Nor-
wood or a hybrid procedure, the hybrid is less invasive
and does not require as extensive an intervention in the
neonatal period. The trade-off is a more involved second-
stage operation, and more intensive follow-up and more
frequent interventions in the period between stage | and
stage II. The following state-of-the-art review will discuss
the current therapy for HLHS and related FSRV lesions,
and the intermediate-term outcomes for the Fontan pro-
cedure, as well.

TRADITIONAL STAGED SURGICAL PALLIATION

The requirements for the Norwood procedure have not
changed from Dr Norwood’s initial description in 1980.
These requirements are (1) unobstructed systemic out-
flow from the single right ventricle to a reconstructed
aorta, (2) unobstructed pulmonary venous return into
the right atrium, and (3) controlled pulmonary blood flow
(PBF).* Although the first 2 requirements have remained
largely unchanged, there are now 2 acceptable options
for the source of the measured PBF.

In the classic Norwood procedure, a modified Blalock-
Taussig shunt (MBTS) provides PBF from the innominate
or subclavian artery to the pulmonary arteries via a
polytetrafluoroethylene tube. Because of the placement
of the MBTS downstream of the neoaortic valve, there
is continuous forward flow from the systemic to the pul-
monary circulation in both systole and diastole follow-
ing the Norwood procedure. Coronary steal’ may result
as diastolic retrograde flow occurs in both the coronary
arteries and descending aorta.> Because 70% to 80%
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of coronary flow occurs during diastole, coronary insuf-
ficiency attributable to this coronary steal may play an
important role in the recognized incidence of mortality
between the stage | and Il operations. Indeed, decreased
coronary arterial flow and oxygen delivery both at rest
and after administration of adenosine (simulating exer-
cise) have been shown to be significantly decreased
in patients after the Norwood procedure with MBTS in
comparison with patients after anatomic repair of other
congenital cardiovascular malformations.®

Recently, there has been renewed enthusiasm for
the right ventricle-to-pulmonary artery shunt (RVPAS) as
a source of PBF for the Norwood procedure. Although
the initial description was by Norwood and colleagues in
198172 and first current era reports were by Kishimoto
and colleagues in 1999,7 the RVPAS was popularized by
Sano in a number of articles in the early 2000s,81° and
is often referred to as a Sano shunt or a Sano modifica-
tion of the Norwood procedure. The RVPAS eliminates
the diastolic runoff and coronary arterial steal associ-
ated with the MBTS.® The disadvantage of the RVPAS is
the need to perform a ventriculotomy, with the potential
risk to ventricular function and arrhythmia generation.

Small, nonrandomized case series comparing the 2
sources of PBF demonstrated conflicting results. Some
reports showed improved hemodynamics, branch pul-
monary artery growth, and decreased mortality.!5 Oth-
ers centers, in general, those with favorable results with
the MBTS, failed to show a benefit with the RVPAS.16-18

SINGLE VENTRICLE RECONSTRUCTION TRIAL

Because of this uncertainty about the impact of the
source of PBF on the Norwood procedure, the Na-
tional Heart, Lung, and Blood Institute-funded Pedi-
atric Heart Network (www.pediatricheartnetwork.com)
SVR trial (Single Ventricle Reconstruction) was under-
taken starting in 2005 to compare the MBTS and the
RVPAS.1° The SVR trial enrolled neonates with HLHS or
related FSRV lesions from 15 North American centers.
The primary outcome was a combined end point of
death or cardiac transplantation 12 months after ran-
domization. Secondary outcomes included Norwood
and stage Il postoperative course, right ventricular
function at the stage Il operation, branch pulmonary
artery dimensions at stage Il, and neurodevelopmental
outcomes at 14 months of age.

The SVR trial enrolled 555 eligible neonates of which
549 subjects (275 MBTS and 274 RVPAS) underwent a
Norwood procedure and were included in the analysis. At
the 12-month primary end point, subjects in the RVPAS
group had a 74% transplantation-free survival versus
64% for the MBTS group (P=0.01).2° However, when
all available follow-up data (mean 32+11 months) were
analyzed at the conclusion of the trial, a statistically sig-
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nificant transplant-free survival advantage of the RVPAS
cohort could no longer be shown (P=0.06). Anatomic
subtype (aortic atresia, aortic stenosis, mitral atresia,
or mitral stenosis) did not impact outcome. The right
ventricular function by echocardiography was similar in
both cohorts at 14 months. The RVPAS group required
more unplanned surgical and interventional catheter-
based cardiovascular interventions to address stenosis
in the shunt, branch pulmonary arteries, or neoaorta in
comparison with the MBTS group (P=0.003).

A more in-depth competing risks analysis revealed
that mortality was separated into 2 phases: early/
acute and late/constant.?! The early/late phase inflec-
tion point occurred at 6 to 7 months, suggesting that
risk factors for mortality were a function of time. The
early phase, which is more closely associated with the
Norwood procedure, showed obstructed pulmonary ve-
nous return, single ventricle diagnosis other than HLHS
in comparison with HLHS subtypes aortic stenosis/
mitral stenosis and aortic atresia/mitral atresia, lower
socioeconomic status, and smaller ascending aorta to
be risk factors for death. The highest hazard ratio for
mortality in the early/acute phase was obstructed pul-
monary venous return. The risk factors for mortality dur-
ing the late/constant phase were lower gestational age
and the presence of a genetic syndrome. In reviewing
the influence of various subgroups, an interesting inter-
action between HLHS anatomic subtype, prematurity,
and shunt type emerged. The benefit of the RVPAS at a
mean follow-up of 2.7+0.9 years was largely confined
to full-term neonates with aortic atresia, in whom mortal-
ity was approximately one-third that of similar subjects
undergoing an MBTS. Interestingly, preterm neonates
with a patent aortic valve had a better transplant-free
survival with an MBTS.

The same publication analyzed risk factors for trans-
plantation.? Cardiac transplantations occurred in 19
subjects in the SVR trial. Multivariable analysis revealed
decreased pre-Norwood procedure right function as
measured by lower fractional area change, HLHS versus
other single ventricle diagnosis, and number of surger-
ies before the Norwood procedure as risk factors for
transplantation.

FOLLOW-UP RESULTS FROM THE SVR TRIAL

Since the initial SVR publications in 2010, the 3-year
and 6-year results have been analyzed. At 3 years, the
combined death and cardiac transplantation rates for
the RVPAS versus MBTS groups were 33% versus 39%
(P=0.14).22 When all available data were examined by
Kaplan-Meier analysis (mean follow-up 4.4+1.0 years),
there was also no difference between groups (log rank
P=0.11). Overall, there were 100 deaths and 10 trans-
plantations in the MBTS cohort and 86 deaths and 11
transplantations in the RVPAS group. For subjects surviv-
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ing to 1 year, there were 10 events (9 deaths, 1 trans-
plant) in the MBTS group and 25 events (18 deaths, 7
transplantations) in the RVPAS group. This loss of benefit
to transplant-free survival for the RVPAS is also illustrated
by the differing nonproportional hazards associated with
the 2 sources of PBF over time. The RVPAS group had
a lower hazard before 5 months of age (the mean age
for stage Il) (hazard ratio, 0.63; 95% confidence interval,
0.45-0.88), no difference from 5 months to 1 year, and
a higher hazard after 1 year (hazard ratio, 2.22; 95%
confidence interval, 1.07-4.62). As reflected by this in-
creasing hazard over time, the transplantation-free sur-
vival conditional on surviving to 1 year was worse in the
RVPAS group (log-rank P=0.03). This nonproportional
hazard was seen despite no differences between stage
II' surgery morbidity and growth, neurodevelopmental
status, right ventricular ejection fraction, and tricuspid
regurgitation grade at 14 months of age or differences
in the rates of Fontan completion, medical events, and
morbidities. Subjects receiving the RVPAS had more
interventional catheterization laboratory visits and cath-
eter-based interventions at 3 years (both P<0.001), a
hazard risk which increased over the study time period.
The 6-year results have been presented as an abstract,
with the article pending.? Although the point averages
continued to reflect a difference favoring the RVPAS (com-
bined death/transplantation rate, 36%) in comparison with
the MBTS (41%), the number of subjects are not sufficient
to demonstrate a statistically significant difference be-
tween the 2 groups (log-rank P=0.13, Figure 1). Similar to
the 3-year results, RVPAS subjects had a higher incidence
of any catheter intervention (0.38 versus 0.23 interven-
tions/patient-year, P<0.001), including balloon angioplasty
(P=0.014), stent (P=0.009), and coiling (P<0.001). Mor-
bidities were similar between groups. Common morbidi-
ties included pacemaker 3%, thrombosis 16%, stroke 7%,
seizures 13%, proteinosing enteropathy 3%, and plastic
bronchitis 0.5%. Functional performance revealed New
York Heart Association class | in 71% of subjects, class
II'in 21%, class lll in 3%, and class IV in 5%. Risk factors
for death or transplantation were low birth weight (<2500
g), higher degree of pre-Norwood tricuspid regurgitation
(>2.5 mm jet width), lower surgeon Norwood procedure
volume, preterm birth (<37 weeks), and combined aortic
atresia and preterm birth (all P<0.01). By echocardiogra-
phy, right ventricular ejection fraction was similar in the
RVPAS and MBTS groups (46% in both groups, P=0.9).

NEURODEVELOPMENTAL OUTCOMES

Because survivals have improved for even the most
complex congenital heart malformations, such as HLHS,
attention has turned to longer-term outcomes, including
neurodevelopment. Neurodevelopmental outcomes were
analyzed at 14 months and again at 3 years for the SVR
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trial.* Three hundred twenty-one subjects were available
for neurodevelopmental assessment at 14 months fol-
lowing randomization in the SVR trial. The Psychomotor
Development Index and Mental Development Index of
the Bayley Scales of Infant Development-ll were adminis-
tered. Overall, the average scores for the Psychomotor
Development Index and the Mental Development Index
were below normal means. Independent risk factors for
a lower Psychomotor Development Index score included
lower birth weight, the center where the Norwood was
performed, longer length of stay following the Norwood
procedure, and more complications between the Nor-
wood procedure and 12 months of age. Independent
risk factors for a lower Mental Development Index score
included lower birth weight, center, genetic syndrome,
lower maternal education, longer mechanical ventilation
after the Norwood procedure, and more complications
after the Norwood discharge to 12 months of age. It is
notable (and perhaps frustrating) that many of these risk
factors are patient related rather than easily modifiable.

Subjects from the SVR trial were also analyzed for
neurodevelopmental outcome at 3 years. The Ages and
Stages Questionnaire (ASQ) was used to measure neuro-
development. The ASQ contains 5 domains: Communica-
tion, Gross Motor, Fine Motor, Problem Solving, and Per-
sonal/Social Interaction. Delay in any of these domains
is defined as <2 standard deviations below the mean.
All ASQ domains for the study subjects demonstrated
means lower than the reference population. The per-
centage of subjects classified as delayed was 20% for
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Figure 1. Comparison of the shunt types by intention-
to-treat analysis in their freedom from the composite
end point of death or cardiac transplantation (ie,

transplantation-free survival).
MBTS indicates modified Blalock-Taussig shunt; and RVPAS,
right ventricle-to-pulmonary artery shunt.??
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the Communication Scale, 30% Gross Motor, 35% Fine
Motor, 24% Problem Solving, and 17% Personal/Social.
Overall, at least 51% of the cohort demonstrated delay
in at least 1 domain. On multivariable analysis, risk fac-
tors that were associated with >1 abnormal ASQ domain
were census block with a greater percentage below the
federal poverty level, vision or hearing problems, male
sex, feeding therapy at 2 years of age, and more com-
plications between the Norwood procedure and 3 years.

Behavior was measured with the Parent-Report Behav-
ior Assessment System for Children, Second Edition, which
qualifies adaptive and problem behaviors at home and at
school. The Parent-Report Behavior Assessment System
for Children, Second Edition includes 14 subscales that
are used to generate 4 composite scores: Externalizing
Problems, Internalizing Problems, Behavioral Symptoms
Index, and Adaptive Skills. Atrisk or frankly abnormal be-
havioral composite scores were seen in 7.8% to 21.9%.

Quality of life was assessed by using both the Generic
and Cardiac Modules of the Pediatric Quality of Life In-
ventory (PedsQL). The PedsQL measures physical, emo-
tional, social, and school performance. Subjects in the
SVR trial had lower mean scores in each of the domains
of the Generic PedsQL. The scores for the cardiac-spe-
cific module were not reported.

The Functional Status, 2nd Edition Revised is a par-
ent-reported questionnaire assessing functional status
for children with chronic health problems. The Functional
Status, 2nd Edition Revised demonstrated lower total
scores (P<0.001) and lower activity scores (P<0.001)
than the reference population.

PRACTICE PATTERN VARIATION

Perhaps one of the more informative articles from the
SVR trial, with respect to the ability to alter outcomes,
addressed the practice pattern variations seen between
centers in the SVR trial.?* Although gestational age, birth
weight, and proportion of subjects with a diagnosis of
HLHS were similar across centers, there was a wide vari-
ation in preoperative, intraoperative, and postoperative
management. The range of these differences were strik-
ing and included such basic elements as use of preoper-
ative intubation, cardiopulmonary bypass time, route of
feeding at discharge, and use of a home-monitoring pro-
gram. Although variation in care is not unto itself prob-
lematic, the mortality following the Norwood procedure
varied from 7% to 39% across centers. It seems likely
that adoption of best practices would positively influence
this wide range in the mortality rate.

THE HYBRID APPROACH

Hypothesized as a less invasive approach to palliate
neonates with HLHS, in 1993 Gibbs et al? reported the
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first stenting of the arterial duct combined with bilateral
pulmonary arterial banding (bPAB) and atrial septostomy
as an alternative procedure to the Norwood operation.
However, based on the first experiences in 8 patients,
the same group from Leeds, England did not further
recommend ductal stenting as a palliation of newborns
with duct-dependent systemic blood flow.?¢ Later, in
Giessen, Germany, a more successful collaborative sur-
gicalinterventional approach was achieved by surgically
performed bPAB via a brief open-chest procedure, fol-
lowed by a second elective percutaneous transcatheter
arterial duct stenting, which was combined with atrial
septum (interatrial septum) manipulation, if necessary.?’
Subsequently, in 1998, Hakan Akintuerk performed the
first comprehensive stage Il approach. Postnatal bPAB
placement saved the life of the newborn, who had been
admitted in cardiogenic shock 5 months earlier. Early
promising results of a hybrid stage |, followed by suc-
cessful comprehensive stage Il and Fontan completion
were published in 2002.%8 Independent from the experi-
ences in Giessen, early in the new millennium, a second
group of collaboratively minded interventionists and sur-
geons in Columbus, Ohio focused on a 1-step hybrid pro-
cedure, which entailed placing a stent within the duct by
transpulmonary access immediately after bPAB during
the same open-chest approach. Percutaneous manipula-
tion of the interatrial septum was delayed until just be-
fore the palliated patient was discharged home.? In both
centers, the hybrid procedure replaced the Norwood as
the preferred first stage of palliation.?®3° In Sao Paulo,
Brazil, the Columbus hybrid variant also supplanted the
use of the Norwood procedure.3! Subsequently, the
group in Toronto described an additional variant of the
hybrid approach for HLHS patients with aortic atresia.3?
This approach added a reverse MBTS after bPAB place-
ment, but before ductal stent placement. Based on an
institutional risk score, a recommendation is made as to
whether the patient is best served by a hybrid or a Nor-
wood procedure. Over time, multiple centers worldwide
have established hybrid programs for high-risk cases.3?
In Japan3* and London,3 the hybrid procedure is used in
some critical newborns as a palliative step for bridging
newborns to a delayed Norwood procedure beyond the
neonatal period with or without ductal stenting.

Irrespective of the exact technical approach, a suc-
cessful hybrid requires the same 3 objectives as origi-
nally proposed by Norwood for surgical palliation: ad-
equate systemic blood flow, sufficient protection of the
pulmonary arterial circulation, and unrestrictive flow of
the pulmonary venous system. After the learning curves
and the acquisition of the requisite technical skills, an
elective hybrid procedure treating HLHS can be per-
formed with extremely low mortality.?3°

In addition to a complete stage | procedure, the indi-
vidual components of the hybrid approach can be used
in specific situations. Percutaneous duct stenting is the
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treatment of choice for prostaglandin-refractory ductal
obstruction.3 Balloon atrial septostomy with or without
stent placement is also the preferred method to treat
severe hypoxemia attributable to significantly obstructed
or intact atrial septum. Obstructed pulmonary venous
blood flow associated with a total anomalous pulmonary
venous return can be palliated by transcutaneous cath-
eter techniques.®” Neonates who present in extremis
because of low systemic perfusion can be resuscitated
with bPABs.38

Considering the wide variation of different techniques

described for the hybrid approach, and the variable re-
sults, as well, it can be challenging to understand the
risks and benefits. The primary benefit of a hybrid ap-
proach is as a minimally invasive alternative to a Nor-
wood procedure with a less acute postprocedural hospi-
tal course.?3° |n addition to the immediate advantages,
by postponing the open surgical procedure until after the
neonatal period, it has been postulated that there may
be potential benefits to long-term outcomes, such as
neurodevelopment.3240

The current state of the art of the hybrid approach in

HLHS might be summarized as follows:

e Prenatal diagnosis of HLHS is optimal for elec-
tive postnatal treatment by a trained and prepared
surgical-interventional team.

e Ductal patency is maintained open with low-dose
prostaglandin E1 (2-5 ng/kg-min), which decreases
the risk of apnea and the rapid decrease of pulmo-
nary vascular resistance (Rp).

e |f there is no need for immediate atrial sep-
tum manipulation, pulmonary blood flow should
be immediately controlled by surgically fashioned
bPABs. As described by Galantowicz et al,?® the
pulmonary arterial banding can easily constructed
by cutting a 3.0- or 3.5-mm polytetrafluoroethylene
tube graft to a small 1- to 2-mm strip, which are
used in patients with body weight above or below 3
kg, respectively. After median sternotomy and par-
tially opened pericardium, polytetrafluoroethylene
bands are sewn around the left and right pulmonary
artery (Figure 2). We recommend against manipu-
lations such as transpulmonary ductal stenting or
placement of a reverse MBTS, which may result in
blood loss, circulatory instability, or the need for
inotropic infusions. Concurrent use of additional
interventions at this time have been associated with
reported mortality rates between 10% and 25%.32:3
Conversely, the surgical approach in Giessen is sim-
ply focused on bPAB, and the surgical procedure
mortality has been <1%.% In addition, time under
anesthesia with slightly permissive hypercapnic
ventilation can be kept short, followed by immedi-
ate spontaneous breathing and early extubation.
The heart rate and systemic vascular resistance
(Rs) are perioperatively controlled by continuous
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infusion of the a-2 agonist clonidine, followed by
early oral application of a 1-receptor blocker (biso-
prolol) together with tissue angiotensin-converting
enzyme inhibitor (lisinopril) without jeopardizing the
coronary perfusion pressure.*!

¢ |n all elective patients, ductal stenting is performed

as an independent percutaneous approach by trans-
femoral vascular access. The enormous develop-
ment of stent technology in Europe resulted in a CE
mark for stents indicated for ductal stenting in new-
borns. The stent design, based on a self-expand-
ing nitinol alloy (Sinus-SuperFlexDS, OptiMed Inc,
Karlsruhe, Germany) allows duct stenting by advanc-
ing loaded stents with widths from 7 to 9 mm and
lengths between 12 and 24 mm deliverable through
a 4F vascular sheath. Therefore, stent placement
within the duct can performed by femoral venous
or preferentially by femoral arterial access. Before
stent placement, the extremely variable anatomy
of the junction of the duct to descending aorta
needs to be precisely delineated by brief episodes
of angiography using minimal volume hand injec-
tions of contrast medium. The entire length of the
duct needs to be fully covered (Figure 3). A further
advantage of percutaneous stent placement is the
optimal visualization of the isthmus region to deter-
mine whether an additional intervention to maintain
retrograde flow to the proximal aorta is neces-
sary. Ballooning of an obvious reverse coarctation
should be performed before duct stenting, and, if
stent placement becomes necessary, it should per-
formed after stent placement within the duct.

¢ To guarantee unrestricted flow of pulmonary venous

return into the right atrium, interventions on the
atrial septum in advance may be of benefit.

The unrestricted atrial-level left-to-right flow and ductal
right-toleft flow, combined with a protected pulmonary
circulation, need to be maintained until the comprehen-
sive stage Il, which is performed in most patients at an
age of 4 to 5 months. The fragile interstage | period,
between the hybrid and the comprehensive stage I, re-
quires not only a successful initial hybrid palliation with a
well-balanced circulation, but also appropriate and assidu-
ous follow-up monitoring, which includes detailed instruc-
tions for the parents. Medications are titrated to balance
the systemic-to-pulmonary vascular resistance ratio, and
the ratio of oxygen consumption-to-demand, as well. In
regard to the important role of the parents, the cardiovas-
cular medications need to be safe, well understood, and
easily administered. The respiratory rate while sleeping,
oral intake, and body weight are monitored closely by the
parents.3>*! In addition, interstage management requires
close outpatient evaluation by an experienced pediatric
cardiologist to detect any hemodynamic imbalance be-
fore the development of any crisis.®® Based on this close
outpatient monitoring, interventional procedures should
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be aggressively pursued for not only detected hemody-
namic abnormalities, but also any suspected issue during
the interstage period. Interventions to address obstruc-
tions in the stented duct, atrial septum, or even of the
descending aortic arch can be effectively performed by
using various catheter techniques.®® In summary, this
combined parents-physician monitoring program has
been able to significantly reduce the interstage morbidity
and, in particular, mortality to <5%, for HLHS, which is
comparable to that described for interstage surveillance
programs following the Norwood procedure.*?
Precomprehensive stage Il catheterizations have gen-
erally been replaced by magnetic resonance imaging in
sedated, spontaneously breathing infants, similar to our
practice for all elective heart catheterizations. Summariz-
ing the 2-center experience for the comprehensive stage
II'in Giessen* and Columbus,* accounting for >200 pa-
tients, the comprehensive stage Il can be performed with
a mortality of <5%, despite the early learning curve being
included in these reports. The surgical approach consists
of bilateral pulmonary debanding, ductal stent removal,
atrial septectomy, reconstruction of the aortic arch and
bidirectional cavopulmonary connection, which combines
components of the Norwood and stage Il procedures into
1 operation, thereby avoiding an extensive open-heart
operation in the neonatal period.* In addition, anesthetic
and intensive care strategies focusing on early extubation
and strategies to reduce oxygen consumption facilitate
care in the immediate postoperative period. The Achilles
heel of the comprehensive stage Il is the variable fate of
the left pulmonary artery with respect to stenosis. Re-
finements, such as intraoperative stenting, are warranted
to improve the current surgical techniques.3**® Follow-
ing the comprehensive stage Il, the completion Fontan
circulation can be performed with the typically expected
low mortality. At dedicated centers, an estimated 10-year
survival of 78% can currently be achieved by the hybrid
approach in an unselected population of neonates.*

LATE FONTAN OUTCOMES

The outcomes of patients who undergo the Fontan pro-
cedure are by far better than initially expected.*>¢ The
current variation in outcomes in various reports is relat-
ed to variation in the indications for Fontan completion:
centers with restrictive indications will present higher
survival than those with more permissive indications.*”-5!
Technical variations have also been shown to impact out-
comes, such that procedures performed in more recent
decades resulted in better early and late outcomes.*8-52
Therefore, the interpretation of any outcomes after Fon-
tan surgery should take into consideration the precise
technique used and the era when it was performed.
Specific long-term outcomes after Fontan for patients
born with HLHS have rarely been reported. Only a limited
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Concept of “Giessen Hybrid" procedure

Figure 2. Line drawing (left)

of bilateral pulmonary artery
banding and ductal stent, with
flow characteristics shown by
purple arrows, as well as the
left-to-right shunting at the atrial
communication (black arrow)

(AKintuerk et al®).

The open-chest approach with right
pulmonary banding (Right upper)
and percutaneous heart catheteriza-
tion by femoral access for ductal
stenting after surgical bPAB (Right
lower). bPAB indicates with bilateral
pulmonary arterial banding.

number of studies reported outcomes after Norwood
surgery beyond 15 years.>3-% In the recent years, large
series of follow-up of outcomes after Fontan into the
third decade have been published, and these will be the
best guide to give long-term predictions to the families
requiring counseling.47:4%57.58 The outcomes of patients
with HLHS who have reached Fontan completion seem
to be somewhat equivalent to the remaining population
in the first 2 decades. We should therefore feel entitled
to use current available data from the whole population
of patients with a Fontan circulation to draw current pre-
dictions of late outcomes for patients born with HLHS.

SURVIVAL

Current expectations point toward a 30-year survival of 85%
for those operated on today with, at this early stage, only
minor differences in survival between those with and without
previous Norwood surgery.5%-62 Hospital mortality of Fontan
completion has also decreased consistently and is identified
from large multicentric data to be between 1% and 2%.5364
From longitudinal data from birth, it therefore seems that
two-thirds of the patients born with HLHS and operated on
in best centers may hope to reach adulthood.>3-%

The overarching discriminant in late survival is the
type of Fontan. Patients with total cavopulmonary con-
nections, the lateral tunnel, and the extracardiac conduit
seem to have similar outcomes, which are better than
those with an atriopulmonary connection.*759.6162,65-67
Because the introduction of the Norwood procedure
was contemporary to the introduction of the total cavo-
pulmonary connection, the majority of those surviving
initial staged operations had this latter form of Fontan
and predictions of their late survival should be based on
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these latter procedures. The Australia and New Zealand
Fontan Registry, collating data from 1423 subjects, re-
ported survival at 26 years of 89% for those operated
on with the lateral tunnel technique and 92% at 18 years
for those with an extracardiac conduit, in concordance
with recent major series.5”%%67 Interestingly, the survival

Figure 3. Right anterior oblique angiography per-
formed through a 4F multipurpose catheter positioned
at the junction of the arterial duct (stented by an open

cell self-expanding SinusSuperflex-DS stent).

The extreme hypoplastic ascending aorta is connected to

a rather well-developed aortic arch. A coronary soft-tip wire
is seen passing retrograde through the ductal stent into the
right ventricular outflow tract.
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of this population has not been subjected to a sudden
decline in early adulthood as was previously expected.
The attrition rate of this population has been remark-
ably stable, and, for this reason, we feel emboldened to
make prediction of survival to 30 years.5°

HEART TRANSPLANTATION

Since the conception of the Fontan operation, predictions
were made that heart transplantation would be the final
end-ofife option and counseling of the families unvari-
ably included this option. In reality, heart transplantation
has taken only a very small part in the treatment armen-
tarium of this population with only 4% to 7% reaching
this status within 20 years of the Fontan.*®%8 The reasons
for the infrequent use of this ultimate resource are likely
the multiplicity of previous operations increasing the risk
of reentry and immunoreactivity, the poor general status
of the patients, and the complexity of the reconstruction
necessary.®70 It has been recognized that those with a
Fontan circulation did not have equal access to transplan-
tation because this access is dependent on structuring
of heart transplantation programs with expertise in con-
genital heart diseases.® A large multicentric study has
suggested that posttransplantation survival in patients
with a previous Fontan surgery was inferior to the sur-
vival of patients with idiopathic dilated cardiomyopathy
and biventricular congenital heart diseases.” Numerous
single-center studies have since demonstrated equal late
outcomes after transplantation of patients with a Fontan
circulation including those with HLHS. It demonstrates
that heart transplantation should be offered to patients
with a Fontan circulation and that restriction of this prac-
tice to expert centers may be advisable.®871-73

BURDEN OF DISEASE

Even though survival after Fontan is now proven to be
superior to previous expectations, the burden of disease
is still considerable. In a study of 529 patients, who had
undergone an extracardiac conduit in Australia and New
Zealand, 47% of the hospital survivors experienced an
adverse event within 15 years, when including events
such as transplantation, reoperation, stroke, tachy- and
bradyarrhythmia, thromboembolic events, bleeding,
pacemaker implantation, protein-losing enteropathy,
plastic bronchitis, and poor functional status.®®

It has been already demonstrated that the burden of
late complications is higher in patients with HLHS.%%7 |t
does not seem at this stage that the higher severity of
this condition is related to the intrinsic inability of a single
right ventricle to support a Fontan circulation for several
decades, but rather to the fact that patients with HLHS
tend to have a higher incidence of decreased ventricular
function and atrioventricular valve regurgitation, and have
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a higher propensity of developing arrhythmias.50.74-76 Be-
cause patients with HLHS clearly have a higher burden of
disease, it is likely that some difference will appear in the
future in the survival rate of these patients in comparison
with the remaining Fontan population.

Tachyarrhythmias and Bradyarrhythmias

Dysrhythmia has been one of the most prevalent compli-
cations after Fontan surgery with the quoted incidence
varying between 13% and 54% at 20 years.*””’”78 Un-
fortunately, the relative incidence of brady- and tachyar-
rhythmias and their relative type have rarely been speci-
fied. The incidence of supraventricular tachycardia is
higher in patients with atriopulmonary connection type
of Fontan because of the progressive dilatation of their
atrial cavity. It seems that patients with an extracardiac
conduit might have a lower incidence of dysrhythmias
than those with a lateral tunnel.*”.72.80

Thromboembolic Events

Both the extracardiac conduit and the lateral tunnel
technique result in the exposure of polytetrafluoroethyl-
ene in the venous flow, predisposing to the formation of
clots and requiring the administration of antithrombotic
agents.8! There is still no formal consensus on the ideal
antithrombotic agent, and patients are either placed un-
der warfarin or aspirin. A prospective randomized trial, a
propensity score—matched analysis, and a meta-analysis
all point toward the equivalence of both strategies or to
the superiority of aspirin in the prevention of thromboem-
bolic events.81-8* The incidence of thromboembolic events
seems to be limited to 18% to 21% at 10 years.85

Protein-Losing Enteropathy and Plastic
Bronchitis

These 2 feared complications consist in the loss of pro-
teins in the lumen of either the intestine or the bronchi, and
seem to occur in between 5% and 10% of cases with an
incidence increasing with time.*’4° A few years ago, the
development of these complications was associated with
a risk of death of 49% at 5 years, but it seems that the
introduction of an enteric-coated form of steroid has now
improved this prognosis at least temporarily.2-88 Although
various interventions have been attempted for these com-
plications, heart transplantation has been shown to remain
the most effective treatment, likely because it normalizes
the systemic venous pressures of these patients.82%

LIVER AND RENAL FAILURE

The key driver of the Fontan circulation is the increased
systemic venous pressure, which over time has been
noted to impact liver and renal function. Within years of
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Fontan completion, almost all patients are noted to de-
velop hepatic fibrosis with some evolving to cirrhosis.®!
Some rare cases of hepatocarcinomas have also been
described.**?? Similarly, decreased glomerular filtration
has been noted in patients with a Fontan circulation.?? At
this stage, it is difficult to appreciate to what extent liver
fibrosis and cirrhosis will affect the survival and quality
of life of those with a Fontan circulation. Although the ex-
istence of liver fibrosis is widespread, it has not yet been
associated with profound hepatic functional impairment.
The impact of the Fontan on the liver remains nonethe-
less one of primary concern for the long-term survivors
with a Fontan circulation.

EXERCISE CAPACITY

It has been consistently reported that patients with Fon-
tan circulation have decreased maximal exercise capac-
ity with peak oxygen consumption averaging =65% of
predicted values.®*® There is a wide variation in the
capacity of these individuals to participate in individual
and even group sporting activities, with some being
able to function at levels that are surprising for patients
bearing only 1 functional ventricle. The American Heart
Association has recently lifted a ban on exercise for
these patients.% It has now been demonstrated that re-
sistance exercise training is actually beneficial for these
patients.?” An increased leg muscle mass is responsible
for increased cardiac output on exercise, acting as an
additional pump at maximal exercise. There is growing
belief that a lifestyle including regular exercise training
will be beneficial for this population.

PREGNANCY

The majority of practitioners recommend the avoidance
of pregnancy.®® It is remarkable that some women with
a Fontan circulation have nonetheless achieved suc-
cessful pregnancies, even though the number of those
with HLHS remain anecdotal.®®?® Women with a Fontan
procedure, who have attempted to become pregnant or
carry to delivery, have faced issues of infertility, miscar-
riages, and pregnancies resulting in small and premature
babies. The maternal mortality has remained low, but the
impact of pregnancy on long-term outcomes remains to
be elucidated.

NEURODEVELOPMENTAL OUTCOMES AND
QUALITY OF LIFE

The late functional outcomes of patients living with a
Fontan circulation remains the topic of heated debate.
The majority of studies report them to have decreased
scores of quality of life, but several optimistic studies
have also been published depicting a normal quality of
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life and a normal level of emotional functioning,?:100-102
The performance of patients with HLHS do not seem to
differ from those with other single ventricle conditions
or from other patients with congenital heart diseases.1%3
There is no doubt that we should focus on improving
the quality of life and provide psychological support to
this population at risk. One should not, however, see this
population as being profoundly debilitated. The majority
of this population is able to function normally without per-
ceived restrictions. It was remarkable to note that, in a
yet unpublished work, 28 years after an atriopulmonary
Fontan performed in Australia and New Zealand, not only
two-thirds of the patients were still alive, but two-thirds of
those patients were working.

MEDICAL THERAPY

Large variations in medical therapy have been de-
scribed.!9419 As an example, it has long been debated
whether angiotensin-converting enzyme inhibitors, a
cornerstone medical therapy of heart failure, would be
of interest in single ventricle circulation. In a random-
ized study of enalapril performed in 230 patients of the
Paediatric Heart Network, no benefits could be dem-
onstrated.!% The recent TEMPO study (Treatment With
Endothelin Receptor Antagonist in Fontan Patients, a
Randomized, Placebo-Controlled, Double-Blind Study
Measuring Peak Oxygen Consumption) suggested the
benefits of the administration of bosentan.?” The ideal
medical therapy for these patients remains elusive.

COMMENT AND FUTURE CONSIDERATIONS

Tremendous progress has been made over the past 3
decades in the care of children with functional single
ventricle malformations. Progress has been dramatic at
times, such as the development of the Norwood proce-
dure before which HLHS was universally fatal, and incre-
mental, but no less important in improving outcomes.
Our understanding of the long-term implications of a
Fontan circulation continues to evolve as the number of
adolescent and young adult survivors grows.

The state of the art for the care of the single ven-
tricle patient is a moving target, constantly changing
and improving. Currently, there are a variety of valid ap-
proaches to the management of the patient with HLHS
and related FSRV malformations, particularly in the first
stage. For the first stage of traditional surgical staged
palliation (the Norwood procedure), there are 2 alterna-
tives for the source of PBF, the MBTS and the RVPAS.
Although the 12-month end point comparing transplan-
tation-free survival showed a benefit associated with
the RVPAS and the point averages continue to favor the
RVPAS at 6 years, the difference is no longer statistically
significant. Concerns over the ventriculotomy required

October 25,2016 1273

A
=
=]
m
(=]
=
-
=X
m
b
=
-




Ohye et al

for the RVPAS and the development of subsequent late
right ventricular function do not seem to be warranted,
because right ventricular function by echocardiogram is
equivalent at 6 years. Thus, either approach seems rea-
sonable at this time. Continued follow-up of this large,
well-characterized cohort of patients will be important,
not only to detect any late effects of shunt choice, but
also to understand long-term outcomes and how they
may be useful to inform early management decisions
beyond shunt type.

The hybrid approach is also an equally viable alter-
native to traditional staged palliation. As stated in the
section on the hybrid approach, one of the keys to suc-
cess with this management strategy is the requirement
for a dedicated, experienced, and collaborative team of
cardiologists and surgeons. The results for the hybrid
procedure outlined in this article are the outcomes from
arguably the 2 most experienced centers in the world.
The results from the SVR ftrial represents a 15-center
sampling of large- and moderate-sized institutions with
varying traditions of success with surgical single ven-
tricle palliation. The highest performing centers in the
SVR trial have results superior to those reported for the
hybrid approach, whereas standard performing centers
have lower survivals. The potential long-term benefits of
avoiding an extensive neonatal open-heart surgery, par-
ticularly in neurodevelopment, remain to be determined.
Thus, the selection of one or the other approach de-
pends largely on local experience and resources. How-
ever, an important caveat is that optimal results for the
hybrid approach require equal dedication and expertise
as is required for optimal surgical results, and simply
switching from one to the other or vice versa does not
guarantee success.

A common theme is the need for institutional commit-
ment, expertise, and experience for optimal results for
the care of these fragile and complex patients, whether
the approach is the traditional staged surgical pallia-
tion and an initial Norwood procedure or the hybrid ap-
proach. There are multiple publications demonstrating
a positive correlation between volumes and outcomes
for high-complexity lesions.1%10° However, these results
are on aggregate and do not indicate that any individual
center, large, moderate, or small, by virtue of volume
alone ensures superior results, nor that a moderate or
small program cannot achieve excellent outcomes. In
addition, the concept that regionalization to the small
number of centers with superior results can take all
cases of FSRV malformations each year, which number
>1000 cases/y in the United States alone, is unrealistic
in many countries.

If neither the type of shunt nor the development of
the hybrid approach has dramatically decreased mortal-
ity, and regionalization seems unlikely in some countries,
what potential avenues for improvement exist? As noted
above, there was wide variation in practices across cen-
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ters in the SVR trial. Although this may seem unimport-
ant, the similarly wide variation in Norwood procedure
mortality across centers, from 7% to 39%, is sobering.?
It is possible that determining and sharing of best prac-
tices would be effective in improving the results at all
centers. The Northern New England Cardiovascular Dis-
ease Study Group and the Michigan Society of Thoracic
and Cardiovascular Surgeons Quality Collaborative have
demonstrated that this approach has been effective in
decreasing mortality and morbidity in adult cardiac sur-
gery.110111 The Pediatric Heart Network funded a study
on collaborative learning aimed at decreasing the length
of intubation following congenital cardiovascular surgery,
which showed the method to be effective in promoting
early extubation.12

Future directions include the use of stem cell therapy
to improve cardiac performance in the single ventricle
patient. Several groups have either demonstrated effica-
cy in small numbers of patients or are starting trials on
the use of stem cells in this population.13114 Techniques
may include intracoronary injection, intramyocardial in-
jection, or onlay patches containing stem cells aimed
at improving both systolic and diastolic function of the
myocardium.

Universally fatal only 35 years ago, improvements
in the treatment of HLHS and related FSRV malforma-
tions has been transformative. The survival of this pop-
ulation of babies born with HLHS has now surpassed
the initial expectations. The current state of the art
reflects these remarkable achievements. Yet, despite
this progress, the enthusiasm for improvement in
survivals and long-term quality of life remains. As the
first generation of these patients enter adulthood, the
focus must now be on improving not only their lon-
gevity, but also their quality of life. In that respect, it
becomes increasingly important to address the still
considerable burden of disease associated with the
Fontan circulation. It is likely that these improvements
will depend on not only ongoing progress in the care
for those living with a single ventricle malformation,
but also on the improvement of the initial stages of
their palliation.
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