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the more things you will know.
The more that you learn,
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ABSTRACT

Truncus arteriosus is a rare congenital cardiac defect which results in a
single common arterial trunk exiting the heart which supplies the systemic,
pulmonary, and coronary circulations. The truncus itself is guarded by a single,
often large common valve - the truncal valve - which separates the truncus from
both the left and right ventricle. Truncus arteriosus has an incidence of 3 to 10 per
100,000 live births. Although only 0.7% - 3% of all congenital cardiac anomalies
are due to truncus arteriosus, it accounts for 4% of all critical congenital cardiac
anomalies. Patients typically present early in life with symptoms of cyanosis and
congestive cardiac failure. Nowadays, surgery is undertaken early in life prior to
the development of irreversible pulmonary hypertension. Improvements in
surgical techniques and perioperative management has drastically reduced early
mortality to 3 - 20%. Therefore, many children who have undergone truncus
arteriosus repair are living well into adulthood. Despite this, there are few large
studies addressing the long-term outcomes of truncus arteriosus repair.
Furthermore, the impact of concomitant anomalies and the truncal valve are

insufficiently described.

This Doctor of Philosophy focuses on the long-term outcomes of truncus
arteriosus repair in order to determine the current results and risk factors for
poor outcomes. This research constitutes the largest single-institutional and
multi-institutional experience assessing the long-term outcomes of truncus

arteriosus repair with the longest follow-up time.

[ demonstrated that the majority of mortality following truncus arteriosus
repair occurs within the first year after repair, and survival beyond the first year
is excellent. I found that the presence of a coronary artery anomaly was associated
with both early and late mortality and suggest that the coronary anatomy be
clearly identified intraoperatively. Furthermore, patients with DiGeorge

syndrome are at risk of late mortality, most commonly due to infection.



Interestingly, I found that patients with mild or less truncal valve
insufficiency are free from truncal valve surgery for up to 25 years, despite their
truncal valve anatomy. In contrast, most patients with moderate or greater truncal
valve insufficiency - particularly those with a quadricuspid truncal valve - will
require truncal valve surgery at some stage in their lifetime. Of note however, the
durability of truncal valve repair as a whole is poor, with most patients requiring
reoperation on the truncal valve. In those with a quadricuspid truncal valve, repair
by tricuspidization appears to be the most durable option with good long-term
outcomes. Tricuspidization provided better long-term outcomes even if the non-
tricuspidization group included younger children (less than 6 years of age), in
whom truncal valve replacement was performed. This is an important finding as
it suggests that younger children may benefit from truncal valve repair rather than
areplacement with a smaller (non-adult sized) mechanical prosthesis which may
require repeat replacement. Furthermore, if repair of the truncal valve is possible,

this would avoid life-long anti-coagulation and the associated risks.

In the long-term, patients had an excellent functional status following
truncus arteriosus repair but had a high rate of reoperation due to the use of a
conduit for reconstruction of the right ventricular outflow tract. Despite the high
reoperation rate, patients have similar quality of life compared to age-matched

Australian controls.

This Doctor of Philosophy has redefined our understanding of the long-
term outcomes of truncus arteriosus repair. The findings presented will impact
clinical decision making, and I envision an improvement in the outcomes of these

rare and complex patients.
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Background and literature review

Chapter 1: Background and literature review

The incidence of congenital cardiac anomalies range from 4 to 50 out of
every 1000 live births (1). They are 6 times more common than chromosomal
abnormalities, and 4 times more common than neural tube defects (2). Truncal
anomalies occur due to malformation of the aortopulmonary septum. Although
rare, truncal anomalies are responsible for significant morbidity and mortality if
not repaired early in life. As with many cardiac anomalies, there is a spectrum of
disease with truncal anomalies due to variable development of the
aortopulmonary septum. A partial defect in aortopulmonary septation may result
in an aortopulmonary window, while total defects can result in a common arterial

trunk, or truncus arteriosus.

Truncus arteriosus is a rare congenital cardiac defect which results in a
single common arterial trunk exiting the heart which supplies the systemic,
pulmonary, and coronary circulations. Additionally, patients with truncus
arteriosus have a single, often large, common valve - the truncal valve - which
separates the truncus itself from both the left and right ventricles. Truncus
arteriosus has an incidence of 3 to 10 per 100,000 live births (3, 4). Although only
0.7% - 3% of all congenital cardiac anomalies are due to truncus arteriosus, it
accounts for 4% of all critical congenital cardiac anomalies (3, 5, 6). Truncus
arteriosus was first reported in an autopsy case by Wilson in 1798 (7), and later
the anatomical details were described by Buchanan in a six-month-old infant in
1864 (8). Patients typically present early in life with symptoms of cyanosis and
congestive cardiac failure. If left untreated, patients will develop progressive
pulmonary vascular obstructive disease and clinically significant truncal valve
insufficiency, and will often die within the first year of life (9). There has been
remarkable improvement in perioperative and surgical management of truncus
arteriosus, which now means an early mortality of 3 - 20% (10-21). Thus, many
children who have undergone truncus arteriosus repair are now living well into

adulthood, albeit with several reoperations. Despite this, little is known about the
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long-term outcomes of truncus arteriosus repair, and this is the focus of this

Doctor of Philosophy.

1.1 Anatomy and embryology of the truncal region

From the third week of gestation, the tubular heart elongates and develops
alternate dilations and constrictions forming the sinus venosus, an atrium, a
ventricle, and the bulbus cordis. The bulbus cordis will subsequently flow into a
common outflow tract - the truncus arteriosus (22). Embryonically, the truncus
arteriosus - common arterial trunk or truncus arteriosus communis - exits the
developing heart. Together, the bulbus cordis and the truncus arteriosus form the
conotruncus collectively. The truncus arteriosus itself extends distally to the
margins of the pericardial cavity, where it becomes continuous with the aortic sac
(22). The eventual fate of the embryonic truncus arteriosus is that it will be
divided to form the proximal portions of the main pulmonary artery and
ascending aorta; while the bulbus cordis will be incorporated as the infundibulum
of the right ventricle (22). However, at this stage in embryonic life, the truncus

arteriosus is unpartitioned, and thus supports the entire circulation of the embryo.

During the fifth week of gestation, active proliferation of mesenchymal
cells within the truncus arteriosus and aortic arches cause a variety of swellings
to develop within the vessel wall (23). Initially, a mesenchymal wedge of tissue
develops between the fourth and sixth aortic arches and begins projecting
inferiorly towards the heart (23). Additional swellings develop in both the walls
of the bulbus cordis and truncus arteriosus, resulting in the formation of bulbar
and truncal ridges, respectively (collectively named conotruncal ridges) (Figure
1.1A). The bulbar and truncal ridges, which are just beginning to separate the
outflow tract, run in a spiral course along the walls of the bulbus cordis and
truncus arteriosus. The spiral course is paramount for the right ventricle to
connect to the future pulmonary circulation and the left ventricle to connect to the
systemic circulation (22-24). As the truncal ridges continue to grow, they meet
and fuse with the mesenchymal wedge of tissue between the fourth and sixth

aortic arch (23). Following this, fusion of the spiraled bulbar and truncal ridges
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occurs, commencing distally and progressing proximally (Figure 1.1B). Once
fused, the now aortopulmonary septum divides both the bulbus cordis and
truncus arteriosus into two separate arterial channels - the main pulmonary
artery and the ascending aorta (22, 23). Meanwhile, the atrioventricular cushions
and septa continue to develop within the heart itself. Complete segregation of the
right and left ventricles and their respective outflow tracts is only complete when
the interventricular septum fuses with the aortopulmonary septum and the

ventricular side of the atrioventricular septum (24).

Pulmonary
trunk
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Figure 1.1 Embryological development of the conotruncal region. (A) Development and

Ascending Pulmonary
aorta trunk

L

\
/({ Aortopulmonary
/ septum

approximation of the bulbar and truncal ridges. (B) Rotational arrangement of the fused bulbar
and truncal ridges. (C) Final anatomical relationship between the ascending aorta and main

pulmonary artery.

As aresult of the spiral course of the bulbar and truncal ridges, the left and
right ventricular outflow tracts and, eventually, the main pulmonary artery and
ascending aorta, form a helical arrangement. The cause of and ultimate reason for
this spiraling is unknown. Several theories have been proposed, including
rotational and torsional forces on the outflow tract generated as a consequence of
cardiac looping, and the forces caused by streaming of blood from the ventricles
(23-25). The eventual helical arrangement results in the great arteries almost

perpendicular to each other (Figure 1.1C).
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When partitioning of the bulbus cordis and truncus arteriosus is nearly
complete, the semilunar valves begin to develop from three swellings around the
orifices of the soon to be main pulmonary artery and ascending aorta, respectively.
These swellings are reshaped to form three, thin-walled cusps on each outflow
tract, which are completed by the ninth week of gestation (23). These will be the

pulmonary and aortic valves, respectively.

Truncal anomalies result from a failure of the truncal and bulbar ridges
developing normally. Without complete fusion of these ridges, and subsequent
aortopulmonary septum, the main pulmonary artery and ascending aorta are in
communication with one another. Partial fusion results in an aortopulmonary
window, while a total defect of fusion results in persistent truncus arteriosus (or
truncus arteriosus). The discriminating factor separating these two conditions
clinically is that an aortopulmonary window will have two separately formed
semilunar valves. As malformations in the conotruncal ridges can cause disruption
in the development of the semilunar valves, truncus arteriosus will result in a
single truncal valve separating the truncus arteriosus from both the right and left

ventricles (26).

1.2 Classification

Classification of truncus arteriosus has been based around the branching
of the pulmonary arteries from the truncus itself. Collett and Edwards (27)
described four types of truncus arteriosus in 1949: type I, truncus arteriosus with
amain pulmonary artery arising from the truncus; type II, truncus arteriosus with
separate right and left pulmonary arteries arising adjacent to each other on the
posterior aspect of the truncus; type IlIl, truncus arteriosus with right and left
pulmonary arteries taking origin from the posterolateral aspect of the truncus;
and type IV, truncus arteriosus with no pulmonary artery arising from the truncus
itself, rather arising from the thoracic aorta or ductus. The type IV of the Collett
and Edwards classification system has often been referred to as ‘pseudo-truncus

arteriosus’; however, it is no longer considered to be a part of the truncus
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arteriosus complex, rather it is a form of pulmonary atresia with a ventricular

septal defect (26, 28).

In 1965, the truncus arteriosus classification was revised by Van Praagh &
Van Praagh (29) who specified the presence (A) or absence (B) of a ventricular
septal defect, as well as describing an associated interrupted aortic arch, if
present. Van Praagh and Van Praagh described four types of truncus arteriosus
(29): type 1, was the same as Collett and Edwards type I in that the main
pulmonary artery arises from the truncus; type 2 included Collett and Edwards
type Il and type III with separate orifices of the pulmonary arteries; type 3, was an
absence of one branch pulmonary artery branch from the truncus and a ductal or
aortic origin of the second branch pulmonary artery; and type 4 was a truncus
arteriosus with an interrupted aortic arch. The Van Praagh classification is most

commonly used when describing truncus arteriosus.

1.3 Concomitant anomalies

Truncus arteriosus is associated with concomitant cardiovascular
anomalies in up to 50% of patients (13, 20, 30-32). While patients with truncus
arteriosus may present with any number of concomitant anomalies, two
important concomitant anomalies are an interrupted aortic arch and a coronary
artery anomaly. Both concomitant anomalies have been associated with an

increased risk of mortality (32-36).

One of the most significant concomitant anomalies in patients with truncus
arteriosus is an interrupted aortic arch. An interrupted aortic arch is present in
approximately 10 - 20% of patients with truncus arteriosus, and is commonly
type B (13, 28, 32, 37-40) interruption of the Celoria and Patton classification (41).
Several previous studies have shown an interrupted aortic arch to be a risk factor
for mortality (11, 13, 20, 30, 32, 42, 43). The largest multi-institutional study to
date, which was published by the Congenital Heart Surgeon’s Society (32),
described 50 patients with truncus arteriosus and interrupted aortic arch
between 1987 and 1997, with 34 deaths and an overall survival of 31% at 10

years. McCrindle and colleagues reported the outcomes of truncus arteriosus and
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concomitant interrupted aortic arch to be worse than interrupted aortic arch
alone (43). Furthermore, it appears that truncus arteriosus with interrupted
aortic arch and clinically significant truncal valve insufficiency have very poor
surgical outcomes. The Congenital Heart Surgeon’s Society study (32)
demonstrated that patients with an interrupted aortic arch and truncal valve
insufficiency had a mortality of 75% (18/24). While concomitant interrupted
aortic arch adds significant complexity to patients with truncus arteriosus, many
single centre studies associating concomitant interrupted aortic arch and
mortality have been from the 1990s. More contemporary studies may have
mitigated the risk of mortality likely due to improved surgical techniques and
perioperative management of these complex patients. However, the overall
experience with truncus arteriosus and interrupted aortic arch is limited. Within
the confines of the current literature, it is difficult to ascertain the appropriate

surgical management and the long-term outcomes of these complex patients.

Coronary artery anomalies have been reported in 10 - 20% of patients with
truncus arteriosus (33, 44-50). Lenox and colleagues (47) reviewed 30
pathological specimens of truncus arteriosus and noted that all hearts had some
form of coronary anomaly. Coronary artery anomalies mostly consist of an
abnormal origin of a coronary artery, a single coronary artery giving rise to the
entire coronary circulation, or a variable epicardial course (48). de la Cruz and
colleagues (50) in 1990 described 17 distinct epicardial coronary artery patterns
in 39 hearts, though there was no particular association with truncus arteriosus.
It has been demonstrated that the presence of a coronary artery anomaly is a risk
factor for mortality in patients with truncus arteriosus (13, 34-36). However,
given that many studies have small numbers of patients with coronary artery
anomalies, it is difficult to determine the best surgical approach. Furthermore,

little is known about the long-term outcomes of these patients.

1.4 Genetics

The specific aetiology of truncus arteriosus is unknown. Limited data has

suggested both environmental and genetic factors contribute to its development.
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The Baltimore-Washington Infant Study assessed that self-reported first-
trimester maternal cigarette smoking was associated with an almost two-fold
increased risk of truncus arteriosus (51). Additionally, Long and colleagues
reported an association between advancing maternal age and truncus arteriosus
(52). On a genetic level, associations have been found between truncus arteriosus
and deletions in chromosome 22q11.2 (53-56). Approximately 20 - 40% of
patients with truncus arteriosus have deletions of 22q11.2 (31, 55-57). Complete
deletion of 22q11.2, known as DiGeorge syndrome, results in cardiac defects -
often conotruncal anomalies - hypocalcaemia secondary to parathyroid
hypoplasia, midline facial clefts, and immunodeficiency secondary to thymic

hypoplasia.

Deletions of 22q11.2 are also associated with a dysplastic truncal valve in
up to 30% of patients (30, 58), interrupted aortic arch in up to 20% (32, 59), and
coronary anomalies in up to 20% (50). Furthermore, truncus arteriosus patients
with 22q11.2 deletions have a higher incidence of discontinuity of the pulmonary
arteries (53, 58). Deletions of 22q11.2 do not appear to be associated with
mortality, but require longer mechanical ventilation, intensive care time, and
hospital stay (60-62). Furthermore, these patients are at higher risk of
postoperative complications, particularly infections likely due to their

immunodeficiency (55, 62).

1.5  Surgical management

Early era surgical management of truncus arteriosus involved palliation
with pulmonary artery banding which had suboptimal results (63, 64). The first
successful intracardiac repair of truncus arteriosus was performed in 1963
(reported in 1974) by Herbert Sloan using a non-valved polytetrafluoroethylene
conduit (65). Meanwhile, Giancarlo Rastelli in 1967 described the use of a
homograft to connect the right ventricle to the pulmonary arteries - which were
detached from the truncus - closing the ventricular septal defect, leaving the
original truncus to function as the neo-aorta (66). Dwight McGoon performed the

first truncus arteriosus repair using this technique with a valved conduit in 1967
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(67). Common practice at the time was for staged repair using pulmonary artery
banding early in life, followed by repair of truncus arteriosus when the child was
1 to 3 years of age. This changed in 1976 when Paul Ebert described usinga 12mm
Hancock (Medtronic, Minneapolis, MN) porcine aortic valve conduit in infants
under 6 months of age (68). Though these were pioneering surgical techniques,
the policy of the time was to delay repair until patients were a few months of age,
which produced mixed results. It was not uncommon for patients to worsen - or
even die - whilst awaiting complete repair. This saw a shift to truncus arteriosus
repair within the first days of life with positive results as reported by Edward Bove
in the early 1990s (69). Pulmonary hypertensive crises became a thing of the past
once this approach was adopted for truncus arteriosus and many other forms of
congenital heart disease. Nowadays it is well accepted that complete surgical
repair of truncus arteriosus is done within the first weeks of life (10, 20, 28, 31,
32, 70, 71). Furthermore, single-staged repair of all concomitant cardiac
anomalies is now advocated for, despite the procedure being more time
consuming and carrying a greater perioperative risk (13, 32). The basis of
reparative surgery is to re-establish continuity between the right ventricle and

pulmonary artery and close the ventricular septal defect (Figure 1.2).

During surgery, the truncus arteriosus itself is transected and separated
from the pulmonary arteries. Transection of the truncus arteriosus allows a
symmetrical reconstruction, as there is often a significant size mismatch from the
truncal root to the ascending aorta (28). A ventriculotomy is then performed to
close the ventricular septal defect and establish a connection between the right
ventricle and the pulmonary artery. Reconstruction of the right ventricular
outflow tract can be established with a conduit or direct anastomosis of the
pulmonary artery to the right ventricle. The best method of right ventricular
outflow tract reconstruction is unknown and is usually centre specific. The use of
a conduit to reconstruct the right ventricular outflow tract is the most common.
However, conduits have limited durability as they cannot grow or regenerate, and
therefore inevitably require reoperation (6, 72, 73). Additionally, like any foreign
material, they are prone to infection, immunological reactions, and thrombosis

(72).
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Repair of truncus arteriosus

Pulmonary artery
separated from truncus
with blood coming from
the right ventricle

via a conduit

Conduit (tube)
between

right ventricle
and pulmonary

VSD closed artery

Complete repair

Figure 1.2. Complete repair of truncus arteriosus. The pulmonary artery is separated from the
truncus itself, the defect closed, and the pulmonary artery connected to the right ventricle with use
of a conduit. The ventricular septal defect is closed. Ao, aorta; LA, left atrium; LV, left ventricle; PA,
pulmonary artery; RA, right atrium; RV, right ventricle; VSD, ventricular septal defect.

Reproduced with permission from The Royal Children’s Hospital, Melbourne.

Bioprosthetic conduits

The choice of conduit depends on several factors, not limited to homograft
availability, patient size and haemodynamics, availability and success of
xenografts, and surgeon preference. The Contegra (Medtronic, Minneapolis, MN)
bovine jugular vein conduit is predictable in performance and lacks immunogenic
properties (74). Dave and colleagues in 2011 reported their experience with
Contegra conduits in a variety of patient cohorts, which included 13 patients with
truncus arteriosus (75). The overall survival in their study was 92% at 8 years,
and freedom from conduit replacement of conduits less than 16mm of 48%, while
over 16mm was 98% (75) at 8 years. Similarly, Prior and colleagues noted that
conduits over 16mm had fewer deaths and lower rates of conduit failure (76). An
issue with oversized conduits however, is that there is an increased risk for

coronary artery compression, truncal valve or pulmonary artery distortion, and
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they require a larger ventriculotomy (77). An alternative is the Hancock porcine
aortic valve conduit which is a bioprosthetic conduit made of a Dacron - woven
fabric - tube. The Hancock conduit may be used for patients with high pulmonary
artery pressures (78). Belli and colleagues (79) assessed the Hancock conduit for
right ventricular outflow tract reconstruction in 268 patients, including 62
truncus arteriosus patients with freedom from conduit reoperation of 32% at 10
years. Its main disadvantage is the rigidity of the Dacron tube, which may cause

compression of adjacent structures, particularly the coronary artery (79).

Homografts

An alternative to the bioprosthetic conduits above are the pulmonary and
aortic homografts. Homografts have been the conduit of choice in recent decades,
but have been limited due to smaller sizes, availability, and potential for
obstruction. Homografts reportedly have better haemodynamic properties and
increased longevity (80). Vohra and colleagues (81) in 2010 reported on 32
patients who underwent truncus arteriosus repair with 24 aortic homograft and
8 pulmonary homograft reconstructions, resulting in a freedom from reoperation
of 68% at 10 years, 37% at 20 years, and 27% at 30 years. As with bioprosthetic
conduits, larger homograft sizes increase longevity and improve freedom from
reoperation. Vohra and colleagues (81) showed that oversizing the homograft
increased longevity of the graft to up to 12 years. Several studies have suggested
homografts less than 12mm in diameter fail earlier, requiring earlier replacement

(5,20, 30, 31, 75, 82).

Direct right ventricle to pulmonary artery anastomosis

The biggest hindrance to long-term freedom from conduit reoperation is
the lack of living material with the capacity for growth or regeneration. Any child
who requires a conduit as part of their truncus arteriosus repair will invariably
require reoperation. In an attempt to circumvent this issue, direct anastomosis of
the pulmonary artery to the right ventricle, with or without the use of autologous

tissues, has been explored (14, 18, 21, 83). In the case of truncus arteriosus type

10
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1, the main pulmonary artery can be sutured to the right ventriculotomy with the
anterior portion of the right ventricular outflow tract being reconstructed with a
pericardial patch and a monocusp valve created of autologous pericardium. This
method has been shown to have comparable mortality to conduit repair, with
observed interval growth of the right ventricular outflow tract, and subsequent
delayed reoperation (14, 18). Danton and colleagues (14) reported a freedom
from right ventricular outflow tract reoperation of 89% at 4 years in patients who
underwent direct anastomosis of the main pulmonary artery to the right ventricle
compared to 58% at 4 years in patients who underwent conduit repair. An issue
with direct anastomosis of the pulmonary artery to the right ventricle is that
without favourable anatomy, it often leads to pulmonary artery distortion which
necessitates early reoperation (84). Another draw-back to this method is the
potential for severe pulmonary regurgitation, which has not yet been observed
likely due to short follow-up (14, 18, 21, 83). Augmentation of the anastomosis
with a patch anteriorly has been suggested to avoid pulmonary artery distortion,
which would also allow for interval growth and avoid or delay obstruction to the
right ventricular outflow tract or the branch pulmonary arteries (14). While early
mortality is similar between direct anastomosis and using a conduit, there is

limited long-term data (14, 18, 21).

1.6 Truncal valve

Truncal valve insufficiency occurs in approximately 25% of patients (42,
81, 85). The truncal valve is bicuspid in 7 - 22% of patients; tricuspid in 55 - 70%;
quadricuspid in 9 - 25%; and pentacuspid in less than 2% (71, 86-88). Some have
suggested that truncal valve insufficiency was one of the most important factor
influencing early outcomes (15, 20, 32, 42, 89, 90). It seems that mild truncal valve
insufficiency is often well tolerated and often does not require intervention (71),
while moderate or greater truncal valve insufficiency is associated with mortality

(30, 34, 35, 42, 71, 85, 91).

There is no uniform approach in managing truncal valve insufficiency.

Various techniques for truncal valve repair have been described, including

11
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suturing partially developed commissures, resuspension of leaflets, resection of
redundant portion of leaflets, annuloplasty of commissures and pericardial leaflet
extension, tricuspidization of a quadricuspid valve, or repair of the bicuspid valve.
Each of these techniques have been reported with varying success with
concomitant truncal valve surgery having an early mortality rate as high as 30%
(42). As such, there are varying opinions as to when truncal valve repair should
be undertaken. Most surgeons tend to agree that mild or less truncal valve
insufficiency will be well tolerated and does not require surgical intervention.
Similarly, most agree that severe truncal valve insufficiency is problematic and
often requires attention. However, contention arises when discussing moderate
truncal valve insufficiency. Several studies have shown that moderate to severe
truncal valve insufficiency was a risk factor for early reoperation for truncal valve
replacement (20), early mortality, and generally poorer long-term outcomes if not
adequately addressed during the initial operation (30, 34, 35, 42, 85, 91).
Conversely, Tlaskal and colleagues (20) determined that persistent moderate
insufficiency is usually well tolerated and does not lead to an increase in early
mortality, although was associated with the need for eventual truncal valve

replacement.

Furthermore, little is known about how the truncal valve function is in the
long-term. In particular, it is unclear whether addressing moderate truncal valve
insufficiency at initial truncus arteriosus repair is beneficial in the long-term, or if
leaving the truncal valve untouched leads to progressive insufficiency and

eventual surgical intervention.

1.7  Quality of life

As the previous sub-chapters have identified, there is a reasonable
understanding of the short term outcomes following truncus arteriosus repair.
However, the long-term outcomes are not well understood. There is an ever
growing population of truncus arteriosus patients reaching adulthood, yet there

is no information about their quality of life. As most patients who undergo truncus

12
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arteriosus repair require reoperation throughout their lifetime, it is unclear

whether this negatively impacts their quality of life.

O’Bryne and colleagues (92) reported on 25 patients with a median age of
11.8 years who underwent truncus arteriosus repair and assessed their health
status. Factors such as exercise tolerance, VO2 max, maximal work, and forced vital
capacity were all lower than normal for age and sex (92). Additionally, health-
related quality of life was diminished and comparable with that of children with
severe heart disease, represented by the Fontan population (92). However,
psychosocial functional status was not significantly diminished. These findings
collectively represent moderate morbidity and disability (92). Of note, patients
with DiGeorge syndrome have significantly worse neurodevelopmental and

functional outcomes than do those without 22q11.2 deletions (62).

By understanding the health-related quality of life following truncus
arteriosus repair, we may be able to assess the overall impact of this condition on
the individual, and potentially provide a reference for management to address

physical or psychosocial issues that may arise.

1.8 Current outcomes

Early mortality for truncus arteriosus is 3 - 20%, depending on
perioperative status and the presence of concomitant anomalies (10-21, 31, 71).
Long-term survival after truncus arteriosus repair has been reported to be
approximately 75% at 20 years (10-21, 31, 71). As the previous sub-chapters of
this thesis have demonstrated, there are several factors which may determine the
success of truncus arteriosus repair, including but not limited to, truncal valve
insufficiency, an interrupted aortic arch, a coronary artery anomaly, or the
presence of DiGeorge syndrome. The current mortality following truncus

arteriosus repair are summarised in Table 1.1.

Many of the current studies on truncus arteriosus have several limitations.
Firstly, most are single centre reports with patient cohorts of less than 100

patients. This makes assessment of risk factors for mortality and reoperation

13
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limited due to the small number of patients and outcomes. Secondly, follow-up
time of patients seldom exceeds 10 years. A large proportion of patients who have
had truncus arteriosus repair as children are now well into adulthood. Therefore,
there is little known about the long-term implications of truncus arteriosus in the
current literature. Importantly, there is limited understanding on the long-term
cardiac function, frequency of reoperation, and the quality, durability, and
function of the truncal valve. Lastly, though there has been recent focus on quality
of life following congenital heart surgery, there are no studies assessing the long-

term quality of life of patients with repaired truncus arteriosus.
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iosus repair

Table 1.1 Reported outcomes of truncus arter

Study Year Study Period Patients (n) Age at Repair Early Mortality Overall survival Follow-up
(median, days) (mean, years)
Lacour-Gayet et al (83) 1996 1988-1995 56 41 16.1% (9/56) 80% at 7 years 3.2
Rajasinghe et al (30) 1997 1975-1995 165 106 Not reported 85% at 10 years 10.5%
Urban et al (10) 1998 1987-1997 46 62 4.3% (2/46) 93% at 5 years 3.0
Williams et al (97) 1999 1953-1997 148 38 50.0% (74/148) 83% at 10 years Not reported
Jahangiri et al (11) 2000 1992-1998 50 14 4.0% (2/50) 96% at 3 years 1.9#
Schrieber et al (96) 2000 1976-1998 106 134 17.9% (19/106) 61% at 10 years 6.0
Alexiou etal (12) 2001 1974-1994 23 51 17.4% (4/23) 79% at 10 years 14.8
Brown et al (37) 2001 1978-2000 60 76* 16.7% (10/60) 82% at 10 years 9.4
Danton et al (14) 2001 1988-2000 61 34 13.1% (8/61) 73% at 5 years 4.2
Thompson et al (15) 2001 1992-1999 65 10 4.6% (3/65) 92% at 3 years 2.7#%
Kalavrouziotis et al (16) 2006 1993-2005 29 28 3.4% (1/29) 93% at 6 years 6.2
Henaine et al (17) 2008 1986-2003 153 35 17.0% (26/153) 79% at 10 years 8.1
Raisky et al (18) 2009 2000-2006 32 74* 15.6% (5/32) 76% at 5 years 3.3
Hawkins et al (95) 2010 1999-2008 42 31 9.5% (4/42) 82% at 5 years 5.0
Tlaskal et al (20) 2010 1981-2009 83 54 22.9% (19/83) 75% at 10 years 10.9
Vohra et al (81) 2010 1964-2008 32 14 9.4% (3/32) 91% at 20 years 24.5#
Xuetal (21) 2010 2000-2006 23 350 8.7% (2/23) 91% at 5 years 41
Buckley et al (94) 2019 2009-2016 216 10 6.9% (15/216) 87% at 5 years 2.9
Ivanov et al (93) 2019 1997-2017 97 32 17.5% (17/97) 68% at 10 years 2.5%

* denotes mean age at repair; # denotes median follow-up time.

15



Background and literature review

1.9 Thesis outline

Aims and scope of this thesis

Truncus arteriosus is a rare condition with high morbidity and mortality.
As I have demonstrated in the previous subchapter, there is a limited cumulative
experience with this condition, particularly the surgical techniques, risk, and long-
term management. This Doctor of Philosophy primarily aimed to determine the
long-term outcomes after surgical repair of truncus arteriosus. A broad range of
factors were explored including surgical technique, additional cardiac conditions,
and quality of life. Each of these factors is the subject of a large retrospective

review.

This thesis has refined our understanding and management of truncus
arteriosus and will ultimately improve the short- and long-term outcomes of many

patients with this rare condition.

The aims of this thesis were therefore:

- To assess the risk factors for poor outcomes following repair of

truncus arteriosus, with particular focus on concomitant anomalies;

- To determine the impact and management of the truncal valve, with
a focus on the long-term outcomes and function of the truncal valve;

and

- To examine the quality of life of patients following truncus

arteriosus repair.
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Chapter objectives

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Chapter 7:

Chapter 8:

Determine the short and long-term single centre outcomes
of truncus arteriosus repair, with a focus on risk factors for

poor outcomes.

Evaluate the short and long-term outcomes of truncus
arteriosus repair from a multi-centre perspective. A focus
was placed on the impact of concomitant anomalies and age

of repair.

Evaluate the long-term outcomes of truncus arteriosus and a

concomitant intramural coronary artery.

Evaluate the long-term outcomes of truncus arteriosus and
concomitant interrupted aortic arch, with particular focus on

reoperation on the aortic arch.

Investigate the impact of truncal valve insufficiency on
truncus arteriosus repair and determine the optimal

management of truncal valve.

Evaluate the surgical management and outcomes of patients

with a quadricuspid truncal valve.

Investigate the long-term quality of life in adult survivors of
truncus arteriosus repair, with comparison to an age-
matched Australian control population and comparable

complex cardiac defects with low reoperation rates.
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Chapter 2: Outcomes of truncus arteriosus repair in

children: 35 years of experience from a single institution

2.1 Introduction

Truncus arteriosus is rare congenital cardiac defect which is often repaired
in the first few weeks of life. Over time, there has been remarkable improvement
in perioperative and surgical management of truncus arteriosus. Nowadays, early
mortality has been reported to be between 3 to 20%, with overall survival of 65 -
90% at 10 years (10-21). Many children who have undergone truncus arteriosus

repair are now living well into adulthood, albeit with several reoperations.

However, most literature on truncus arteriosus is comprised of small
studies of less than 100 patients and lack significant long-term follow up. Previous
reports on risk factors for mortality and reoperation are conflicting, likely due to
the low number of patients and events. The Royal Children’s Hospital, Melbourne,
has one of the largest single centre experiences with truncus arteriosus with the

longest reported follow-up time.

The following two chapters aim to address the current mortality and risk
factors for poor outcomes following truncus arteriosus repair, as well as the
impact of associated cardiac anomalies. In order to establish the local outcomes
and predictors of survival and reoperation, a review was conducted of all patients
who underwent truncus arteriosus repair at The Royal Children’s Hospital
between 1979 and 2015. During this period, there were 171 consecutive patients
with truncus arteriosus who underwent surgical repair at The Royal Children’s

Hospital. There were no deaths whilst awaiting truncus arteriosus repair.

This study demonstrated an early mortality of 11.7% (20/171) and overall
survival of 73.6% at 30 years. Over half of all deaths occurred within the first year
following truncus arteriosus repair. Low operative weight (less than 2.5kg) and
the presence of a coronary artery anomaly were identified as risk factors for early

mortality. Interestingly, 3 of 6 patients who had a coronary artery anomaly and
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died had a major branch coronary artery crossing the right ventricular outflow
tract. DiGeorge syndrome was identified as a risk factor for late mortality, with a

high proportion of these deaths being attributed to infection.

It was also found that freedom from right ventricular outflow tract
reoperation was only 4.6% at 20 years. Despite this, all surviving patients were in
New York Heart Association Class I/II after a median follow-up time of 19 years.

Most patients had normal or mildly reduced right ventricular function.

Another important finding in this study was that both concomitant
interrupted aortic arch and truncal valve insufficiency, which have been
previously been reported as risk factors for mortality (20, 32, 42), appear to have

been ameliorated at The Royal Children’s Hospital.

Overall, this study suggested that the long-term outcomes following
truncus arteriosus repair are excellent following the first year after repair, albeit

with a high rate of reoperation.
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2.2

ORIGINAL SUBMISSION

Outcomes of Truncus Arteriosus Repair in

Naimo PS, et al. Semin Thoracic Surg. 2016;28:500-11

CrossMark

Children: 35 Years of Experience From a Single

Institution

Phillip S. Naimo, MD, wl Tyson A. Fricke, MBBS, “ Matthew S. Yong, MBBS,*
Yves d'Udekem, MD, PhD,*"* Andrew Kelly, MBBS,® Dorothy J. Radford, MD, |
Andrew Bullock, MBBS,” Robert G. Weintraub, MBBS, “'* Christian P. Brizard, MD,*’* and

Igor E. Konstantinov, MD, PhD*"+*

We evaluated the long-term outcomes following repair of truncus arteriosus (TA)
from a single institution. We conducted a retrospective review of children {7 = 171)
who underwent TA repair between 1979 and 2014. Early mortality rate was 11.7%
(20/171). There were 19 late deaths. Most deaths (74%, 29/39) oceurred within the
first year following surgery. The 1-year mortality rate in 1979-2004 was 18% (25/
136) and decreased to 11% (4/35) in 2005-2014. The overall survival rate was
73.6% at 30 years. Multivariate analysis identified postoperative extracorporeal
membrane oxygenation (P = 0.003), operative weight <2.5kg (P = 0.012), prior
surgical intervention (P = 0.018), and coronary artery anomaly (P = 0.037) as risk
factors for early mortality. A Cox regression model identified DiGeorge syndrome
(P = 0.008) as arisk factor for late mortality. Freedorn from right ventricular outflow
tract reoperation was 4.6% at 20 years. Concomitant truncal valve (TV) repair or
replacement was undertaken in 20 patients. Additionally, 14 patients underwent late
TV repair or replacement. The overall survival rate in patients who underwent TV
operation was 76.9% at 20 years. A total of 19 patients had concomitant interrupted
aortic arch with a survival rate of 89.5% at 20 years. Median follow-up was 19 years
(mean = 17 years, range: 1-34 vears). All patients were in New York Heart
Association Class IV at last follow-up. Following repair of TA, patients had good
long-term functional status but had high reoperation rates. Repair of interrupted
aortic arch and TV were not risk factors for mortality. Postoperative extracorporeal
membrane oxygenation, operative weight <2.5 kg, prior surgical intervention, and
coronary artery anomaly were risk factors for early death. DiGeorge syndrome was
associated with late death, most commonly from infection.

Semin Thoracic Surg 28:500-511 Crown Copyright © 2016 Published by Elsevier
Inc. All rights reserved.

"Departrent of Cardiac Surgery, Royal Children's Hospital, Melbourne, Keywords:
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Kaplan-Meier overall survival following truncus arter-
i0SuS repair.

Central Message

Postoperative extracorporeal membrane oxyge-
nation, operative weight < 2.5kg, prior surgical
intervention, and coronary arfery anomaly were
risk factors for early death. Truncal valve repair
and interrupted aortic arch are no longer risk
factors for death.

Perspective

Postoperative ECMO, weight ofless than 2.5 kg
af the time of TA repair, surgical intervention
prior to TA repair and coronary artery anomalies
were risk factors for early death. Truncal valve
surgery and interrupted aortic arch repair were
not risk factors for mortality. Patients with
DiGeorge syndrome require long-term follow-
up to prevent post-infection complications that
may result in late death.

See Editorial Commentary on pages 512-513.

conotruncal, surgery, congenital heart disease

Perth, Australia

Dr. Weintraub reports receiving consulting fees from Actelion. Drs.
Brizard, Bullock, d’Udekem, Fricke, Kelly, Konstantinov, Naimo, Rad-
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E-mail: igor.konstantinov@rch.org.au

INTRODUCTION

Truncus arteriosus (TA) s a rare anomaly in which a
common arterial trunk supplies both systemic and pulmonary
circulations.” Large single-institution studies with long-term
follow-up are limited. We aimed to determine the mortality,
morbidity, and risk factors for adverse outcomes in patients
after TA repair at a single institution.
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OUTCOMES OF TRUNCUS ARTERIOSUS REPAIR

METHODS

Patients

The Human Research Fthics Committee at the
Royal Children's Hospital approved the study.
Between 1979 and 2014, 171 patients underwent
repair of TA. Data were obtained retrospectively by
review of medical records from initial admission
until last cardiclogy follow-up.

Definitions

Early mortality was defined as death occurring within
30 days of surgery or before hospital discharge. All
other deaths were considered late. A modified Van
Praagh classification for TA was used”: Type 1: TA with
a main pulmonary artery (PA) giving tise to the branch
PAs. Type 2: TA with separate PA orifices. Type 3: TA
with one PA originating from the TA and a ductal or
aortic origin of the other PA, or dual ductal origins of
the PAs. Type 4 of the Van Praagh classification was
described into the 3 types mentioned and the types of
interrupted sortic arch (IAA) specified. The presence
(type A) or absence (type B) of a ventricular septal defect
(VSD) was also specified. As a VSD is commonly a part
of the TA complex, it was not considered a concomitant
anomaly. A coronary artery anomaly (CAA} was defined
as an abnommal coronary origin or course with or
without the CA crossing the right venticular (RV)
outflow tract (RVOT).

Operative Technique

Surgery was performed with cardiopulmonary
bypass in all patients. The PAs were detached from
the TA and subsequently connected to the RVOT.
Continuity between the RV and the PA was estab-
lished by a conduit or direct anastomosis of the main
PA to the RVOT with or without a monocusp valve.
The remaining defect in the TA was closed directly
(n = 169} or with a patch (n = 2). The VSD was
closed directly (n = 4) or with a patch (n = 165).
Single-staged repair of concomitant anomalies was
undertaken in most patients.

Data Analysis

Data were analyzed using Stata version 12 (Stata-
Corp LP, College Station, TX). Continuous data were
expressed as means = standard deviations (range),
and skewed contnuous data are expressed as
medians (interquartile range). Categorical data were
summarized as frequencies and percentages. Univari-
ate and multivariate logistic regression and Cox
proportional hazard modeling were used to deter-
mine risk factors for mortality and reoperation.
Kaplan-Meler actuarial survival curves were used to

analyze and plot time-related end points. Non-
normally distributed data were log transformed before
analysis. Statistical significance was set at P < 0.05.

RESULTS

Median age at surgery decreased from 67 days (1979-
2004, n = 136) o 20 days (2005-2014; n = 35).
Patient characteristics and operative data are summar-
ized in Tables 1 and 2. Continuity between the RV and
the PA was established using a conduit in 160 patients
and direct RV-PA anastornosis in. 11 patients without (n
= 7) and with Gore-Tex (n = 2) or autologous
pericardial (n = 2} monocusp valves. Patents who
underwent direct RV-PA anastomosis underwent type 1
TA repair. One patient underwent TA repair with
truncal valve (TV) replacement and VSD closure with
fenestrated patch owing to hypoplastic PAs. One patient
had TA with intact ventricular septum, mitral atresia,
hypoplastic left ventricle, and an IAA and underwent a
univentricular staged repair that resulted in the Fontan
operation and was doing well 4 years after the Fontan
operation.

Surgical interventions before TA repair were
performed in 17 patients. Most staged procedures
(13 of 17 patients) occurred before 1990. Before this
period, PA banding was performed for failure to
thrive (n = 5). The only remaining PA banding was
done in a patient on extracorporeal mermbrane
oxygenation (ECMO) (r = 1) in 2010. A modified
Blalock-Taussig shunt was done in 2 patients with
hypoplastic branch PAs. Qther prior repairs were PA
reconstruction (n = 5), major aortopulmonary
collateral artery ligation (n = 2), repair of esophageal
atresia with trachecesophageal fistula (n = 2}, and
[AA repair (n = 1).

Mortality

The early mortality rate was 11.7% (20/171).
There were 19 late deaths (12.6%, 19/151). Most
deaths (74%, 29/39) occurred within the first year
following surgery. The 1-year mortality rate in 1979-
2004 was 18% (25/136) and decreased to 11% (4/
35} in 2005-2014, although this trend did not reach
statistical significance (P = 0.15). Excluding patients
who required postoperative ECMO, the highest
overall mortality occurred in patients with CAA
(Fig. 1). One patient with CAA required postoperative
ECMO. The Kaplan-Meier overall survival rate was
80.4 = 3.1% (95% ClL: 73.6-85.6) at 10 years and 73.6
+ 4.0% (95% CL 64.8-80.5) at 30 years (Fig. 2).

Risk factors for early and late mortality are
summarized in Table 3. A total of 14 patients
required ECMO for a mean of 5 days after TA repair,
71% (10/14) of them died. Weightof <2.5 kg at the

Seminars in Thoracic and Cardiovascular Surgery s Volume 28, Number 2 501
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OUTCOMES OF TRUNGUS ARTERIOSUS REPAIR

Table 1. Patient Characteristics

Variable

Total patients
Neonates

Male

Median age at repair
Median weight at repair

Classification
Type A1
Type A2
Type A3
Type B3

Truncal valve insufficiency
Mild
Moderate-to-severe

Truncal valve stenosis
Mild
Moderate-to-severe

Tricuspid regurgitation™

Mitral regurgitation™

DiGeorge syndrome

Other syndromes
VATER syndrome
Pierre Robin syndrome
Goldenhar syndrome
Holt-Oram syndrome
Klinefelter syndrome
Triple X syndrome

Concomitant anomalies
ASD
1AA
CAA
Hypoplastic PA
PDA
MAPCA
CoA

n=171
29.8% (61/171)
52% (89/171)
52 days (range 1 day to 8.7 years)
3.62 kg {range: 1.70-23.0 kg)

30.4% (52/171)
61.4% (105/171)
7.6% (13/171)
0.6% (1/171)

34.5% (59/171)
10.5% (18/171)

4.7% (8/171)
3.5% (6/171)
8.8% (15/171)
5.8% (10/171)
17.5% (30/171)
5.8% (10/171)
2.3% (4/171)
1.2% (2A71)
0.6% (1/171)
0.6% (1/171)
0.6% (1/171)
0.6% (1/171)
48.5% (83A171)
52.6% (90/171)
11.1% (19/171)
7.0% (12/171)
4.7% (8/171)
2.9% (6/171)
2.3% (4/171)
1.2% (2/171)

ASD, atrial septal defect; CAA, coronary artery anomaly; CoA, coarctation of aorta; IAA, interrupted aortic arch; MAPCA,
major aortopulmonary collateral artery; PA, pulmonary artery; PDA, patent ductus arteriosus; TA, truncus arteriosus; VATER,
syndrome involving vertebral anomalies, imperforate anus, tracheoesophageal fistula with esophageal atresia, cardiac
anomalies, renal dysplasia, and limb defects; VSD, ventricular septal defect.

“Excluding ventricular septal defects.

TMitral and tricuspid regurgitation rated as moderate or severe.

time of TA repair and surgical intervention before TA
repair were risk factors for early mortality. CAA
(Fig. 3} was associated with increased early mortality
(Table 4). It is noteworthy that a CA crossed the
RVOT in 4 patients—of whom, 3 died and 1 was
doing well at 2 years of follow-up.

DiGeorge syndrome was clinically diagnosed in 30
patients. Diagnosis was confirmed with fluorescence
in siw hybridizadon in 70% (21/30) of patients.
DiGeorge syndrome was a 1isk factor for late mortality.
There were 8 late deaths in this subgroup of patients: 5
patients with DiGeorge syndrome died of infection

(respiratory failure due to respiratory virus, r = 2;

disseminated fungal osteomyelitis, n = 1; methicillin-
resistant  Staphylococaus aureus sepsis, n = 1; and
pneurnonia, n = 1), 1 patent died of arthythmia, and
the cause of death was unknown in 2 patients.

Reoperations

There have been 207 reoperations in 114 patients.
Freedom from any reoperation was 23.3 = 3.7%
(95% CL: 16.3-31.0) at 10 years and 3.2 = 1.8% (95%
Cl: 0.9-8.2) at 20 years. Freedom from reoperation for
RVOT obstruction, aortic arch obstruction, and TV
insufficiency is shown in Figure 4.
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Table 2. Operative Data

OUTCOMES OF TRUNCUS ARTERIOSUS REPAIR

Variable

Mean CPB duration

Mean aortic cross-clamp time
Mean circulatory arrest time
Direct RV-PA anastcmosis
RV-PA conduit

Conduit type
Aortic homograft
Hancock
Pulmonary homograft
Contegra
Tascon
Gore-Tex
Dacron
Median size of conduit

Concomitant truncal valve operation

Truncal valve repair
Truncal valve replacement

Concomitant repairs
VSD closure
ASD closure
PA reconstruction
Aortic arch reconstruction
PDA ligation
MAPCA ligation
Right pneumonectomy

139 = 67 min (33-417 min)

77 = 37 min (31-263 min)

13 = 17min (1-85min)
6.4% (11/171)

93.6% (160/171)

31.9% (51/160)
26.9% (43/160)
19.4% (31/160)
6.8% (11/160)
6.3% (10/160)
5.0% (8/160)
3.8% (6/160)
12mm (range: 5-20 mm)

11.1% (19/171)
0.6% (17171)

99.4% (170/171)
50.3% (86/171)
12.3% (21/171)

11.7% (20/171)

2.9% (5/171)
2.3% ([4/171)
0.6% (1/171)

ASD, atrial septal defect; CPB, cardiopulmonary bypass, MAPCA, major aortopulmonary collateral artery; PA, pulmonary
artery; PDA, patent ductus arteriosus; RV, right ventricle; RVOT, right ventricular outflow tract; V8D, ventricular septal

defect.

Truncus Arteriosus
Total n =171
Mortality
Early: 11.7% (20/171)
Late: 12.5% (19/151)

Total n = 159
Mortality

Normal Coronary Anatomy

Early: 10% (16/159)
Late: 11.2% (16/143)

L

Totaln =18

Aortic Arch Obstruction

<L

oL

Abnormal Coronary Anatomy
Totaln=12

Early: 33% (4/12)
Late: 37.5% (3/8)

Mortality

<

Aortic Arch Obstruction

Interrupted Aortic Arch
Totaln =17
Mortality
Early: 11.7% (2117)
Late: 0%

Coarctation
Totaln=1
Mortality
Early: 0%
Late: 0%

Totaln=3
Interrupted Aortic Arch Coarctation
Totaln=2 Totaln =1
Mortality Mortality
Early: 0% Early: 100% (1/1)
Late: 0%

Figure 1. Outcomes of patients with and without coronary artery anomalies and aortic arch obstruction.
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Overall 171 116 98 79 59 29 7
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TVR 34 27 19 13 8 2 1
CAA 12 5 4 3 0
Overall

————— Interrupted aortic arch (IAA)
---------- Truncal valve repair/freplacement (TVR)

— — — Coronary artery anomaly (CAA)

Figure 2. Kaplan-Meier overall survival following truncus arteriosus repair.

Table 3. Risk Factors for Mortality

Early Mortality
Variable Mortality (%) Univariate Multivariate Regression
OR (95% CI) P value OR (95% CI) P value

Moderate-to-severe TVI 229% (4/18) 2.44(0.71-8.33) 0.153 NS
1AA 14% (3/21) 1.30 (0.34-4.89) 0.694 NS
Initial truncal valve repair 20% (4/20)  2.10(0.63-7.09) 0.227 NS
Coronary artery anomaly 33% (4/12) 4.46(1.21-16.51)  0.025 5.27 (1.11-25.07) 0.037
DiGeorge syndrome 17% (5/30) 1.68 (0.56-5.04) 0.355 NS
Prior surgical intervention ~ 29% (5/17)  3.86 (1.20-12.46)  0.024 5.31 (1.33-21.11) 0.018
Neonate at repair 22% (11/51)  3.39 (1.31-8.79) 0.032 NS
Operative weight < 2.5 kg 33% (4/12)  4.46 (1.21-16.51)  0.025 6.95 (1.52-31.61) 0.012
Postoperative ECMO 509% (7/14) 11.08 (3.36-36.47) <0.001 11.01 (2.90-41.76) 0.003
Late mortality

Variable Mortality (%) Univariate Cox proportional hazard

HR (95% CI) P value HR (95% CI) P value

Moderate-to-severe TVI 14% (2/14) 1.43 (0.33-6.29) 0.630 NS
1AA 0% {0/18) Inestimable Inestimable NS
Initial truncal valve repair 13% (2/16) 1.12 (0.26-4.90) 0.879 NS
Coronary artery anomaly 38% (3/8) 410(1.18-14.26) 0.026 NS
DiGeorge syndrome 32% (8/25)  5.02 (1.99-12.68)  0.001 3.72 (1.40-9.84) 0.008
Prior surgical intervention 8% (1/12) 0.53 (0.07-4.03) 0.5644 NS
Neonate at repair 10% (4/40) 0.81(0.27-2.44) 0.702 NS
Operative weight <2.5kg  13% (1/8) 1.04 (0.14-7.80) 0.969 NS
Postoperative ECMO 43% (3/7) 5.20 (1.46-18.43)  0.011 NS

Cl, confidence interval, ECMO, extracorporeal membrane oxygenation; HR, hazard ratio; IAA, interrupted aortic arch;
NS, not significant; OR, odds ratio; RVOT, right ventricular outflow tract; TV, truncal valve insufficiency.
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Figure 3. Coronary artery anomalies. Most patients had normal coronary anatomy {A). Most common coronary anomaly was a
single coronary orifice (B-D, F, and G). One patient had narrow coronary ostia immediately on top of the commissures of a
bicuspid truncal valve (E). In 1 patient, the right coronary artery originated from the left pulmonary artery (H). LAD, left anterior
descending; LCA, left coronary artery; LCx, left circumflex artery; LPA, left pulmonary artery; RCA, right coranary artery; RPA,
right pulmonary artery; RVOT, right ventricular outflow tract. (Color version of figure is available online at http://www.
semthorcardiovascsurg.com.)

RVOT Reoperation

There have been 156 RVOT reoperadons in 106
patients, which included conduit insertion for 3 padents
who had direct RV-PA repair. Of these reoperations, 45
patients have had at least 2 conduit replacements, and 7
patients have had 3 concuir replacernents. Median time
to RVOT reoperation was 4.25 years (2.1-8.1 years).
Freedom from RVOT reoperation was 292 + 44%
©5% CI: 20.9-38.0) at 10 years and 4.6 = 2.4% (95%
CI: 1.4-10.9) at 20 years (Fig. 4). Cox regression models
identified a conduit size of less than 16 mm (hazard ratio
HR] = 2.14; 95% CI: 1.23-3.75; P = 0.007) as a risk
factor for early RVOT reoperation. Freedom from RVOT
reoperation in patients who underwent direct RV-PA
anastomosis was 70.7 = 14.3% (95% CI: 33.7-89.5) at
5 years and 47.1 * 21.5% (95% Cl: 8.3-79.5) at 10
years. Most conduit insertions (n = 3} in these patients
occurred within 1 month of TA repair; an additional
patient underwent conduit insertion at 6.5 years.
Catheter-based mtervendons were 33 in the conduit
group (21%, 33/160) and 2 in the direct RV-to-PA
anastomosis group (18%, 2/11). There was no statisti-
cally significant difference in reoperation or catheter-
based reintervention rates between patients who under-
went conduit repair and those who underwent direct
RV-PA anastomosis.

Aortic Arch Obstruction

A total of 19 patients had a TA with concomitant
[AA. The [AA was type A in 3 patients, type Bin 15
patients, and type C in 1 patient. [AA repairs were
performed by end-to-side anastomosis in 15

patients, patch augmentation in 2 patients, and
implantation of an aortic homograft and Gore-Tex
graft in 1 patient. One patient underwent [AA repair
before TA repair. There were 2 early deaths and no
late deaths in these patients. The overall survival rate
of patients with TA-IAA was 89.5+7.0% (95% CL
64.1-97.3) at 20 years (Fig. 2).

An additional 2 patients underwent aortic arch
patch augmentation repair because of coarcta-
tion of the aorta. One of these patents died on
postoperative day 4 due to cardiac failure, and the
other is currently alive and well after 4 years of
follow-up.

Qverall, 5 patents underwent 9 aortic reopera-
tions. Freedom from aortic reoperation was 70.1 =
11.5% 95% Cl: 41.5-86.7) at 10 and 20 years
(Fig. 4). Of these reoperations, 3 patients underwent
aortic reoperations during their initial hospital stay.
These were an implantation of an 8-mm Gore-Tex
interposition graft inte the aorta to relieve left
bronchial compression by reconstructed aortic arch
in 2 patients and pericardial patch enlargement of
residual aortic arch obstruction in 1 patient. There
were 5 late aortic reoperations in 4 patients. These
were replacement of the aforementioned 8-mm
Gore-Tex interposition graft with 18-mm Gore-Tex
grafts in 2 patients and aortic arch reconstructions
for reobstruction in 3 patients.

TV Operation
Initial TV operation was undertaken in 20 patients
(repair, n = 19 and replacement with a 10-mm aortic

Seminars in Thoracic and Cardiovascular Surgery e Volume 28, Number 2

505

25



Outcomes of truncus arteriosus repair in children

OUTCOMES OF TRUNCUS ARTERIOSUS REPAIR

“UCITRY|1ACl) JEINDLIUSA ‘4A OABA [EOUNI] ‘A {1OBL]) MO[JINO
Re|noLiusA B 1OAY B(o1auBA IYBL ‘AY (Aeue Arzuowind 1Bl YdY Aleue Areuoiod 1yBl Yoy [8eAo UsleIo) ualed ‘Od4d 'SNSOUSUE Ssnonp juslad ydd (UoIo8uued shousa Areuownd
snojewole [eiued ‘DAdYd (UOIHORUI [BIPmEo0AW ‘N Biouusa Y| ‘AT Aisue Areuowind Y| ‘yd Aiepe Aleuoios ys| w0 (Alepe Buipusasep ousjue Ys| 0y (Uose diuoe paidnusiul
‘wy| ‘uoneueBAxo suigusw [BaIodiodBIXe ‘DT BWoIpUAS abiosnig ‘gD (JUSPIDOE R2NISEACIHR48D YAD TELOE JO UOIBIDIE0D ‘Yoo ‘AlBLe Arsuciod v 1108)9p [eldss [el1ie ‘gSyY

shep gz sisdeg Yjeop AJeq 0O4d 9SIN0Y [e|pJeoids [Buliop v 9|BuIs 9 €102
steah | - paaMng 0O-dd PUe ‘¥ad ‘g @dA vy 98I0 [e|pJedidse [Buiop w0 9|bug [ zZ102
$9Q pue ‘Aepe
uelaeogns el JuBLIRge
sieah g - paaMng ASY ‘vad ‘D 2dA vyl 98IN00 [BIpIeDIds [BULION w0 9lbuIg [ 9007
sieah g'gl - panang Jedal AL 95IN00 [elpJeo|ds |BwlioN v 9lbuIs ¥ 1002
sleak /') - panAng AW OIPUAS Jeyusp|on 1OAY S9S5040 pUR DY WOl ¥ v obus 8.1l 666
ONDT Uo Juawaaoidul x3|dwioo
shep ou aunjiey oelpse) yresp Aleq HILVA PUE 'Yad ‘YO0 1ONY $9€8010 puUe w7 Woll wOY vD elbuis € 8661
peueam 9 jJou pjnod
Ul on3 AousBiaws
sieak gzl ‘}sole DB|pIED USppPNS  Yiesp 9)e - 98IN00 [BIpJeD|ds |BWICN v 9lbuIg 69 8661
2SIN00 [eInwel|
sleah g /L - panang Bun| Y| pue yd onsedodAH 2SIN0D [BWIOU ‘¢ [Bdnwielju| ue yum yo obuig +01 9661
Alaye uelaeoqns
e|oR[BLOL DU 0IqOa DI} He| wol} yd onsejdodAy 10AY
sfep 22 2loreS Ujeep Alieg  pue Y] Jo epis Y| Wol YdY S8SS0I0 PUE yDY WoJ ses|ie gy vOY Wol} Qv 12 886l
S2UNSSIWLIOD BABA
JeounJy pidsnoiq o} pajejas Ajesoo else Aleucioo
sinoy z| }seLe oelpien yjesp Ajeg O4d B3SO0 AlBU0J0o moLEU Ajjeuloudgy  pauosod Ajjewiougy v 886l
SoHQ pue BA[ES[BA JO SNUIS SAOqE
Syow || sisdeg yleep ele]  epoe Bulpusosep WO Yy 1sn( sesle I se Y uo wniiso vy Vd Wol yoY 98¢ 9861
AY Uo peo| aunssaid
sieeh G211 BUIMO||0} A USPPNS  Yiesp o DAdVd B 10AH Pess0.0 pue yOY Woll yO1 v olbuls 89 861
(p) sredey
awin| sa|feulouy Aewouy  Jedey Jo
dn-mojjo4 yyes( jJo esnen  auwloonNQ JUB}JWOOLOD) [BUOINPPY Alopy Aleucio)) Jo asIinoeD Aouy Aleuoio) jeaby  JesA

Aewouy Aoy Aleuoiol) JueluooUol) UHAA SlUaljed Jo SeWoong pUE soisuajoeey) b ajgel

lar Surgery ¢ Volume 28, Number 2

inars in Thoracic and Cardiovascu

Sem

506

26



Outcomes of truncus arteriosus repair in children

Freedom from reoperation

5 years 55.8 = 4.4%
(95% Cl: 46.6, 63.8)

OUTCOMES OF TRUNCUS ARTERIOSUS REPAIR

5years 92.8 x 2.2%
(95% CI: 87.0, 96.1)

15 years 83.2 = 3.5%
(95% CI: 74.9, 88.9)

yéu
(95% Cl: 511, 91.2) (95% Cl: 41.5, 86.7)

15 years 7.4 = 2.8%
(95% CI: 3.1, 14.2)

Number at risk
RVOT 170
™ 171
AocA 21
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Right ventricular outflow tract (RVOT)
Truncal valve (TV)
Aortic arch {AoA)

Figure 4. Freedom from reoperation following truncus arteriosus repair.

homograft, n = 1}. There were 6 deaths (4 early and
2 late) in this group of patients. Overall, 9 patients
underwent TV reoperadon (repair, n = 4 and
replacement with bileaflet mechanical prostheses,
n = 3) at a median time of 2.0 years (235 days to 5.6
years). Freedom from TV reoperation was 51.4 =
12.2% (95% CI: 25.8-72.3) at 10 years and 25.8 +
19.1% (95% CI: 1.8-62.9}) at 20 years (Fig. 5).

Of the remaining 151 patients, 14 underwent TV
surgery (repair, n = 6 and replacement with bileaflet
mechanical prosthesis, n» = 8) at a median time of

7.1 years (4.7-13.2 years) (Fig. 5). One patient
underwent 2 TV replacements. Overall freedom from
any late TV operation was 92.6 + 2.4% (95% CL:
85.9-96.3) at 10 years and 86.5 = 3.6% (95% CL:
77.5-93.0) at 20 years.

There have been 7 deaths in the 34 patients who
have undergone TV operation (4 early deaths and 3
late deaths). The overall survival rate in patients who
underwent TV operation was 82.4 & 6.5% (95% CL:
64.9-91.7) at 10 years and 769 £ 87% (95%
Cl: 63.9-91.4) at 20 years (Fig. 2). Neither TV

5 years 96.6 = 1.4%
(95% C1: 91.2,98.2)

g4 1
o e
g o | T
2 v"-’_ 4 % 10 years 92,6 = 2.4%
£5 ° __  (95%CL85.996.3) 20 years 86.6 = 3.6%
£ 2 i 195% CI: 7.5, 93.0)
° g N
g2 8 P
8% O Syearssddz11.5% H
E > 95% CI: 38.7, 82.5) e e
=
wo o9
¢ &4 10 yoars 51.4 = 12,24 9
g ° TR R e v
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S v v v T T
0 5 10 15 20 25
Time (years)
Number at risk
Truncal valve reoperation 20 " 8 3 2 0
Truncal valve 151 103 85 68 53 28

repair/replacement (late)

Truncal valve repairfreplacement (late)

= === Truncal valve reoperation

Figure 5. Freedom from truncal valve operation in those (n = 20) who had concomitant truncal valve repair
during the initial complete repair of the truncus (dashed line) and those (n = 151) who did not (solid line).
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Table 5. Follow-up Characteristics of Late Survivors

Variable

RV function
Normal 81.1% (107/132)
Mildly reduced 17.4% (23/132)
Unknown 1.5% (2/132)

RVOT characteristics

Mean maximum velocity 28 m/is
Mean maximum gradient 44.2 mmHg
Mean gradient 21.3 mmHg

Degree of obstruction

None 27.3% (36/132)
Mild 49.2% (65/132)
Moderate 15.2% (20/132)
Severe 6.8% {9/132)
Unknown 1.5% (2/132)

Pulmonary valve regurgitation

None 61.4% (81/132)
Mild 22.0% (29/132)
Moderate 8.1% (8/132)
Severe 15.2% (20/132)
Unknown 1.5% (2/132)

Truncal valve stenosis or insufficiency
Mean maximum velocity 2.2 mis
Mean maximum gradient 24.9 mmHg

Degree of insufficiency

None or trivial 74.2% (98/132)

Mild 22.7% (30/132)
Moderate-to-severe 15% (2/132)
Unknown 1.5% (2/132)

RV, right ventricle; RVOT, right ventricular outflow tract.

operation nor TV insufficiency was a risk factor for
mortality.

Long-term TV status in surviving patients who
did not underge TV operation was good, with
79.0% (83/115) of patients having no or trivial TV
insufficiency. In those 115 patients, preoperative
TV insufficiency severity had decreased in 38
patients. However, there was newly developed
TV insufficiency in 12 patients (mild TV insuffi-
ciency, n = 10 and moderate-to-severe insuffi-
ciency, n = 2).

Follow-up Status

Follow-up was 98.5% (130/132) complete for
survivors; 2 patients wete lost to follow-up. Median
follow-up was 19 years (mean = 17 years, range: 1-
34 years). At last follow-up, all patients were in New
York Heart Association Class VIL. Follow-up charac-
teristics are summarized in Table 5.

DISCUSSION

Mortality

To our knowledge, this is the largest study of
children who underwent TA repair in a single
institution. It is now accepted that a complete surgical
repair of TA should be performed within the first
months of life, mcluding single-staged repair of con-
comitant anomalies.” Currently, we perform single-
staged repair of concomitant cardiovascular anomalies.
Postoperative ECMO was a risk factor for early
mertality. Of all patients requiring ECMO, 50% (7/
14) died before hospital discharge. ECMO was elec-
tively used in only 3 patients, whereas the remaining
patents required emergent ECMO cannulation.
DiGeorge syndrome was a risk factor for late mortality.
Of operative survivors with DiGeorge syndrome, 32%
(8/25) died late and 6 of them died of infection. The
proportion of [ate deaths due to infection in this cohort
may be because of lymphopenia associated with
DiGeorge syndrome. Thus, these patients must have
an ongoing immunology follow-up.

We have previously described cutcornes of TA repair
between 1979 and 1995 with a policy of elective TA
repair between 2 and 3 months of age® Over thar
period, median age at operation was 71 days and the
early morality rate was 13.4% (11/82) and the late
mortality rate was 15.5% (11/71).° Over the most
recent decade, the median age at repair decreased to 20
days, with an early mortality rate of 11.8% (4/35) and a
late morlity rate of 6.5% (2/31). Overall, the early
mortality rate was 11.7% (20/171) in 171 children who
underwent TA repair and the late mortality rate was
12.5% (19/151). Interestingly, 52.6% (10/19) of late
deaths occurred within the first year of TA repair.
Rajasinghe et al® also noted that 56% (13/23) of late
deaths occurred within the first year following repair.
Similarly, Tlaskal et al® reported 8 late deaths, 7 of
them occurring within the first year after TA repair. We
observed a decrease in the 1-year mortality rate over the
study period from 18% (25/136) in 1979-2004 to 11%
(4/35) n 2005-2014. Surgical outcomes of previous
studies are surnmarized in Table 6.

Coronary Artery Anomalies

CAAs are reported in approximately 5%-20% of
patients with TA'™" and have been associated with a
high mortality rate following TA repair.” " Schreiber
et al'* reported on 106 patients with TA between 1976
and 1998, with 13 patients having a CAA. They
concluded that a CAA was associated with poorer
surgical outcornes, with 5 early deaths and 2 late deaths
being related to compression or distorton of the
znomalous CA."* Danton et 2l described rheir expe-
rience with 61 patients with TA between 1988 and
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Table 6. Reported Cutcomes of Truncus Arteriosus Repair

Study Year Study Patients Age at Repair  Early Late Mortality Follow-up
Period n (Median, d) Mortality {Mean, y)
Lacour-Gayet et al”® 1996  1988-1995 56 41 16% (9/56) 4.3% (2/47) 3.2
Rajasinghe et al 1997 1975-1995 165 106 Nat reported 13.9% (23/165) 10.57
Urban et al® 1998  1987-1997 46 62 4.3% (2/46) 2.3% (1/44) 3
Williams et al*® 1999  1953-1997 148 38 50% (74/148) 14.9% (11/74) Not reported
Jahangiri et al'® 2000  1992-1998 50 14 4% (2/50) 0% (0/48) 1.07
Schrieber et al'® 2000  1976-1998 106 134 17.9% (19/108) 26.4% (23/87) 6
Alexiou et al*® 2001 1974-1994 23 51 17.4% (4/23) 5.3% (1/19) 14.8
Brown et al'® 2001  1978-2000 60 76 16.7% (10/60) 2% {1/50) 9.4
Danton et al™ 2001  1988-2000 61 34 13% (8/61) 15.1% (8/53) 4.2
Thompson et al*® 2001  1992-1999 65 10 4.8% (3/65) 3.2% (2/62) 277
Kalavrouziotis etal® 2006  1993-2005 29 28 3.4% (1/29) 3.6% (1/28) 6.2
Henaine et al*? 2008 1986-2003 153 35 17.0% (26/153) 4.7% (6/127) 8.1
Raisky et al** 2009  2000-2006 32 74 15.6% (5/32) 22.2% (6/27) 3.3
Hawkins et al®* 2010  1999-2008 42 31 9.5% (4/42) 10.5% (4/38) 5
Tlaskal et al” 2010 1981-2009 83 54 23% (19/83) 12.5% (8/64) 10.9
Vohra et al”® 2010 1964-2008 32 14 9.4% (3/32) 3.4% (1/29) 24,57
Xu et al* 2010 2000-2006 23 350 8.7% (2/23) 0% {0/21) 4.1
Total 1953-2009 1174 16.39% (191/1174)  8.3% (98/983)

“Mean age at repair
1 Median follow-up times.

2000, 9 of whom had a CAA that included intramural
CA (n = 3), major branch CA crossing the RVOT (n =
3), and abnormally positioned coronary ostia (n = 3).
Among these patients, 2 deaths were directly associated
with a CA jury, and it was concluded that the
presence of a CAA was a 1isk factor for death.™” The
study by Brown et al'” of 60 patents with TA
conducted between 1978 and 2000 identified 6 patents
with a CAA, with a single death. Though a CAA was not
statistcally significant, they suggested that owing to the
variable pattern of the CAs in parients with TA, it must
be considered a risk factor.™”

A major CA crossed the RVOT in 4 patients, of
whom 3 died and 1 was well at 2 years of follow-up.
A major branch CA crossing the RVOT is of
particular importance, as this exposes the CA to
damage during a right ventriculotomy, as well as
postoperative compression from the conduit. >
Particular attention must be given to conduit posi-
tion so as to allow it to bridge over the anomalous CA
without causing compression.

This study demonstrated that a CAA carties signifi-
cant risk for death after repair of TA. Over the recent
decade (2003-2014}, a CAA did not emerge as = risk
factor for death. However, it must be noted that there
have only been 4 patients with CAA over this time,
with 1 early death, and importantly, none of these
patients had a CA that crossed the RVOT. Preoperative
multidetector computed tomography is helpful n
precise delineation of the coronary arteries.

TA Associated With IAA

Several studies demonstrated that patients with
TA and IAA have high mortality and reoperation
rate.””""" The Congenital Heart Surgeons Society
study reported on 50 patients with TA-TAA operated
between 1987 and 1997; 34 deaths occurred and the
overall survival rate in patients with TA-IAA was
31% ar 10 vears.” Purthermore, at 5 years afrer TA-
TAA repair, only 28% were alive without reoperation.
Russell et al” suggested thar TAA was the single
greatest risk factor for mortality in patients with TA.
The highest mortality rate in patients with TA-IAA
was in those with concomitant TV insufficiency, and
it approached 68%.”" In contrast to these reports,
our results with TA-IAA were favorable. The pres-
ence of an [AA was not a risk factor for mortality. We
have previously reported our experience with TA-
IAA, which described 2 early deaths in 16
patients 7 In this study, we report an additional
3 patients with TA-TAA, 2 of whom have survived
single-staged repair of the TA-IAA and were doing
very well. The third patient initially underwent repair
of the IAA, followed by TA repair 5 months later.
This patient has undergone 3 RV-to-PA conduit
replacements and has not needed any aortic arch
reoperations and was well at 31 years after initial TA
Tepair.

There is potential for recurrence of aortic arch
obstruction in patients with IAA. Aortic arch reop-
eration rate in the Congenital Heart Surgeons Society
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study was 13.2% (5/38). Brown et al™” reported that
23.1% of patients required aortic arch reoperation
after & mean of 29.1 months. We have previcusly
reported a freedom from aortic arch reoperation of
57.1% at 15 yearslg In this study, we observed
further improvement of freedom from aortic arch
reoperation to 68.8% at 20 years when compared
with our earlier study.™ Aortic arch repairs were
domne using the end-to-side technique in 79% (15/19)
of patients, which in our hands, carried low mortal-
ity and aortic arch reoperation rates.” " As previ-
ously described, we resect all ductal tssue and
extensively mobilize the descending aorta to ensure
a tension-free anastomosis. ™

TV Insufficiency

TV insufficiency oceurs in approximately 25% of
patients *>** Some suggested that TV insufficiency
was well tolerated and not associated with mortal-
ity.”*" However, others helieved that lack of TV
competence was a risk factor for death and was one
of the most imporant factors influencing early
outcomes, 2462527

Russell et al,” who reviewed 23 TV operations in
572 patients with TA who were operated between
2000 and 2009, concluded that despite the higher
early mortality in concomitant TA and TV repair
than in TA alone (30% vs 10%, respectively), failure
to address significant TV insufficiency was associated
with poor ourcomes. Others”'* have reported that
moderate-to-severe TV insufficiency was a risk factor
for mortality. We identified TV insufficiency in 77
patients (59 mild and 18 moderate-to-severe), 18 of
whom underwent concomitant TV repair during TA
repair. There were 2 patients without TV insuffi-
clency who underwent concornitant TV repair owing
to significant TV stenosis. Neither TV insufficiency
nor TV operation were risk for mortality.

Kaza et al’” performed concomitant truncal val-
vuloplasty in all patients with preoperative
moderate-to-severe TV insufficiency. They described
17 patients undergoing TV operation between 1995

and 2008 with no early deaths and 1 late death, and
only 5 of 17 patients required TV reoperarion.”” At
our institution, 18 patients had moderate-to-severe
TV insufficiency. Before 2000, of 8 patients with
moderate-to-severe TV insufficiency, 1 underwent
TV repair and died (early); 7 patents did not
undergo concomitant TV repair, 3 of whom sub-
sequently required late TV repair or replacement
with 1 late death. Of the remaining 4 patients, 2 died
(1 early death and 1 late death) and 2 had trivial TV
insufficiency at last follow-up. After 2000, 9 patients
underwent concomitant TV surgery, with 2 deaths (1
early death and 1 late death), and 1 patient did not.
Therefore, only 27.3% (3/18) of patients with inidal
moderate-to-severe TV insufficiency have survived
without TV operation. Although no statistical anal-
ysis is feasible because of small numbers, we
advocate TV surgery for TV insufficiency greater
than a moderate central jet.

Overall, the long-term outcomes of TV repair or
replacement have been good, with most patients
having none or wuivial TV insufficiency. However,
concomitant TV repair was assoclated with a high
reoperation rate, with 11 patients requiring TV
Teoperation.

LIMITATIONS

This study was [imited by its retrospective nature.
Perioperative techniques have varied during the
study period. Seme variables contained a relatively
small mumber of patients, thus limiting multivariate
analysis.

CONCLUSION

Following repair of TA, patients had good long-
term functional status but had high reoperation rate.
Repair of the TV and IAA was not a risk factor for
mortality. A CAA, low body weight, previous surgi-
cal intervention, and need for postoperative ECMO
were risk factors for early death. DiGeorge syndrome
was associated with late death, most commonly from
infection.
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Chapter 3: Truncus arteriosus repair: a 40-year multi-

centre perspective

3.1 Introduction

In the previous Chapter, it was shown that the long-term outcomes of
truncus arteriosus repair at The Royal Children’s Hospital are good. However,
given the small number of outcomes it is difficult to completely elucidate risk
factors for mortality and reoperation. I therefore extended the scope of review to
include paediatric centres in Queensland, Australia. An additional 66 patients
underwent truncus arteriosus repair at the Queensland Children’s Hospital
(formerly Lady Cilento Children’s Hospital), and The Prince Charles Hospital. To
our knowledge, this is the largest experience assessing the long-term outcomes of

truncus arteriosus repair.

During the study period of 1979 to 2018, 255 patients underwent truncus
arteriosus repair across the three centres in Australia. Early mortality was 13.3%
(34/255) and overall survival was 76.8% at 20 years. Consistent with our single
centre results, neither truncal valve insufficiency nor the presence of an
interrupted aortic arch were identified as risk factors for mortality. However,
neonatal surgery and low operative weight (less than 2.5kg) were found to be risk
factors for early mortality. This was an interesting finding given that worldwide
common practice nowadays is to operate early in the neonatal period. When
examining neonatal deaths closely, it was found that many of these patients had

significant concomitant defects or presented in a more critical state.

The presence of a coronary artery anomaly and the need for early
reoperation were both identified as risk factors for late mortality. Taken in
combination with our single centre report which found coronary artery anomalies
to be a significant risk factor for early mortality, I suggest that it is paramount the
ostia and epicardial course of the coronary arteries are clearly identified. It is clear
that coronary artery anomalies play a significant role in the successful outcome of

truncus arteriosus repair.
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Interestingly, this study demonstrated that most deaths - 82.5% (47/57) -
in fact occurred within the first year following repair. If a patient survives to 1 year
after repair, survival thereafter is excellent, with an estimated survival of 93.5%
at 20 years. This is an important prognostic factor and important information for

the patient’s family.
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3.2 Naimo PS, et al. ] Thorac Cardiovasc Surg. 2020

The following study has been accepted for publication in the Journal of

Thoracic and Cardiovascular Surgery.

3.2.1 Background

Truncus arteriosus is a rare and complex congenital cardiac anomaly
associated with significant morbidity and mortality. Previous studies have
reported an early mortality of 4 - 20%, depending on perioperative status and the
presence of concomitant anomalies (10-21, 31, 71). Long-term survival after
truncus arteriosus repair has been reported to be approximately 75% at 20 years
(10-21, 31, 71). While long-term functional outcomes are reportedly good, there
is a significant reoperation rate (10-21, 31, 71). There are few large cohort studies
adequately assessing the long-term outcomes of these complex patients. We
therefore sought to determine the long-term surgical outcomes of patients who
underwent truncus arteriosus repair at 3 Australian institutions with a similar

approach to truncus arteriosus repair.

3.2.2 Methods

Data were obtained by review of medical records from initial admission
until last cardiology follow-up at The Royal Children’s Hospital, Melbourne;
Queensland Children’s Hospital, Brisbane; and The Prince Charles Hospital,
Brisbane. The Royal Children’s Hospital Human Research Ethics Committee and
the Children’s Health Queensland Hospital and Health Service Research

Governance approved the current study.

Between 1979 and 2018, 255 consecutive patients underwent truncus
arteriosus repair and were included in the study. Patient characteristics are
summarised in Table 3.1. Twenty patients underwent surgical procedures prior

to truncus arteriosus repair. This included pulmonary artery banding (n=12),
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pulmonary artery reconstruction (n=4), major aortopulmonary collateral artery
ligation (n=3), modified Blalock-Taussig shunt (n=2), interrupted aortic arch
repair (n=2), and tracheoesophageal fistula repair (n=2). Most patients (16/20,
80%) who had prior surgical procedures presented before 1998. There were 78
patients who required admission to the intensive care unit prior to truncus
arteriosus repair, 2 of whom required extracorporeal membrane oxygenation

(ECMO).

Definitions

Early mortality and reoperation were defined as those occurring within 30
days of surgery, or prior to hospital discharge. All other deaths and reoperations
were considered late. A modified Van Praagh classification for truncus arteriosus

was used (29).

Data analysis

Data was analysed using STATA 14 (StataCorp LP, College Station, TX).
Continuous data are expressed as mean * standard deviation (range), whilst
skewed continuous data are expressed as median (range). Categorical data are
summarised as frequencies and percentages. Chi-squared, Student’s t-test, and
Mann-Whitney U test were used as appropriate. Univariable and multivariable
logistic regression, and Cox-proportional hazard modelling were used to
determine risk factors for mortality and reoperation. A step-wise forward
selection model was used to create the multivariable model. Variables were
selected based on significance in the univariable model to a threshold of p = 0.2,
and variables previously known to impact the outcome of interest. The likelihood
ratio test was used upon addition and subtraction of variables to assess benefit to
the model. With regard to Cox-proportional hazard modelling, the proportional
hazard assumption was tested and valid for the outcomes described. Kaplan-Meier
survival curves were used to analyse and plot time-related endpoints. Log-rank
test was used to compare survivor functions. Statistical significance was set at p <

0.05.
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Table 3.1. Characteristics of patients who underwent truncus

arteriosus repair (n=255)

Variable % (N)
Neonates 36.5% (93/255)
Male 54.5% (139/255)

Median age at repair

Median weight at repair

44 days (range 1 day to 8.7 years)
3.5kg (range 1.2kg to 23.0kg)

Classification
Type 1 61.6% (157/255)
Type 2 26.7% (68/255)
Type 3 11.0% (28/255)
Unspecified 0.8% (2/255)

Truncal valve anatomy

Bicuspid 10.6% (27/255)
Tricuspid 58.0% (148/255)
Quadricuspid 30.2% (77/255)
Truncal valve insufficiency
None 54.9% (140/255)
Mild 29.8% (76/255)
Moderate 11.8% (30/255)
Severe 2.4% (6/255)
Syndromes 21.2% (54/255)
DiGeorge Syndrome 15.3% (39/255)
Other Syndromes 4.7% (12/255)
Concomitant anomalies
ASD 32.5% (83/255)
PDA 21.2% (54/255)

Aortic arch obstruction

14.1% (36/255)

1AA 12.9% (33/255)
Type A 21.2% (7/33)
Type B 72.7% (24/33)
Type C 6.1% (2/33)

CoA 1.2% (3/255)

Coronary artery anomaly
MAPCA

AVSD

TAPVD

10.6% (27/255)
3.1% (8/255)
0.4% (1/255)
0.4% (1/255)

ASD, atrial septal defect; AVSD, atrioventricular septal defect; CoA,
coarctation of aorta; IAA, interrupted aortic arch; MAPCA, major
aortopulmonary collateral artery; PDA, patent ductus arteriosus; TAPVD,

total anomalous pulmonary venous drainage.
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3.2.3 Results

Median age at repair was 44 days (range 1 day to 8.7 years) and median
weight at repair was 3.5kg (range 1.2kg to 23.0kg). Median age at repair was 81.5
days (range 1 day to 8.7 years) between 1979 and 1988; 68.5 days (range 3 days
to 1.9 years) between 1989 and 1998; 31 days (range 2 days to 2.0 years) between
1999 and 2008; and 21 days (range 1 day to 3.1 years) between 2009 and 2018 (p
< 0.001). Surgery was performed via midline sternotomy with cardiopulmonary
bypass in all patients. The pulmonary arteries were detached from the truncus
arteriosus and continuity between the right ventricle and pulmonary artery was
established via a conduit (n=239) or direct anastomosis (n=16) of the main
pulmonary artery to the right ventricle, with or without a monocusp valve.
Concomitant cardiovascular surgery at truncus arteriosus repair included: atrial
septal defect closure in 93 patients; aortic arch reconstruction in 34 patients;
pulmonary artery reconstruction in 23 patients; coronary artery repair in 5
patients; major aortopulmonary collateral artery ligation in 4 patients; placement
of an aortopulmonary shunt in 1 patient; and total anomalous pulmonary venous
drainage repair in 1 patient; Median cardiopulmonary bypass time was 133min
(range 33min to 439min) and median aortic cross clamp time was 75min (range

31min to 263min).

Mortality

Early mortality was 13.3% (34/255). In the last 20 years, median age at
surgery decreased from 70.5 days (range 1 day to 8.7 years) between 1979 and
1998, to 26 days (range 2 days to 3.1 years) between 1999 and 2018 (p < 0.001).
Early mortality between 1979 and 1998 was 11.9% (15/126); and 14.7%
(19/129) between 1999 and 2018 (p = 0.507). Risk factors for early mortality are
summarised in Table 3.2. There was no difference in early mortality between

centres (18%, 12/67 vs. 12%, 22.188; p = 0.199).

There were 23 late deaths (10.4%, 23/221) and overall survival was 76.8
+ 2.9% (95% CI: 70.4, 81.9) at 20 years. Most deaths (82.5%, 47/57) occurred

within the first year following repair. If a patient survived to 1 year, survival
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thereafter was excellent with Kaplan-Meier survival of 93.5 + 2.2% (95% CI: 87.6,
96.7) at 20 years (Figure 3.1). Causes of death are presented in Table 3.3. The
rate of late deaths was not impacted by era of surgery, with 13 late deaths between
1979 and 1998, and 10 late deaths between 1999 and 2018 (p = 0.524). Risk

factors for overall mortality are summarised in Table 3.2.

Table 3.2. Risk factors for mortality following truncus arteriosus repair

Early Mortality

Variable Early Mortality (%) Univariable Multivariable-regression
OR(95%CI)  p-value OR(95% CI) p-value

Moderate TVI 20.0% (6/30) 1.8 (0.7,4.8) 0.238

Severe TVI 33.3% (2/6) 35(0.6,19.7)  0.161

AA obstruction 27.8% (10/36) 31(13,7.3)  0.008 1.7 (0.6,4.3) 0.299

Coronary anomaly 22.2% (6/27) 2.0 (0.8,5.5) 0.158

Preoperative ICU 20.5% (16/78) 23(1.1,4.7) 0.028

Neonate 23.7% (22/93) 3.9(1.8,8.3) <0.001 2.9(1.3,6.8) 0.012

Low weight (< 2.5kg) 41.2% (7/17) 55(1.9,156) 0.001  4.0(13,121)  0.013

TV surgery 18.2% (6/33) 1.5(0.6,41)  0.383

Overall Mortality

Variable Univariable Cox-proportional hazard
HR (95% CI)  p-value  HR (95% CI) p-value

AA obstruction 1.7 (0.8, 3.3) 0.142

Coronary anomaly 2.7 (1.3,54) 0.005 2.4 (1.2,4.9) 0.013

DiGeorge syndrome 1.1 (0.5,2.1) 0.870

Neonate 24(1.3,41) 0.002

Low weight (< 2.5kg) 39(18,83) <0.001 3.5(1.6,7.6) 0.001

TV surgery 1.3 (0.6,2.8) 0.468

Early reoperation 1.7 (0.9, 3.4) 0.103

AA, aortic arch; CI, confidence interval; HR, hazard ratio; ICU, intensive care unit; OR, odds ratio; TV, truncal

valve; TVI, truncal valve insufficiency
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Table 3.3. Causes of death following truncus arteriosus repair

Respiratory failure

Respiratory tract infection

Cardiac failure

Progressive pulmonary hypertension
Sudden cardiac arrest

Unknown infection

After one year

Acute respiratory failure secondary to infection
Unknown

Candida sepsis with T-cell lymphoma

Cardiac failure

Sudden cardiac arrest

Thromboembolism following catheterisation

Cause of death Number of patients

Early deaths 13.3% (34/255)
Cardiac failure 4.7% (12/255)
Myocardial ischaemia 1.6% (4/255)
Respiratory failure 1.6% (4/255)
Sepsis 1.2% (3/255)
Sudden cardiac arrest 1.2% (3/255)
Unable to wean from CPB 1.2% (3/255)
Unknown 0.8% (2/255)
Brain haemorrhage and respiratory failure 0.4% (1/255)
Exsanguination from conduit 0.4% (1/255)
Seizure disorder 0.4% (1/255)

Within one year 6.3% (14/221)
Unknown 2.3% (5/221)

1.4% (3/221)
0.9% (2/221)
0.5% (1/221)
0.5% (1/221)
0.5% (1/221)
0.5% (1/221)

4.8% (10/207)
1.4% (3/207)
0.9% (2/207)
0.5% (1/207)
0.5% (1/207)
0.5% (1/207)
0.5% (1/207)

CPB, cardiopulmonary bypass
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Neonatal Surgery

There were 93 neonates who underwent truncus arteriosus repair. The
proportion of neonates increased over time from 19% (24/126 - 23/110 from
Melbourne, 1/16 from Queensland) between 1979 and 1998, to 53% (68/128 -
40/77 from Melbourne, 28/51 from Queensland) between 1999 and 2018 (p <
0.001). There were no significant differences in neonatal volume between centres
over time (p = 0.163 between 1979 and 1988; p = 0.74 between 1999 and 2018).
The median age of neonates was 13 days (range 1 day to 28 days), while the
median age of older patients was 70.5 days (range 30 days to 8.7 years). Early
mortality in neonates was 23.7% (22/93) compared to 7.4% (12/162) in older
patients (p < 0.001). Neonatal surgery was a risk factor for early mortality on
multivariable analysis (OR 2.9, 95% CI: 1.3, 6.8, p = 0.012). The proportion of
neonates increased over the study period (Figure 3.2A) from 21% between
1979-1988, to 63% between 2009-2018 (p < 0.001), however the proportion of
neonatal early deaths (25%, 6/24 between 1979 and 1998 vs. 23%, 16/69
between 1999 to 2018) did not significantly change over time (p = 0.322). Overall
survival in neonates was 68.9 + 4.9% (95% CI: 58.2, 77.4) at 20 years, compared
to 82.2 £ 3.4% (95% CI: 74.4, 87.8) at 20 years in older patients (p = 0.002, Figure
3.2B).

Total deaths within one year was 38% (9/24) in neonates who underwent
truncus arteriosus repair in week one, 21% (6/29) in week two, 19% (5/27) in
week three, and 46% (6/13) in week four (Figure 3.3A). The highest proportion
of total deaths within one year occurred in neonates in week one and four, though
these did not reach statistical significance. A 10-year survival of neonates who
underwent surgery in the first week of life (n=24) was 60.9 + 10.2% (95% CI: 38.3,
77.4); in the second week of life (n=29) was 71.8 + 8.5% (95% CI: 51.5, 84.8); in
the third week of life (n=27) was 81.3 + 7.5% (95% CI: 60.8, 91.8); and in the
fourth week of life (n=13) was 53.9 * 13.8% (95% CI: 24.8, 76.0) (Figure 3.3B).
Both neonates in the first week (log-rank p =0.007), and fourth week (log-rank p

= 0.002) had worse survival than those operated in weeks two and three.

Neonates had a higher proportion of significant comorbidities, i.e., 1)

significant concomitant anomalies (moderate or greater truncal valve
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insufficiency, interrupted aortic arch, coronary artery anomaly, low operative
weight) and/or 2) requiring preoperative intensive care, when compared to older
patients (78%, 73/93 vs. 39%, 63/162, p < 0.001). Within the neonatal group,
significant comorbidities were present in 96% (23/24) who were underwent TA
repair in the first week of life, 76% (22/29) in the second week; 67% (18/27) in
the third week; and 77% (10/13) in the fourth week. Neonates in the first week
had a higher proportion of significant comorbidities as compared to weeks two to
four combined (96%, 23/24 vs. 72%, 50/69, p = 0.019). When including only
patients who only had significant concomitant anomalies (i.e. excluding those who
solely required intensive care and did not have concomitant anomalies), we
observed that significant concomitant anomalies were present in 92% (22/24) of
neonates in the first week; 62% (18/29) in the second week; 41% (11/27) in the
third week; and 31% (4/13) in the fourth week. Neonates who required TA repair
in the first week of life had a higher proportion of significant concomitant
anomalies than those who had repair in week two (p = 0.001), week three (p <
0.001), and week four (p < 0.001). Furthermore, neonates in week four had the
highest proportion of patients solely requiring intensive care for management of
heart failure (46%, 6/13) which was statistically significant compared to week
one (4%, 1/24; p = 0.004) and week two (14%, 4/29; p = 0.045), but not
statistically different to week three (26%, 7/27; p = 0.28). Additionally, neonates
in week four appeared to have more intensive care admissions for the
management of heart failure than the following 8 weeks of life (46%, 6/13 vs.

20%, 19/93; p = 0.074).
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Truncus arteriosus

Mortality

« Operative mortality: 13.3% (34/255)
Late mortality: 10.4% (23/221)

82.5% of all deaths
occurred within the first year

Risk factors for death
» Neonatal surgery
+ Low operative weight
« Coronary artery anomalies

Survival after one year
« Excellent survival if alive at one year

93.5% at 20 years

Survival (%)

0 5 10 15 20
Time (years)

* High reoperation rate

Figure 3.1. Outcomes following truncus arteriosus repair. Risk factors for mortality and

Kaplan-Meier survival given survival to the first year after repair.
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Figure 3.2. Early mortality over time and Kaplan-Meier overall survival in neonates versus
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Figure 3.3. Kaplan-Meier overall survival in neonates by week of truncus arteriosus repair.
A) Age in weeks at the time of truncus arteriosus repair (total patients, blue) with the number of
early deaths (red) and one-year deaths (yellow) on the primary axis. Percentage of one-year deaths
(vellow line) on secondary axis. B) Kaplan-Meier overall survival of neonates by week of truncus
arteriosus repair. Neonates aged 0 to 7 days (blue), survival 60.9 + 10.2% (95% Cl: 38.3, 77.4) at
10 years; neonates aged 8 to 14 days (green), survival 71.8 + 8.5% (95% CI: 51.5,84.8) at 10 years;
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neonates aged 15 to 21 days (red), survival 81.3 £ 7.5% (95% CI: 60.8, 91.8); and neonates aged
22 to 28 days (purple) survival 53.9 + 13.8% (95% CI: 24.8, 76.0) at 10 years.

Coronary artery anomalies

There were 27 patients identified with a coronary artery anomaly. The
most common coronary artery anomaly was a single coronary artery in 14
patients (single left coronary artery, n=8; single right coronary artery, n=6), of
whom 7 had a major branch crossing the right ventricular outflow tract. Five
patients had an intramural coronary artery, 3 had slit-like coronary ostia, and 2
had a coronary artery arising from the pulmonary artery. Of the 27 patients
identified with a coronary artery anomaly, only 12 were noted on preoperative
transthoracic echocardiogram. Five patients underwent repair of their anomalous
coronary artery which included unroofing of an intramural coronary artery in 4
patients, and reimplantation of a coronary artery from the pulmonary artery in 1
patient. Three patients required early reoperation for unroofing of an anomalous
coronary artery. In patients with a coronary artery anomaly, there were 6 early
deaths (22.2%, 6/27) and 4 late deaths (19.0%, 4/21). Overall survival was 39.6
*+ 15.6% (95% CI: 11.8, 66.9) at 20 years in patients with a coronary artery
anomaly, compared to 78.4 * 3.1% (95% CI: 71.6, 83.8) at 20 years in patients
without a coronary artery anomaly (p = 0.004) (Figure 3.4). Ofthe 10 deaths, 40%
(4/10) had a major coronary artery branch crossing the right ventricular outflow
tract. The presence of a coronary artery anomaly was identified as a risk factor for
late mortality on Cox regression (HR 3.7, 95% CI: 1.2, 11.2, p = 0.019). Fourteen

neonates had a coronary artery anomaly with 4 deaths (all early).

45



Truncus arteriosus repair: a 40-year multi-center perspective

g - et .ll ---------
© i
2 .
Z 4
5 =
o i
T 40
g
o
20 i
=0.004
0 P
0 5 10 15 20 25
Number at risk Time (years)
No coronary anomaly: 288 160 129 99 77 46
Coronary anomaly: 27 9 8 5 2
= No coronary anomaly == Coronary anomaly

Figure 3.4. Kaplan-Meier overall survival in patients with (red) and without (blue) a
coronary artery anomaly. Coronary artery anomalies include a single coronary artery, major
coronary artery crossing the right ventricular outflow tract, intramural coronary artery, slit-like
coronary ostia, or a coronary artery arising from the pulmonary artery. Solid line represents

overall survival, dashed lines represents 95% confidence interval. P-valve represents log-rank

testing.
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Reoperation

A total of 175 patients have required at least 1 reoperation with overall
freedom of reoperation of 2.9 + 1.5% (95% CI: 0.9, 7.1) at 20 years. Early
reoperation was required in 34 patients (13.3%, 34/255). Early reoperative
procedures are summarised in Table 3.4. Risk factors for reoperation are
summarised in Table 3.5. Neonatal surgery was a risk factor for early reoperation
on multivariable analysis (OR 4.2,95% CI: 1.9, 9.1, p < 0.001). Freedom from any
reoperation in neonates was 39.9 + 6.2% (95% CI: 27.7, 51.8) at 5 years and 21.2
+ 6.0% (95% CI: 10.9, 33.7) at 10 years, compared to 50.8 + 4.4% (95% CI: 41.9,
59.0) at 5 years, and 22.2 + 3.8% (95% Cl: 15.2,29.9) at 10 years in older patients.
There was no significant difference in freedom from reoperation between

neonates and older patients (p = 0.087).

During the follow-up period, 45 patients had percutaneous transcatheter
reinterventions including pulmonary artery dilation in 36 patients, Melody
(Medtronic, Minneapolis, MN) pulmonary valve insertion in 4 patients, aortic arch
dilation in 2 patients, coiling of major aorticopulmonary collateral arteries in 1

patient, PFO closure in 1 patient, and superior vena cava dilation in 1 patient.

Right ventricular outflow tract

Continuity between the right ventricle and pulmonary artery was
established using a conduit in 239 patients and direct right ventricle to pulmonary
artery anastomosis in 16 patients. The median conduit size was 12mm (range

5mm to 20mm).

There have been 231 right ventricular outflow tract reoperations in 159
patients. Of these reoperations, 64 patients have had at least 2 conduit
replacements, and 8 have had 3 conduit replacements. Median time to right
ventricular outflow tract reoperation was 4.3 years (range 7 days to 18.3 years).
Freedom from right ventricular outflow tract reoperation was 25.4 + 3.4% (95%
Cl: 19.0,32.3) at 10 years, and 3.4 + 1.8% (95% CI: 3.1, 11.8) at 20 years. Freedom
from right ventricular outflow tract reoperation was 54.2 * 6.6% at 5 years, and

28.5 + 6.7% at 10 years compared to 55.5 * 4.4% at 5 years, 23.7 £ 3.9% at 10
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years in older patients. There was no significant difference in freedom from right
ventricular outflow tract reoperation between neonates and older patients (log-
rank p = 0.98). There was no early mortality following right ventricular outflow
tract reoperation. DiGeorge syndrome (HR 1.9, 95% CI: 1.2, 2.8, p = 0.005), use of
a Hancock conduit (HR 2.3,95% CI: 1.6, 3.4, p < 0.001), and conduit size (HR 0.91,
95% CI: 0.85, 0.97, p = 0.006) were identified as a risk factor for right ventricular
outflow tract reoperation on Cox regression analysis. Seven patients who
underwent direct right ventricle to pulmonary artery anastomosis required
reoperation with conduit placement at a median time of 1.4 years (range 8 days to
8.8 years). There was no difference in median time to reoperation between direct
anastomosis and conduit placement (p = 0.116). Freedom from right ventricular
outflow tract reoperation in patients who underwent direct anastomosis was 35.2
*+ 15.4% (95% CI: 9.3, 63.3) at 10 years (p = 0.274, when compared to conduit

patients).

Truncal valve

The truncal valve anatomy is summarised in Table 3.1. Overall mortality
at 20 years was 79.5 £ 3.7% (95% CI: 71.2, 85.7) in patients with no truncal valve
insufficiency; 76.8 + 5.4% (95% CI: 64.1, 85.6) with mild insufficiency; 76.9 + 8.3%
(95% CI: 55.4, 88.9) with moderate insufficiency; and 22.2 + 19.3 % (95% CI: 1.0,
61.5) at 10 years with severe insufficiency. The degree of truncal valve

insufficiency was not associated with mortality (Table 3.2).

Concomitant truncal valve surgery was undertaken in 33 patients (truncal
valve repair, n=31; truncal valve replacement, n=2) - including 20 neonates.
Concomitant truncal valve surgery was undertaken in 3 patients with no
insufficiency, 7 with mild insufficiency, 17 with moderate insufficiency, and 6 with
severe insufficiency. Of the 3 patients with no truncal insufficiency on initial
preoperative transthoracic echocardiogram: 2 had moderate-severe truncal valve
stenosis which was addressed at the time of truncus repair, while 1 patient

required resuspension of truncal commissures to facilitate unroofing of an
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intramural coronary artery. Of the 7 patients with mild insufficiency on initial
preoperative transthoracic echocardiogram: 4 were deemed to have at least
moderate insufficiency on subsequent imaging, 2 had large myxoid nodules on the
valve leaflets which were deemed problematic, and 1 had moderate truncal valve
stenosis. Overall survival at 20 years in patients who underwent concomitant
truncal valve surgery was 74.3 = 7.9% (95% CI: 55.0, 86.2) compared to 77.4
3.1% (95% CI: 70.6, 82.8) without concomitant truncal valve surgery (p = 0.467).

Overall freedom from late truncal valve surgery (including truncal valve
reoperation) was 79.3 * 3.3% (95% CI: 71.9, 85.0) at 20 years. Concomitant
truncal valve surgery was identified as a risk factor for late truncal valve surgery
(HR 6.5, 95% CI: 3.1, 13.3, p < 0.001). Sixteen patients underwent truncal valve
reoperation at median time of 2.6 years (range 1 day to 17.8 years). Freedom from

truncal valve reoperation was 27.5 + 11.2% (95% CI: 9.0, 49.9) at 20 years.

Of the 222 patients who did not require concomitant truncal valve surgery,
20 have required late truncal valve surgery. Freedom from late truncal valve
surgery was 86.3 = 3.0% (95% CI: 79.1%, 91.2) at 20 years. Of these 20 patients,
9 had a quadricuspid truncal valve, 6 of whom initially had mild insufficiency, and
3 had moderate insufficiency. Interestingly, freedom from late truncal valve
surgery at 20 years in patients with a quadricuspid truncal valve was 73.9 + 7.8%
(95% CI: 55.1, 85.8) compared to 90.3 + 3.0% (95% CI: 82.3, 94.8) without a
quadricuspid valve (p = 0.023) (Figure 3.5). Atlast follow-up 89.5% (171/191) of
surviving patients had none or mild truncal insufficiency, while 6.3% (12/191)
had moderate or severe truncal insufficiency. Follow-up truncal valve data was
unavailable in 8 patients. There were no patients who had an aortic dissection or
aortic rupture over the study period, however 2 patients had a dilated truncal root

requiring repair.
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Table 3.4. Reoperative procedures

Reoperative procedure

Number of patients*

Early reoperations

Right ventricular outflow tract reconstruction

Residual ventricular septal defect closure
Aortic arch reconstruction

Branch pulmonary artery reconstruction
Coronary artery unroofing

Truncal valve replacement

Bidirectional cavopulmonary shunt

Interposition graft to aorta to relieve bronchial obstruction

Laparotomy
Aortic root repair
Pulmonary embolectomy

Replacement of superior vena cava and innominate vein due to

obstruction

Vascular ring division

All reoperations

Right ventricular outflow tract reconstruction

Branch PA reconstruction
Truncal valve reoperation
Truncal valve repair
Truncal valve replacement
Right ventricular outflow tract myectomy
Residual ventricular septal defect closure
Aortic arch reconstruction
Left ventricular outflow tract repair
Aortic root repair
Coronary artery unroofing
Laparotomy
Bidirectional cavopulmonary shunt
ASD closure
Cardiac transplant
Excision of supra-mitral ring
PAPVC repair
Pulmonary embolectomy

Replacement of superior vena cava and innominate vein due to

obstruction

Tricuspid annuloplasty
Vascular ring division
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*patients may have undergone a combination of procedures outlined
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Table 3.5. Risk factors for reoperation following truncus arteriosus repair

Early Reoperation

Variable Univariate Multivariate-regression
OR (95% CI) p-value OR (95% CI) p-value

Severe TVI 6.9 (1.3,35.9) 0.021 4.1 (0.7,22.6) 0.105

AA obstruction 2.1(09,5.1) 0.096

Neonate 4.5(2.1,9.8) <0.001 4.2(1.9,9.1) <0.001

Preoperative ICU 1.1 (0.5,2.4) 0.810

TV surgery 0.9 (0.3,2.7) 0.826

Right ventricular outflow tract reoperation

Variable Univariate Cox-proportional hazard
HR (95% CI) p-value HR (95% CI) p-value

Neonate 1.0 (0.7, 1.4) 0.906

DiGeorge syndrome 1.5 (1.0,2.2) 0.067 1.9 (1.2,2.8) 0.005

Direct anastomosis 0.7 (0.3,1.4) 0.277

Hancock conduit 1.9 (1.4,2.8) <0.001 2.3 (1.6,3.4) <0.001

Conduit size 0.9 (0.9,1.0) 0.044 0.9 (0.9,1.0) 0.006

Truncal valve reoperation

Variable Univariate Cox-proportional hazard
HR (95% CI) p-value HR (95% CI) p-value
Tricuspid TV 0.3 (0.1, 0.6) <0.001
Quadricuspid TV 3.4 (1.7,6.5) <0.001
Quadricuspid TV and
10.4 (5.0,21.4) <0.001 2.4 (0.9,6.8) 0.088
greater than moderate TVI
No TVR 0.2 (0.1,0.4) <0.001 0.3 (0.1,0.7) 0.009
Moderate TVI 9.9 (4.5, 20.3) <0.001
Severe TVI 33.9 (9.0,127.9) <0.001
Neonate 2.5(1.3,4.9) 0.007
TV surgery 8.5 (4.3,16.8) <0.001 29(1.1,7.7) 0.037

AA, aortic arch; CI, confidence interval; HR, hazard ratio; ICU, intensive care unit; OR, odds ratio; TV, truncal

valve; TVI, truncal valve insufficiency
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Follow-up status

Follow-up was 96% (191/198) complete for survivors. Seven patients
were lost to any follow-up. Median follow-up time was 16.4 years (range 6 months
to 38.1 years). At last follow-up, 190 patients were in New York Heart Association
Class I/11, while 1 patient was in Class III. Right ventricular function was normal
in 59.7% (114/191) of patients, mildly reduced in 12.0% (23/191), and
moderately reduced in 1.6% (3/191).
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Figure 3.5. Freedom from late truncal valve surgery in patients with and without a
quadricuspid truncal valve. Solid lines represents freedom from truncal valve surgery, dashed

lines represents 95% confidence interval. P-valve represents log-rank testing.

3.2.4 Discussion

Herein, we present our experience of truncus arteriosus repair spanning 4
decades. Despite a 40-year period, there was no impact of era on mortality or
reoperation. Neonatal surgery was identified as risk factor for early mortality with
a neonatal mortality of 23.7% compared to 7.4% in older patients. There was a

total of 93 neonates who underwent truncus arteriosus repair, and while the
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proportion of neonates increased over the study period, their early mortality
remained unchanged. Neonatal surgery has become common practice in patients
with truncus arteriosus. However, neonatal surgery is not without its challenges,
particularly in patients with complex concomitant cardiac anomalies. When
closely examining the 22 early deaths amongst neonates in this study, 6 patients
had moderate or severe truncal insufficiency (2 patients < 2.5kg); 6 had aortic arch
obstruction (2 patients < 2.5kg); and 4 had a coronary artery anomaly.
Interestingly, when analysing neonates with respect to their week of operation,
we found that neonates operated in the first and fourth week of life had
significantly worse survival than those operated in weeks two or three. Neonates
in the first week tended to present in a more critical state, often requiring
admission to the intensive care unit for support, or had significant comorbidities
including moderate to severe truncal valve insufficiency, aortic arch obstruction,
coronary artery anomalies, or were low in weight. In fact, 92% - all but 2 of the 24
neonates - who were operated in the first week of life had significant concomitant
anomaly, whereas significant concomitant anomalies were present in 62%
(18/29) of neonates in the second week; 41% (11/27) in the third week; and 31%
(4/13) in the fourth week This is an interesting finding given that these
concomitant anomalies taken in isolation were not found to be risk factors for
mortality, however, when combined in the ‘neonatal’ sub-group of patients,
neonatal surgery per se became a risk factor for mortality. Thus, neonatal surgery
may be a surrogate risk factor for these previously reported higher risk patients.
Clearly, neonates emergently requiring surgery in the first days of life are in a
more critical state that places them at higher risk of a poor outcome. Furthermore,
neonates who underwent repair during the fourth week of life had the highest
proportion of patients who solely required admission to the intensive care unit for
management of heart failure and did not have any significant concomitant
anomalies. This suggests that those neonates who were operated in week four
had over-circulation and worsening heart failure over time. The neonates
operated during the fourth week of life had the highest mortality during the first
year of life (Figure 3.3B). Importantly, there also appeared to be fewer
admissions to the intensive care unit solely for the management of heart failure

beyond the fourth week. Although the number of admissions to the intensive care

53



Truncus arteriosus repair: a 40-year multi-center perspective

unit solely for heart failure management in weeks three and four did not reach
statistical significance, likely due to the relatively small amount of patients, almost
twice as many neonates were admitted to intensive care for heart failure
management in week four as compared to week three. Collectively, this indicates
that any neonate with signs of over circulation be operated on as soon as possible.
Those who have survived beyond the neonatal period and have presented late in
their clinical course, may have been ‘naturally selected’ to survive (in some cases

up to 8 years).

Most deaths (14 of 23 late deaths) in our cohort occurred within the first
year following repair, which is similar to previous studies (20, 30, 31, 69, 77, 94,
98). Rajasinghe and colleagues (30) reported that 57% (13/23) of their late deaths
occurred within the first year after repair. Similarly, Tlaskal and colleagues (20)
reported that 88% (7/8) of late deaths occurred within the first year.
Unfortunately, there were no salient features in these patients that we have
observed that may indicate risk of one-year mortality. Given the high proportion
of deaths within the first year, truncus arteriosus patients should have more
intensive follow-up during this time period. Survival beyond the first year is

associated with excellent outcomes.

Of the 10 deaths in patients with a coronary artery anomaly, 4 occurred in
patients with a major branch coronary artery crossing the right ventricular
outflow tract which may have resulted from compression of the coronary artery.
While the reason for these deaths cannot be definitively explored, it could
potentially have results from compression of the branch coronary artery by the
overlying conduit. The presence of a coronary artery anomaly has been reported
to be arisk factor for mortality (13, 14, 31,47, 49, 50, 96). Schreiber and colleagues
(96) reported on 13 patients with a coronary artery anomaly and concluded that
the presence of a coronary artery anomaly was associated with poorer surgical
outcomes related to compression or distortion of the anomalous coronary artery.
While coronary artery anomalies have been reported to be present in 5 - 20% of
patients with truncus arteriosus it is difficult to ascertain the precise incidence of
this anomaly. It is not uncommon for a coronary artery anomaly to be missed on

preoperative echocardiogram in patients with truncus arteriosus. In fact, of the 27
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patients in the current study with a coronary artery anomaly, only 12 were
identified on preoperative echocardiogram. The remaining coronary artery
anomalies were discovered intraoperatively. Thus, without clear delineation of
both the coronary ostia, and epicardial course, many of these anomalies may well
be missed entirely. Due to the importance of the coronary arteries, it is imperative
that the coronary anatomy be clearly noted both with respect to its origin and
epicardial course, as a major branch crossing the right ventricular outflow tract
may become compromised at right ventriculotomy; due to compression by an

overlying conduit; or distorted by a large truncal root (47, 49).

Truncal valve insufficiency was present in 43.9% of patients. Mild
insufficiency is often well tolerated and not associated with mortality, while
moderate or severe insufficiency has been reported to be a risk factor for death
(15,20, 71, 85,90, 95). Neither the degree of insufficiency nor concomitant truncal
valve surgery was risk factors for death in our cohort. Russell and colleagues (42),
reported on 23 truncal valve operations in 572 patients operated between 2000
and 2009, concluding that failure to address significant truncal valve insufficiency
was associated with poor outcomes. We report 30 patients with moderate
insufficiency, and 6 with severe insufficiency, with a total of 33 patients
undergoing concomitant truncal valve surgery. Of 6 patients with severe
insufficiency, all underwent concomitant truncal valve surgery, with 4 deaths (2
early, 2 late), and 4 truncal valve reoperations at median time 50 days. Of the
patients with moderate insufficiency, 17 underwent concomitant truncal valve
surgery, with 2 deaths (early), and 8 truncal valve reoperations at median time 2.6
years. In the remaining 13 patients with moderate insufficiency who did not have
concomitant truncal valve surgery, 5 have required late truncal valve surgery,
while 5 have died before any intervention. Thus, only 3 patients with initial
moderate insufficiency are currently alive without any intervention. Therefore,
we would recommend that patients with moderate or greater insufficiency
undergo truncal valve surgery at the time of truncus arteriosus repair. While the
durability of repair remains questionable, it is preferable over replacement during

the neonatal period.
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Despite the high - albeit expected - reoperation rates, the long-term
outcomes of truncus arteriosus patients are good for those who survived beyond
1 year after initial surgery. Importantly, all but one patient was in New York Heart
Association Class I/II. The fate of the truncal valve is good in patients with mild
insufficiency, while those with moderate or greater insufficiency often required

valve repair, particularly those with a quadricuspid truncal valve.

Limitations

This study was limited by its retrospective nature. Perioperative
techniques have varied during the study period. Some outcome variables
contained a relatively small number of patients, thus limiting multivariate
analysis. Syndrome diagnoses early in the study period were limited due to lack of
definitive testing at the time. Coronary artery anomalies may be under-

represented as many are only noted on intraoperative reports.

Conclusion

Truncus arteriosus repair in the neonatal period still presents significant
surgical challenges. Neonates with signs of over-circulation should be operated on
promptly. The presence of a coronary artery anomaly is a risk factor for late death.
Survival beyond the first year following repair is associated with excellent

outcomes.
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Chapter 4: Rare association of an intramural coronary

artery and truncus arteriosus

41 Introduction

In the previous Chapters, [ have shown that coronary artery anomalies play
an important role in the outcomes of truncus arteriosus. It was shown that an
anomalous coronary artery - be it either abnormal origin, or epicardial course -
can impact both early and late mortality. While it has been postulated that patients
with an anomalous coronary artery crossing the right ventricular outflow tract are
most at risk by compression of the overlying conduit, it is difficult to definitively

attribute risk due to the small number of overall patients.

An often-overlooked coronary artery anomaly in patients with truncus
arteriosus is an intramural coronary artery. The incidence of an intramural
coronary artery has been reported to be up to 15% (99). However, many of these
anomalies are initially missed on preoperative imaging and are often diagnosed
intraoperatively. Taken in combination with the retrospective nature of many
studies on truncus arteriosus, many intramural coronary arteries may in fact be
missed entirely. Proper identification of this concomitant anomaly is important
given the risk for myocardial ischaemia and death. The following Chapter aims to
assess the documented incidence of truncus arteriosus and an intramural
coronary artery at The Royal Children’s Hospital, and review its surgical

management.

Between 1996 and 2018, there were 99 patients with truncus arteriosus at
The Royal Children’s Hospital. Seven patients had a concomitant intramural
coronary artery. Interestingly, only 3 patients had their intramural coronary
artery identified on preoperative transthoracic echocardiogram, while the

remaining 4 patients were identified intraoperatively.

Given the small number of patients and outcomes, no definitive

recommendations can be draw from this review. However, given the potential for
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serious complications patients with truncus arteriosus and an intramural

coronary artery may benefit from a coronary unroofing procedure.
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4.2 Naimo PS, et al. Heart Lung Circ. 2020

The following study has been submitted to Heart, Lung & Circulation and is

currently under review.

4.2.1 Background

Truncus arteriosus with an anomalous coronary artery has previously
been shown to be a risk factor for death (13, 14, 31, 96). However, the true
incidence of concomitant coronary artery anomalies is unknown. Rarely, patients
with truncus arteriosus may have an intramural coronary artery, which may
increase the risk of myocardial ischaemia. Herein, we describe our experience

with truncus arteriosus and a concomitant intramural coronary artery.

4.2.2 Methods

The Human Research Ethics Committee at The Royal Children’s Hospital
approved the current study. Between 1996 and 2018 there were 99 patients with
truncus arteriosus. Seven patients (7%,7/99) had truncus arteriosus and an
intramural coronary artery and are the focus of this report. Patient characteristics
and outcomes are summarized in Table 4.1. Three patients had their intramural
coronary artery identified on preoperative transthoracic echocardiogram. The

remaining 4 patients were diagnosed intraoperatively.

4.2.3 Case Series

There were 4 patients who underwent concomitant unroofing of their
intramural coronary artery. In 2015, a 39-day old female weighing 1.9kg
underwent truncus arteriosus repair and concomitant left coronary artery (LCA)
unroofing and truncal valve commissurotomy to facilitate the unroofing. On

postoperative day (POD) 7, she suffered a cardiac arrest and was emergently
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placed on ECMO. She subsequently underwent reoperation, and it was found that
there was no flow in her left coronary artery (Figure 4.1A and 4.1B) and had redo
unroofing and reimplantation of the LCA, as well as thrombectomy from the LCA
neo-ostium (Figure 4.2A and 4.2B). She recovered well and was discharged from
hospital. Unfortunately, she had persistent severe LV hypertrophy. Approximately
5 months later, she had a sudden cardiac arrest and died. In 2016, a 27-day old
male weighing 3.1kg underwent truncus arteriosus repair and concomitant LCA
unroofing. During the postoperative period he developed thrombus and
subsequent obstruction of his SVC and innominate vein. He subsequently
underwent replacement of his SVC and innominate vein 1 month after truncus
repair. He is alive and well at 2.7 years. In 2017, a 12-day old male weighing 3.2kg
underwent truncus arteriosus repair and concomitant LCA unroofing. The patient
is alive and well at 1.3 years. In 2018, a 4-day old female weighing 3.0kg
underwent truncus arteriosus repair and concomitant LCA unroofing and
tricuspidization of a quadricuspid truncal valve with resection of a rudimentary
cusp and reduction of the truncal annulus. She recovered well, was discharged

from the hospital and is currently well at 1 year.

Three patients (in 1996, 1998, and 2012) with an intramural coronary
artery underwent truncus arteriosus repair without any coronary intervention. In
2012, a 28-day old male weighing 3.7kg underwent truncus arteriosus repair. On
POD 1 he suffered a cardiac arrest and was emergently placed on ECMO. He
subsequently underwent reoperation for unroofing of his intramural coronary
artery. He recovered well, was discharged from the hospital, and is currently well
at 6.6 years. The remaining 2 patients are currently well, without requiring any

coronary artery interventions at 17.9 and 20.1 years.
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Table 4.1. Patient characteristics of patients with truncus arteriosus and an intramural coronary

artery

Age Weight Intramural TV Concomitant
Patient Year . . Reoperation Follow-up status
(days) (kg) coronary insufficiency surgery
RVOT conduit and TV
1 1996 164 5.6 LCA None PA reconstruction replacement at 12.9 years Alive at 18.9 years
2 1998 17 3.5 RCA None Nil RVOT conduit at 4.5 years Alive at 20.1 years
Unroofing LCA at 1 day following
3 2012 28 3.7 LCA None Nil cardiac arrest and ECMO Alive at 6.7 years
Unroofing LCA and Redo unroofing, removal of
TV commissurotomy  thrombus, and reimplantation of
4 2015 39 19 LCA None to facilitate unroofing LCA at 7 days Late death at 5 months
Replacement of SVC and
innominate vein due to
5 2016 27 3.1 LCA None Unroofing of LCA obstruction at 1 month Alive at 2.7 years
6 2017 12 3.2 LCA Mild Unroofing LCA Nil Alive at 1.3 years
Unroofing LCA and
tricuspidization of . .
7 2018 4 3.0 LCA Moderate Nil Alive at 1 year

quadricuspid TV

ECMO, extracorporeal membrane oxygenation; LCA, left coronary artery; PA, pulmonary artery; RCA, right coronary artery; RVOT, right ventricular outflow tract; SVC,

superior vena cava; TV, truncal valve
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Figure 4.1. Epicardial echocardiogram of a 45-day old girl weighing 1.9kg with an intramural left
coronary artery at reoperation before coronary artery unroofing following previous truncus
arteriosus repair. A and B: occluded left coronary artery with no flow seen in the proximal left anterior

descending artery.
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Figure 4.2. Epicardial echocardiogram of a 45-day old girl weighing 1.9kg with an intramural
coronary artery at reoperation after coronary artery unroofing following previous truncus
arteriosus repair. A: widely patent neo-ostium of the left main coronary artery following unroofing. B:
excellent flow into the proximal left main coronary artery following large segment of unroofing and

removal of thrombus.
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4.2.4 Discussion

The true incidence of an intramural coronary artery in truncus arteriosus is
unknown. Coronary artery anomalies in truncus arteriosus have been reported to range
between 10 - 20% (13, 14, 31, 49, 50, 96, 99). A recent study by Patrick and colleagues
(99) reported an intramural coronary artery was present in 15% of their patients. An
abnormal coronary artery may not necessarily be visualised on preoperative
echocardiography; thus, it is important for both coronary arteries to be visualized and
inspected intraoperatively. Although rare, a truncus arteriosus with an intramural
coronary artery may increase the risk of myocardial ischemia and sudden death. In
neonates or infants, signs and symptoms of ischemia may be difficult to appreciate.
Myocardial ischaemia may be caused by compression of the intramural segment; the

acute angle of take-off, leaving it vulnerable to kinking; or the presence of an ostial ridge.

Surgical management of an intramural coronary artery in patients with truncus
arteriosus involves unroofing of the intramural segment and forming a neo-ostium.
However, the intramural segment may course behind the truncal valve commissure and
thus may need to be reconstructed or resuspended to facilitate unroofing (100). One
patient who did not undergo unroofing of the intramural segment suffered a cardiac
arrest on postoperative day 1 and was emergently placed on ECMO and required

reoperation for coronary unroofing.

Given the potential for serious postoperative complications, patients with
truncus arteriosus and an intramural coronary artery may benefit from coronary

unroofing with creation of a generous neo-ostium.
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Chapter 5. Long-term outcomes following repair of

truncus arteriosus and interrupted aortic arch

5.1 Introduction

Concomitant interrupted aortic arch has previously been reported to be a
risk factor for death (32,37, 70, 101). McCrindle and colleagues (43) reported that
the outcomes of truncus arteriosus and concomitant interrupted aortic arch are
worse than interrupted aortic arch alone. The largest multi-institutional study to
date, which was published by the Congenital Heart Surgeons’ Society (32),
described 50 patients with truncus arteriosus and interrupted aortic arch
between 1987 and 1997 with 34 deaths, and an overall survival in truncus
arteriosus and interrupted aortic arch patients of 31% at 10 years (32). While
concomitant interrupted aortic arch adds significant complexity, many single
centre studies associating interrupted aortic arch and mortality have been from
the 1990s. More contemporary studies may have mitigated the risk of mortality
likely due to improved operative techniques and perioperative management of

these complex patients.

To evaluate the surgical management and long-term outcomes of patients
with truncus arteriosus and concomitant interrupted aortic arch, I conducted a
review of all patients at The Royal Children’s Hospital between 1979 and 2018.
During this period, there were 24 patients with truncus arteriosus and

concomitant interrupted aortic arch.

[ found that despite the increased complexity of surgical repair, there was
no increase in mortality. Most patients underwent end-to-side repair of their
aortic arch via direct anastomosis without the use of a patch. Reoperation rates on
the aortic arch are high, with 25% (6/24) of patients requiring reoperation.

Freedom from aortic reoperation was 69% at 20 years.
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Key question

What are the long-term outcomes of truncus
arteriosus and interrupted aortic arch repair?

|

Key finding(s)

Truncus arteriosus with interrupted aortic arch
—Truncus arteriosus without interrupted aortic arch

No late deaths; good long-term functional state;
higher rate of reoperation in patients
with interrupted aortic arch. 01 ks

Freedam from reoperation (%)

0
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Time (years]
Number at risk

Ta ke-home message Truneus arteriosus with interrupted aortic arch

Truncus arteriosus without interrupted sortic arch
163 52 25 3 3

Although the long-term functional outcomes
following repair are good, reoperation rates are high.

Abstract
OBJECTIVES: We aim fo evaluate the long-term cutcomes following repair of truncus arteriosus with an interrupted aortic arch.

METHODS: We reviewed all children (n=24) who underwent repair of truncus arteriosus and an interrupted aortic arch between 1979
and 2018 in a single institution. The morphology of the interrupted aortic arch was type Ain 5, type Bin 18 and type Cin 1.

RESULTS: The median age at repair was 10days and the median weight was 3.1 kg. Direct end-fo-side anastomosis of the ascending and
descending aorta was performed in 16 patients (67%, 16/24), patch augmentation in 5 patients (21%, 5/24) and direct anastomosis with
the use of an interposition graft to the descending aorta in 2 patients (8%, 2/24). One patient, the first in the series, underwent interrupted
aortic arch repair via subclavian flap aortoplasty prior to fruncus repair. A period of deep hypothermic circulatory arrest was used in 16

©The Author(s} 2019. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All vights reserved
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patients, and isolated cerebral perfusion was used in 8 patients. The early mortality rate was 17% (4 out of 24 patients). There were no late
deaths and overall survival was 83 £ 8% [95% confidence interval (Cl) 61-93] at 20years. Freedom from any reoperation was 33 = 11% (95%
Cl 14-54) at Syears and 13 £ 9% (95% Cl 2-34) at 10 years. Six patients underwent 10 aortic reoperations. Freedom from aortic arch reop-
eration was 69 = 11% (95% Cl 42-85) at 10 and 20 years. Follow-up was 95% complete (19/20), with a median follow-up time of 20 years.
At last follow-up, no dinically significant aortic arch obstruction was identified in any patient, and all patients were in New York Heart

Association Class I/11.

CONCLUSIONS: Repair of truncus arteriosus with an interrupted aortic arch with direct end-to-side anastomosis results in good survival
beyond hospital discharge. Although the long-term functional state of patients is good, reoperation rates are high.

Keywords: Truncus arteriosus * Interrupted aortic arch « Surgery

INTRODUCTION

The combination of truncus arteriosus and an interrupted aortic
arch is rare. There is limited cumulative experience regarding the
management of this condition, the long-term outcomes [1-4].
However, many centres have reported truncus arteriosus with an
interrupted aortic arch to be a risk factor for death [3, 5, 6] We
sought to review the long-term outcomes of patients with trun-
cus arteriosus with an interrupted aortic arch at the Royal
Children’s Hospital. Outcomes were compared with children who
underwent repair of truncus arteriosus without aortic arch ob-
struction (n=163) during the same period.

PATIENTS AND METHODS
Definitions

Early mortality and reoperation were defined as death or reoper-
ation occurring within 30 days of surgery or prior to hospital dis-
charge. All other deaths and reoperations were considered late.
A modified Van Praagh classification for truncus arteriosus was
used [4]. Type 4 of the Van Praagh classification (truncus arterio-
sus with interrupted aortic arch) was reclassified into type 1-3,
and the type of interrupted aortic arch specified. An interrupted
aortic arch was defined as a complete discontinuity or a non-
patent fibrous strand between the proximal and distal segments
of the aortic arch. Interrupted aortic arch types were described
using the Celoria and Patton classification [7]. Right ventricular
outflow tract reoperation {i.e. conduit change) was performed
when there was conduit obstruction or pulmonary valve insuffi-
ciency in association with either symptomatic right heart failure;
right ventricular systolic pressure of at least 80% of systemic; right
ventricular end-diastolic volume 160 ml/m?: right ventricular
end-systolic volume index >70ml/m? and arrhythmia or QRS
>180ms [8, 9] Aortic arch reoperation was performed when
there was an aortic arch obstruction in association with symp-
toms, systemic hypertension or a peak gradient of at least
30 mmHg, or when there was compression of adjacent structures
from the reconstructed aortic arch (i.e. left bronchial
compression).

Data analysis

Data were analysed using STATA version 14 (StataCorp LP,
College Station, TX, USA). Continuous data are expressed as
means = standard deviations (range), whereas skewed continu-
ous data are expressed as medians (interquartile range).
Categorical data are summarized as frequencies and

percentages. Kaplan-Meier actuarial survival (+ standard error)
curves were used to analyse and plot time-related end points.
The log-rank test was used to compare the distribution of
survival times between patients with and without an associated
interrupted aortic arch. The statistical significance was set at
P-value <0.05.

Patients

The Human Research Ethics Committee at the Royal Children’s
Hospital approved the study. Data were obtained by reviewing
the medical records from initial admission until last cardiology
follow-up. Between 1979 and 2018, 188 patients underwent re-
pair of truncus arteriosus. A total of 25 patients (14%, 25/185)
were identified with interrupted aortic arch (type A, n=5; type B,
n=19; type C, n=1). One patient had truncus arteriosus type 2
with intact ventricular septum, mitral atresia, hypoplastic left ven-
tricle and type B interrupted aortic arch and underwent a uni-
ventricular staged palliation that ultimately resulted in a Fontan
procedure. This patient was excluded from the analysis. Patient
characteristics are summarized in Table 1.

Table 1: Patient characteristics of patients with truncus arte-
riosus and interrupted aortic arch (n = 24)

Variables Total patients (%, n)
Truncus arteriosus type
Type 1 58 (14/24)
Type 2 25 (6/24)
Type 3 17 (4/24)
Interrupted aortic arch type
Type A 21{5/24)
Type B 75 (18/24)
Type C 4{1/24)
Truncal valve insufficiency
None 50(12/24)
Mild 42(10/24)
Maderate 4{1/24)
Severe 4{1/24)
{

Median age at repair

Median weight at repair

10 days (mean 28 days,
range 2-164 days)
3.1 kg (mean 2.8 kg,
range 1.2-4.1 kg)

Neonate at time of repair 83 (20/24)
Type of aortic arch reconstruction
End-to-side anastomosis 67 (16/24)
Patch augmentation 21 (5/24)
Interposition graft 8(2/24)
Subclavian artery flap 4{1/24)
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Table 2: Cause of death of patients with truncus arteriosus and interrupted aortic arch

Patient Year Ageat
repair (days)

Weight at
repair (kg)

TAtype TV
insufficiency

IAA type

Aorticarch Cause of death Age at death
repair (days)

1 1998 10 3.0 2 Moderate B

2 2007 7 1.7 2 None A

3 2013 [ 1.3 1 ild A

4 2017 5 36 2 None B

End-to-side Required LVAD for 3 days 22
postoperatively due to sig-
nificantly reduced con-
tractility. Extubated day 6.
Developed S. aureus sepsis
on day 11and died the
following day

Severe cardiac failure post- 21
operatively requiring
ECMO. Could not be
weaned from ECMO.

Support was withdrawn
on postoperative day 13

Sudden cardiac arrest on 11
postoperative day 5 and
could not be resuscitated

Unrelenting sepsis of unclear 29
source. Unable to be
weaned from ECMO

End-to-side

End-to-side

Patch augmentation

ECMO: extracorporeal membrane oxygenation; IAA: interrupted aortic arch; LVAD: left ventricular assist device; TA: truncus arteriosus; TV: truncal valve.

Operative technique

Surgery was undertaken through a midline sternotomy with car-
diopulmonary bypass. The repair consisted of aortic arch recon-
struction, ventricular septal defect closure and re-establishing
right ventricle to pulmonary artery continuity. For aortic arch re-
construction, a period of deep hypothermic circulatory arrest
was used in 16 patients, and isolated cerebral perfusion was used
in 8 patients. The lowest temperature ranged from 13 to 25°C
and was chosen at the discretion of the surgeon. Median cardio-
pulmonary bypass time was 198 min {108-225 min) and the me-
dian aortic cross-clamp time was 101 min (68-154 min). In
patients who had deep hypothermic circulatory arrest, median
circulatory arrest time was 38 min (32-54 min).

During cooling, the descending aorta was extensively dis-
sected and mobilized. Once adequate cooling was established,
the patent ductus arteriosus was ligated, a Castaneda clamp
was placed onto the descending aorta and all ductal tissues
were resected. Usually, 3 pairs of intercostal vessels were div-
ided and cauterized to allow adequate mobilization of the
descending aorta. Direct end-to-side anastomosis of the
ascending and descending aorta was performed in 16 patients
(67%, 16/24). When the descending aorta could not be ad-
equately mobilized for the advancement procedure as
described above, the aortic arch was repaired using patch aug-
mentation or an interposition graft to the descending aorta.
Patch augmentation was performed by posterior end-to-end
anastomosis with augmentation of the inner curvature of the
aortic arch with a patch. Five patients (21%, 5/24) underwent
patch augmentation using autologous pericardium (n=4), or
CardicCel patch (Admedus, Malaga, Australia) (n=1). Two
patients underwent direct anastomosis of the aortic arch with
the use of an interposition graft [12 mm aortic homograft, n=1;
and &mm Gore-Tex tube (W.L. Gore and Associates, Flagstaff,
AZ, USA), n=1] to the descending aorta, in 1 patient each. One
patient, the first in the series, underwent interrupted aortic

arch repair via subclavian flap aortoplasty prior to truncus arte-
riosus repair.

The right ventricular outflow tract was reconstructed with the
use of a valved conduit in 16 patients (67%, 16/24) and a non-
valved conduit in 7 patients (29%, 7/24). In 1 patient (4%, 1/24), it
was possible to establish direct right ventricular to pulmonary ar-
tery continuity with the placement of autologous pericardial tis-
sue to act as a monocusp. The defect in the truncal wall was
directly closed in all patients. The truncal valve was bicuspid in 3
patients, tricuspid in 15 patients and quadricuspid in 6 patients.
Most patients had mild or less truncal valve insufficiency {n=22).
One patient with a tricuspid truncal valve and moderate insuffi-
ciency underwent truncus arteriosus and interrupted aortic arch
repair. This patient died on postoperative day 12 due to sepsis.
One patient with a quadricuspid truncal valve and severe insuffi-
ciency underwent concomitant truncal valve repair with resec-
tion of the smallest truncal valve leaflet and annular plication.
This patient is currently well with trivial insufficiency at 1year.

RESULTS

Median age at repair was 10days (mean 28days, range 1-
164 days). Median weight at repair was 3.1kg (mean 2.8 kg, range
1.2-4.Tkg). There was 1 patient who did not receive a prosta-
glandin infusion preoperatively. Postoperatively, 2 patients
required extracorporeal membrane oxygenation, and 1 patient
required a left ventricular assist device—all 3 patients died
(Table 2). Three patients were found to have a coronary artery
anomaly with no deaths.

Mortality

Early mortality was 17% (4 out of 24 patients), and the cause of
death is summarized in Table 2. Two early deaths occurred in
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Figure T: Kaplan-Meier overall survival of patients with truncus arteriosus with and without an interrupted aortic arch.

Table 3: Summary of reoperation procedures following
truncus arteriosus and interrupted aortic arch repair

Median time to
reoperation

Reoperative procedure Total Total
patients  reoperations

) (n)

RV-PA conduit change 16 25 4.3 years
Aortic arch reoperation 6 10 26 days
Truncal valve replacement 2 2 5.6 years
PA reconstruction 10 15 3.8 years
Subaortic stenosis repair 2 2 4.3 years
Tricuspid annuloplasty 1 1

PA: pulmonary artery; RV: right ventricle.

patients who weighed <2.0 kg. There were no late deaths. Overall
survival in patients with an interrupted aortic arch was 83+ 8%
[95% confidence interval (Cl) 61-93] at 20 years. For comparison,
of the 163 remaining patients without an interrupted aortic arch,
early mortality was 11% (18/163), and overall survival was
74+ 4% (95% Cl 66-81) at 20 years (Fig. 1). Characteristics of all
truncus arteriosus patients from our hospital can be found in our
previously published manuscript [1]. There was no difference in
mortality between patients with an interrupted aortic arch and
those without (P = 0.74).

Reoperations

There was a total of 3% reoperations in 18 patients, summarized
in Table 3. Seven patients required 8 early reoperations (aortic
arch, n=4; right ventricular outflow tract, n=2; pulmonary artery,
n=1). Freedom from any reoperation at 10years (Fig. 2) was
23+4% (95% C| 16-31) in patients without interrupted aortic arch
and 13+9% (95% Cl 2-34) in patients with interrupted aortic arch
(P=0.02). Two patients required subaortic stenosis repair with
septal myectomy due to left ventricular outflow tract obstruction.

Sixteen patients have undergone 25 right ventricular outflow
tract reoperations. The median time to first right ventricular out-
flow tract reoperation was 3.6years (3.0-6.3years). Freedom
from right ventricular outflow tract reoperation was 23 +10%
(95% €1 7-44) at 10years. Only 5 right ventricular outflow tract
reoperations were done in conjunction with an aortic reopera-
tion or truncal valve reoperation. Two patients required truncal
valve replacement at 6 and 8years following the initial proced-
ure, respectively.

Six patients underwent 10 aortic reoperations (Table 3), most
of whom had type B interrupted aortic arch (83%, 5 out of 6
patients). Aortic reoperations are summarized in Fig. 3. Freedom
from aortic arch reoperation was 69+ 11% (95% Cl 42-85) at 10
and 20years. Additionally, 3 patients underwent balloon aortic
angioplasty. Three patients required aortic reoperations within
30 days of their initial operation. This included implantation of an
8-mm Gore-Tex interposition graft to the descending aorta
through a left thoracotomy to relieve severe left bronchial com-
pression by the reconstructed aortic arch in 2 patients on post-
operative day 14 and 26, respectively. Additionally, 1 patient
underwent pericardial patch enlargement of residual aortic arch
obstruction on postoperative day 2. All 3 of these patients under-
went end-to-side anastomosis of their aortic arch without the
use of a patch. Of the 2 patients who underwent interposition
graft to the descending aorta, the 8 mm Gore-Tex graft was
replaced with a 16-mm Dacron graft at 11 years, whereas the 12-
mm aortic homograft has not required replacement after
22 years.

Long—term outcomes

Follow-up was 95% complete (19 out of 20 patients), with a me-
dian follow-up time of 20years (mean 18years, range 1-
30vyears). At last follow-up, there was no clinically important
(peak gradient >30 mmHg) aortic arch obstruction identified in
any patient on echocardiography. All patients were in New York
Heart Association Class I/1 at last follow-up.
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Figure 2: Kaplan-Meier freedom from reoperation in patients with truncus arteriosus with and without an interrupted aortic arch.
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g Direct end-to-side Reoperation with patch
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Interposition graft No aortic reoperation
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(n=1) (n=1) (n=1)

Figure 3: Flow chart of aortic arch reoperations. *Subclavian flap aartoplasty dane prior to TA repair.

DISCUSSION neonatal period. Since the initial description by Gomes and

McGoon [10]in 1971, a number of surgical techniques have been
Truncus arteriosus with an interrupted aortic arch is a rare and described for repair of truncus arteriosus and interrupted aortic
complex condition, which often requires surgical repair in the arch [2, 11-13] including a left carctid artery or left subclavian
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Table 4. Outcomes of truncus arteriosus and interrupted aortic arch

Study Study period Patients Early deaths (%), Late deaths (%), Aortic arch Risk factor Follow-up
(n) % (n) % (n) reoperation, % (n} for death time (years)

Konstantinov et al. [2] 1987-1997 46 52 (24/46) 27 (6/22) 27(6/22) Yes 6

Jahangiri et al. [14] 1992-1998 9 0 0 0 No 1

Thompson et al [15] 1992-199% 8 25(2/8) NR NR No 27

Brown et al. [6] 1978-2000 3 50(3/6) 0 0 Yes 9.4

Danton et al. [16] 1988-2000 7 14(1/7) 0 NR No 4.2

Miyamoto et al. [17] 1987-2004 10 50(5/10) 20 (1/5) NR NR MR

Tlaskal et af. [3] 1981-2009 14 50(7/14) 0 14(177) Yes 106

Current study 1979-2018 24 17 (4/24) 0 20(4/20) No 20

NR: not reported.

artery turn down, prosthetic conduit implantation and direct aor-
tic arch anastomosis with or without patch augmentation. Data
on the long-term outcomes of these complex patients is limited
to a small series of patients. Therefore, it is difficult to ascertain
how these patients fare in the long term. Herein, to our know-
ledge, we present the largest single institutional experience with
repair of truncus arteriosus and an interrupted aortic arch with a
median duration of follow-up of 20 years.

Repair of interrupted aortic arch in patients with truncus arte-
ricsus has been reported as a risk factor for death (Table 4) [2, 3,
5, 6]. McCrindle et al [5] reported that outcomes of truncus arte-
riosus with interrupted aortic arch were worse than interrupted
aortic arch alone. Russell et af. [18] suggested that an interrupted
aortic arch was the single greatest risk factor for mortality in
patients with truncus arteriosus. The largest multi-institutional
study to date, which was published by the Congenital Heart
Surgeons’ Society (CHSS), described 50 patients with truncus
arteriosus and interrupted aortic arch between 1987 and 1997
with 34 deaths, including 28 early deaths, and overall survival of
31% at 10 years [2]. We have previously reported no association
between mortality in truncus arteriosus with interrupted aortic
arch and truncus arteriosus alone [1]. Herein, overall survival in
patients with truncus arteriosus with interrupted aortic arch was
83 +8% at 20years compared to 74+ 4% at 20years in patients
with truncus arteriosus without interrupted aortic arch. The pres-
ence of an interrupted aortic arch was not associated with
increased mortality, likely due to a small number of patients in
this series.

Children with truncus arteriosus with an interrupted aortic
arch and concomitant truncal valve insufficiency have very poor
surgical outcomes. The CHSS study demonstrated that patients
with associated truncal valve insufficiency had a mortality of 75%
(18 out of 24 patients). Similarly, Russell et al. [2, 18] reported a
mortality of 68% in patients with truncal valve insufficiency. We
have previously reported that mild or less truncal valve insuffi-
ciency was well tolerated, whereas moderate or greater truncal
valve insufficiency often necessitated truncal valve surgery [19].
Most patients (92%, 22 out of 24 patients) in this study had mild
or less truncal valve insufficiency, whereas 2 patients had moder-
ate or greater truncal valve insufficiency. One patient with mod-
erate truncal valve insufficiency and type B interrupted aortic
arch did not undergo truncal valve surgery and developed $. aur-
eus sepsis and died. The other patient with a quadricuspid truncal
valve and severe insufficiency underwent truncus arteriosus re-
pair with aortic arch and truncal valve repair. This patient is cur-
rently well with trivial insufficiency at 1year. There have been an

additional 2 patients who have required late truncal valve surgery
due to progressive truncal valve regurgitation at 6 and 8 years.
During the initial operation, all defects in the truncal wall were
directly closed, and thus unlikely to contribute to progressive
truncal valve regurgitation. Truncal valve repair in neonates could
be challenging. We have recently described our techniques for
neonatal truncal valve repair in detail [19, 20].

Most reoperations in patients with truncus arteriosus and an
interrupted aortic arch are due to right ventricular to pulmonary
artery conduit stenosis, which required surgery in 16 patients.
There was no difference in right ventricular outflow tract reoper-
ation between patients with or without an interrupted aortic
arch. However, it is not uncommon that patients with truncus
arteriosus and an interrupted aortic arch require reoperation for
aortic arch reobstruction. The CHSS reported that only 28% of
patients were alive at 5 years without aortic arch reoperation [2]
We report 6 patients who required 10 aortic reoperations, with 3
of these reoperations occurring within 30days of initial repair
and overall freedom from aortic reoperation of 65% at 10 years.
McCrindle et al. [5] reported that aortic arch reoperation was
more likely for those who had interrupted aortic arch repair by a
method other than direct anastomosis with patch augmentation.
Our centre has been using end-to-side repair for interrupted aor-
tic arch since the early 1980s, and we aim for direct end-to-side
anastomosis of the aortic arch without a patch when possible.
A previous review of interrupted aortic arch repairs either in iso-
lation or with truncus arteriosus repair at our centre demon-
strated a low aortic arch reoperation rate using the end-to-side
technique [12, 21, 22]. It is important to extensively mobilize the
descending aorta [20]. However, if the descending aorta cannot
be mobilized enough to approximate the aortic arch without
overly distorting the anatomy of the arch, this may cause com-
pression of the left pulmonary artery, or left main bronchus [23]
In these cases, a patch to the aortic arch should be used to aug-
ment the anastomosis. Of note, 5 out of the 6 patients in this ser-
ies who required reoperation on the aortic arch had their initial
interrupted aortic arch repaired without a patch. Two of these
patients had compression of their left main bronchus. Bronchial
compression is a rare complication of interrupted aortic arch re-
pair, which may occur when the descending aorta is anasto-
mosed more proximally on the ascending aorta. Interestingly,
patients with type B interrupted aortic arch present a more chal-
lenging repair as their ascending aorta may be narrower and
more likely to be complicated by left bronchial compression if
repaired without a patch. Both patients in the current series with
left bronchial compression had a type B interrupted aortic arch
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and underwent direct end-to-side anastomosis without the use
of a patch. These patients required reoperation within 30 days of
initial repair and both patients underwent placement of an inter-
position graft to the descending aorta to relieve bronchial com-
pression. Both patients remain asymptomatic at last follow-up,
and each had subsequently required replacement of the inter-
position graft.

It is clear that patients with truncus arteriosus with an inter-
rupted aortic arch present a significant challenge in both the
short and the long-term. In the long-term, there are ongoing
issues with recurrent aortic arch obstruction, and rarer occur-
rences of left bronchial compression.

Limitations

This study was limited by its retrospective nature. Perioperative
techniques have varied during the study period. Some variables
contained a relatively small number of patients, thus, limiting the
multivariable analysis.

CONCLUSION

Repair of truncus arteriosus with an interrupted aortic arch with
direct end-to-side anastomosis has good survival beyond hos-
pital discharge. Although the long-term functional state is good,
reoperation rates are high.
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Chapter 6: Impact of truncal valve surgery on the

outcomes of truncus arteriosus repair

6.1 Introduction

Truncal valve insufficiency occurs in approximately 25% of patients with
truncus arteriosus (42, 81, 85). Some have suggested that truncal valve
insufficiency was the most important factor influencing early outcomes (15, 20,
32, 42, 89, 90). However, the decision to operate on the truncal valve is often at
the discretion of the surgeon as the indications for truncal valve repair remain

contentious.

There is no uniform approach in managing truncal valve insufficiency.
Various techniques for truncal valve repair have been described, including
suturing partially developed commissures, suspension of leaflets, resection of the
redundant portion of leaflets, annuloplasty of commissures and pericardial leaflet
extension, tricuspidization of a quadricuspid valve, or repair of the bicuspid valve.
Concomitant truncal valve surgery can have a mortality rate as high as 30% (42,
71), likely due to these - often neonates - presenting in a more critical state.
Unsurprisingly, concomitant truncal valve surgery is more challenging due to it
often being required in younger and critically ill patients. It is often prudent to
intervene on the truncal valve at this stage, as not addressing severe truncal valve

insufficiency has been associated with poor outcomes (30, 34, 35, 42, 71, 85, 91).

Though concomitant truncal valve surgery could be lifesaving, it has
limited durability. Kaza and colleagues in 2010 showed that in 14 patients who
underwent truncal valve repair, freedom from truncal valve reintervention was

70% at 5 years and 50% at 7 years (90).

To address these deficiencies in the literature, I focused on the surgical
management of the truncal valve, and the progression of truncal valve

insufficiency. Between 1979 and 2016, 180 patients underwent truncus arteriosus
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repair at The Royal Children’s Hospital. Of these 180 patients, 80 had some degree

of truncal valve insufficiency.

[ show that mild truncal valve insufficiency is often well tolerated and does
not require intervention (71). However, most patients with moderate or greater
truncal valve will require truncal valve surgery at some stage. Importantly, neither
concomitant truncal valve surgery, nor the degree of truncal valve insufficiency
was associated with mortality. In keeping with Kaza and colleagues (90),
durability of truncal valve repair is poor with a freedom from reoperation of

19.2% at 20 years (71).

Additionally, | demonstrate that patients with a quadricuspid truncal valve
and moderate or greater truncal insufficiency are more likely to require truncal
valve surgery at some stage. Conversely, patients with a quadricuspid truncal
valve and mild or less truncal insufficiency are unlikely to have progression of

their truncal insufficiency.
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Abstract

OBJECTIVES: Preoperative moderate or greater truncal valve (TV) insufficiency is one of the most important factors influencing mortality
in children with truncus arteriosus. We therefore sought to determine the impact of TV insufficiency and concomitant TV surgery on chil-
dren who underwent truncus arteriosus repair at a single institution.

METHODS: We reviewed 180 patients who underwent truncus arteriosus repair between 1979 and 2016. Preoperative echocardiography
demonstrated TV insufficiency in 80 patients {mild: 33.9%, 61/180; moderate: 9.4%, 17/180 and severe: 1.1%, 2/180).

RESULTS: Twenty-one patients had concomitant TV surgery with an early mortality of 19% (4/21) and overall survival of 70.8 = 10.1% at
25 years. There were 60 neonates, 11 of whom had concomitant TV surgery with an early mortality of 27% (3/11) and overall survival of
62.3=15.0% at 20 years. Concomitant TV repair (P=0.5) was not a risk factor for death. TV reoperation was common in those who had
concomitant TV surgery, with freedom from reoperation of 19.2 + 14.9% at 20 years. In the remaining 159 patients, 14 required subsequent
TV surgery, and the freedom from TV surgery was 84.0 = 4.6% at 20 years. At a median follow-up of 18.5 years, TV insufficiency was none
or trivial in 79.6% (109/137) and mild or less in 98.5% (135/137) of patients.

CONCLUSIONS: Most patients with mild TV insufficiency are free from TV surgery up to 25 years. The durability of TV repair is poor. Most
patients with moderate or greater TV insufficiency and a quadricuspid TV will require TV surgery.

Keywords: Truncal valve - Truncus arteriosus + Surgery

INTRODUCTION surgery on children who underwent TA repair at a single
institution.
Truncus arteriosus (TA) accounts for 0.7-3% of congenital cardiac
defects [1, 2]. Our recent review of 171 patients with TA managed
at The Royal Children’s Hospital described good short- and long- PATIENTS AND METHODS
term outcomes following complete repair [3]
The impact of truncal valve (TV) insufficiency and concomi- Patients

tant TV surgery on the outcomes of TA repair are not well
defined. Preoperative mild TV insufficiency is often well toler-
ated; however, moderate or greater TV insufficiency has been
reported as one of the most important factors influencing
mortality [4-8]. Concomitant TV surgery in patients with mod-
erate or greater TV insufficiency may be beneficial in reducing
mortality and later TV surgery. We therefore sought to deter-
mine the impact of TV insufficiency and concomitant TV

Between 1979 and 2016, 180 consecutive patients underwent re-
pair of TA (Fig. 1). Data were obtained by review of medical re-
cords from initial admission until the last cardiology follow-up.
Overall follow-up was 98.6% (137/139) complete for survivors
with a median follow-up of 185years (mean 17.3 years; range
1-35years). Two patients were lost to any follow-up. Patients
who underwent concomitant TV surgery had a median follow-up

© The Author(s) 2018. Published by Oxford University Press on behalf of the European Association for Cardie-Thoracic Surgery. All rights reserved.
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Figure 1: Flow chart of outcornes following TV surgery. Values in red indicate subsequent TV surgery. TV: truncal valve

of 14.6 years (mean 13 years, range 1-24 years). At the last follow-
up, all patients were in New York Heart Association Class I/11.

Definitions

Early mortality and reoperation were defined as those occurring
within 30days of surgery or prior to hospital discharge. All other
deaths and reoperations were considered late. Subsequent TV
surgery was defined as the first TV surgery done after the initial TA
repair. The presence of TV insufficiency was evaluated by pre-
operative transthoracic echocardiography (TTE) and colour
Doppler imaging using standard echocardiographic criteria [9-12],
including M-mode assessment of left ventricular function, Doppler
assessment of pressure half-time (mild >500ms; moderate = 500-
200 ms; severe <200ms), diastolic flow reversal in the descending
aorta {mild =brief, early diastolic reversal; moderate = intermediate;
severe = holodiastolic flow reversal), colour-flow regurgitant jet
size {mild = small central jet <25% LVOT; moderate = intermediate
Jjet greater than mild but no signs of severe severe=large central
Jjet »65% LVOT) and measurements of the truncal repurgitant jet
width:annulus ratio {mild <25; moderate = 25-64; severe »65). TV
insufficiency was graded qualitatively from none/trivial to severe
Generally, TV surgery was performed at TA repair when preopera-
tive TV insufficiency was graded as moderate or greater. More
modest degrees of TV insufficiency were repaired only when intra-
operative decision-making dictated that TV repair was necassary.

Data analysis

Data were analysed using STATA version 12 (StataCorp LP, College
Station, TX, USA). Descriptive statistics for continuous dafa are ex-
pressed as means + standard deviations {range), while skewed con-
tinuous data are expressed as medians (interquartile rangea).
Categorical data are summarized as frequencies and percentages.
Univariate and multivariate logistic regression and Cox proportional

hazard modelling were used to determine the risk factors for
mortality and reoperation. The Kaplan-Meier actuarial survival
(+standard error) was used to analyse and plot fime-related end-
points. Statistical significance was set at P-value <0.05.

RESULTS

Patient characteristics are summarized in Table 1. Overall median
age at TA repair was 52days (mean l44days; range 1day-
8.7 years), and the median weight was 3.5 kg (mean 4.1 kg, range
1.2-23kg). Preoperative TTE determined TV insufficiency in 80
patients (Table 1). Twenty-two patients had an associated infer-
rupted aortic arch {IAA), of whom 21 had mild or less TV insuffi-
ciency and 1 had moderate TV insufficiency.

Mild or less truncal valve insufficiency

A fotal of 167 patients had mild or less TV insufficiency on preopera-
tive TTE Nine of these patients underwent concomitant TV surgery.
Two patients with no TV insufficiency underwent commissurctomy
due to TV stenosis. Four patients who were deemed to have mild TV
insufficiency on preoperative TTE were in fact found fo have at least
‘moderate’ TV insufficiency on infraoperative echocardiography and
underwent concomitant TV surgery. One patient had a TV with a flail
leaflet and was repaired despite mild TV insufficiency. One patient
underwent commissurotomy to facilitate unroofing of an intramural
coronary artery. One patient underwent resection of large myxoid
nodules from the free edge of the cusps. There was 1 early death in
this patient cohorf, described below. There were no late deaths.
There have been 3 TV reoperations (redo TV repair, n=71; TV re-
placement, n=2) in this patient cohort. Long-term TV status is good
with all patients (n = 8) having mild or less TV insufficiency.

There were 152 patients with mild or less TV insufficiency who
did not undergo concomitant TV surgery. Early mortality in this
patient cohort was 11.2% (17/152) and long-term survival at
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Table 1: Outcomes of TA patients with TV insufficiency
Preoperative TV status Overall No TV Mild TV Moderate TV Severe TV
(n=180) insufficiency insufficiency insufficdency insufficiency
(n=100) (n=61) (n=17) (n=2)
Truncus arteriosus type
Type 1,% (n/N) 64.5 (116/130) 59 (59/100) 70(43/61) 70(12/17) 100 (2/2)
Type 2,% (n/N) 24.4 (44/180) 29 (29/100) 20(12/67) 18 (3/17) 0
Type 3, % (/N ) 11.1 (20/180) 12 (12/100) 10(6/61) 12 (2/17) 0
TV anatomy
Bicuspid, % (n/N) 122 (22/180) 11 (11/100) 18(11/61) 0 0
Tricuspid, % (n/N) 57.8 (104/180) 72{(72/100) 16(28/61) 24 (4/17) 0
Quadricuspid, % (n/N) 30 (54/180) 17 (17/100) 36(22/61) 76 (13/17) 100 (2/2)
Median age at repair (days) 52 62 44 31 9
Median weight at repair (kg) 35 36 37 31 29
Neonate at time of repair, % (n/N) 33.3 (60/180) 27 (27/100) 38(23/61) 47 (8/17) 100 (2/2)
Preoperative ICU admission, % (n/N) 28.9 (52/180) 28 (28/100) 25(15/61) 47 (8/17) 50(1/2)
Endotracheal intubation, % (n/N) 20.6 (37/180) 21{21/100) 18(11/61) 29 (5/17) 0
ECMO, % (n/N) 06 (1/180) 0 2(1/61) 0 0
Aortic arch obstruction, % (n/N) 13.3 (24/180) 11(11/100) 18(11/61) 12 (2/17) 0
Interrupted aortic arch, % (n/N) 12.2 (22/180) 11(11/100) 16{(10/61) 6 (1/17) 0
Coarctation of the aorta, % (n/N) 1.5 (2/180) 0 2(1/61) 6 (1/17) 0
Chromosomal abnormality, % (n/N) 22.8 (41/180) 14 (14/100) 33(20/61) 29 (5/17) 100(2/2)
Concomitant TV surgery, % (n/N)
Repair 11.1 (20/180) 2(2/100) 12(7/61) 53 (9/17) 100 (2/2)
Replacement 0.6 (1/180) 0 0 6 (1/17) 0
Reoperation
Redo TV repair, % (n/N) 40 (8/20) 0 14(1/7) 78(7/% 0
TV replacement, % (n/N) 23.8(5/21) 50(1/2) 14(1/7) 10 (1/10) 100{2/2)
Median time to surgery 2.0years 11.8 years 8.5 years 2.4 years 35 days
Subsequent TV surgery
Repar, % (n/N) 31 (5/159) 2(2/98) 4(2/52) 14 (147) 0
Replacement, % (n/N) 5.7 (9/159) 3(3/98) 7i4/54) 29(2/7) 0
Median time to surgery (years) 79 129 5.5 06
Mortality, % (n/N)
Farly 117 (21/180) 9 (9/100) 15(9/61) 12 (2/17) 50 (1/2)
Late 11.1 (20/180) 11{11/100) 10(6/61) 12 (2/17) 50 (172)
Late TV outcomes®, % (n/N)
No TV insufficiency® 795 (109/137) 81(64/79) 78(35/45) 77 (10713) 0
Mild TV insufficiency® 18 (26/137) 18 (14/79) 20(9/45) 23 (3/13) 0
Moderate TV insufficiency® 1.5(2/137) 1(1/79) 2(1/45) 0 0
Severe TV insufficiency 0 ] 0 0 ]

*Late outcomes are for surviving patients available for follow-up. Two patients were lost to follow-up and were not included.
ECMO: extracorporeal membrane oxygenation; ICU: intensive care unit; TA: truncus arteriosus; TV: truncal valve.

20vyears was 79.1+4.5% [95% confidence interval (Cl) 68.5-86.4]
and 73.8=6.5% (95% Cl 58.4-84.2) in patients with none/trivial
and mild TV insufficiency, respectively (Fig. 2A). Eleven of the 152
(7.2%) patients with preoperative mild or less TV insufficiency
required subsequent TV surgery due to worsening insufficiency
during the follow-up period. This included 5 patients (TV repair,
n=2; TV replacement, n=3) with none/trivial TV insufficiency at
a median time of 12.9years and 6 patients (TV repair, n=2; TV
replacement, n=4) with mild TV insufficiency at a median time
of 5.5years. The long-term TV status in surviving patients with
preoperative mild or less TV insufficiency who did not undergo
concomitant TV surgery is excellent, with 98.3% (114/116) of pa-
tients having mild or less TV insufficiency at the last follow-up,
while 2 patients had moderate TV insufficiency.

Moderate or greater truncal valve insufficiency

A total of 19 patients had moderate or greater TV insufficiency
{moderate, n=17; severe, n=2) on preoperative TTE (Table 1).

The TV anatomy was tricuspid in 4 patients and quadricuspid in
15 patients. Both patients with severe TV insufficdency had a
quadricuspid TV. As the degree of TV insufficiency increased, the
age and weight of patients at the initial operation decreased
(Table 1).

Twelve patients with moderate or greater TV insufficiency
underwent concomitant TV surgery. Early mortality in this cohort
was 25% (3/12; moderate, n=2; severe, n=1). There were 2 late
deaths. Ten patients required TV reoperation (redo TV repair,
n=7; TV replacement, n=3) during the follow-up period. Of the
surviving patients, long-term TV status is good, with all patients
having mild or less TV insufficiency at the last follow-up.

Seven patients with moderate TV insufficiency did not undergo
concomitant TV surgery. These patients presented earlier in the
study period when a more conservative approach to moderate
TV insufficiency was undertaken, and these patients did not
undergo concomitant TV surgery. Two of these patients died be-
fore any TV intervention, one of whom had a concomitant I1AA
and died after becoming septic. Three patients required subse-
quent TV surgery (TV replacement, n=2; TV repair, n=1) due to
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worsening TV insufficiency at 6 days, 8months and 13.3 years, re-
spectively. The remaining 2 patients have not undergone any TV
surgery, both of whom had a tricuspid TV and had mild TV insuf-
ficiency at the last follow-up. There was no statistical difference
between pafients with moderate TV insufficiency who did not
undergo concomitant TV surgery and those with mild or less TV
insufficiency (P=0.14) (Fig. 2A).

Concomitant truncal valve surgery

Twenty-one patients underwent ‘concomitant’ TV surgery at TA
repair. The TV was bicuspid in 2, tricuspid in 7 and quadricuspid
in 12 pafients. Seven patients {mild, n=3; moderate, n=3; se-
vere, n=1) underwent subcommissural annuloplasty (Fig. 3).
Four patients {mild, n=1; moderate, n=3) underwent suture
valvuloplasty {Fig. 4). Four patients (mild, n=1; moderate, n=2;
severe, n=1) underwent TV cusp resection and annular reduc-
tion (Fig. 5). Three patients underwent commissurotomy (none,
n=2; mild, n=1). One patient with moderate TV Insufficiency
underwent TV cusp elongation with glutaraldehyde-treated au-
tologous pericardium and commissuroplasty. One patient with
mild TV insufficiency underwent resection of large myxoid nod-
ules from the free edge of the cusps. One patient with moderate
TV insufficiency required TV replacement with a 10-mm aortic
homeograft. No patient with a concomitant IAA underwent TV
surgery.

There were 4 early deaths in children who underwent concomi-
tant TV surgery. The first death occurred in 1981 in a 1.7-kg 1-
day-old girl with moderate TV stenosis who underwent TV com-
missurofomy. She had cardiac arrest on postoperative day (POD)
7 and died. The second death occurred in 2001 in a 3.3-kg, 55-
day-old girl with moderate TV insufficiency who underwent
subcommissural annuloplasty. She had severe tracheobronchoma-
lacia and an acute myocardial infarction and died on POD 1. The
third death occurred in 2005 in a 3-kg, 7-day-old girl with severe
TV insufficiency and Scimitar syndrome who underwent subcom-
missural annuloplasty and right pneumonectomy due fo pulmon-
ary haemorrhage. She emergently underwent TV replacement on
POD ( due fo severe TV insufficiency and was placed on extracor-
poreal membrane oxygenation (ECMO). Unfortunatdy, she could
not be weaned off ECMO and later died on POD 12. The fourth
death occurred in 2010 in a 3.3-kg, 21-day-old boy with moderate

TV insufficiency who required preoperative ECMO for 3 days due
to severe respiratory distress, sepsis and cardiac arrest. He under-
went subcommissural annuloplasty and remained on ECMO. He
could not be weaned off ECMO and treatment was withdrawn on
POD 17. There was no stafistical difference in early deaths be-
tween patients who underwent concomitant TV surgery and those
who did not [19% (4/21] vs 11% (17/159); P=0.26]. There were 2
late deaths. Overall survival in patients who had concomitant TV
surgery was 708+10.1% (95% Cl 46.2-85.7) at 20 years (Fig. 2A)
and was not statistically different from patients with mild or less
TV insufficiency (P=028). Furthermore, concomitant TV surgery
{P=0.50), moderate or greater TV insufficiency (P=034) or a
quadricuspid TV {P=0.51) were not identified as risk factors for
mortality on univariable analysis. Most concomitant TV surgery
was performed in the last 2 decades; therefore, the era of surgery
did not impact TV surgical outcomes.

Truncal valve reoperation

Reoperation on the TV {including following concomitant TV sur-
gery, n=13 and subsequent TV surgery, n=14) occurred in 27
patients. Concomitant TV surgery (P=0001, hazard ratio 7.9,
95% Cl 3.4-18.5) and a quadricuspid TV (P=0.04; hazard ratio
2.4, 95% CI 1.1-5.4] were risk factors on Cox regression for late
operation on the TV.

TV reoperation was common in patients who had concomitant
TV surgery. Thirteen patients underwent TV reoperation at a me-
dian time of 2.4 years {1.0-5.2 years). Freedom from TV reopera-
tion was 19.2+14.9% (95% C| 1.6-519) at 20years (Fig. 6). The
type of TV repair was not associated with reoperation rate. One
patient who underwent commissurotomy due to TV stenosis
required TV replacement at 8.5years due to the TV being dys-
plastic and becoming moderately insufficient. Currently, only 2
patients had concomitant TV surgery and did not require TV
reoperation. Both patients have mild TV insufficiency.

There were 159 patients {Fig. 1) who did not undergo con-
comitant TV surgery, 14 of whom required subsequent TV sur-
gery (TV repalir, n =5 and TV replacement, n=9) at a median time
of 7.9 years (3.9-12.6 years) for persisting or worsening TV insuffi-
ciency. Freedom from subsequent TV operation was 84.0 £+ 4.6%
{95% C| 72.5-91.0) at 20 years. Surgical technique is summarized
in Fig. 1. Seven of the 14 (50%) patients who underwent
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Figure 3: Subcommissural annuloplasty. Placement of 5-0 Ti-Cron {Medtronic, Minneapolis, MN, USA} sutures pledgeted with autologous peticardium to the sub-
commissural region of the truncal valve. This aims to improve central coaptation in patients with a [arge truncal valve annulus and relatively normal [eaflets. If the sino-
tubular junction and annulus were dilated, they were also plicated with a full-thickness pledgeted suture.
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Figure 4: Suture valvuloplasty. Suture of a single prolapsing [eaflet to the adjacent TV leaflet for support LCA: [eft coronary artery; RCA: right coronaty artery; TV: trun-

cal valve.

subsequent TV surgery had a quadricuspid TV. Two patients
required subsequent TV surgery (TV repair, n=1 and TV replace-
ment, n=1) during their ‘initial’ hospital stay for TA repair. There
was 1 late death in the 14 patients who underwent subsequent
TV surgery. Of the 13 surviving patients, 10 have undergone TV
replacement and 3 have mild or less TV insufficiency. There were
2 patients with concomitant |IAA who required subsequent TV re-
placement—both patients are well 10 and 26years, respectively.
The need for aortic arch surgery did not impact on the progres-
sion of TV insufficiency.

Neonates

There were 60 neonates, of whom 33 had TV insufficiency. There
were 24 neonates (40%, 24/60) operated between 1979 and 1999
and 36 neonates (60%, 36/60) between 2000 and 2016. Thirty
neonates underwent TA repair in the last 10years. Eighteen of
the 60 (30%) neonates had concomitant |AA repair. There was a
significantly (P=0.02) higher proportion of early deaths among
neonates (20%, 12/60) compared to older patients (7.5%, 9/120).
However, neonatal surgery was not identified as a risk factor on
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Figure 5: Cusp resection and annular reduction. First desctibed by Imamura et af [13] with tricuspidisation of a quadricuspid truncal valve. The smallest/incompetent leaf-
letis excised, along with the corresponding segment of the annulus. The remaining annular edges are sutured together to approximate the size of the ascending aorta.

univariable analysis for overall mortality (P=0.38). Overall sur-
vival in neonates was 72.8 £ 5.8% (95% Cl 59.4-82.3) at 20years.
Eleven neonates underwent concomitant TV surgery. Two neo-
nates had severe TV insufficiency (quadricuspid TV, n=2), 5 had
moderate TV insufficiency {quadricuspid TV, n=3; tricuspid TV,
n=2), 3 had mild TV insufficiency {quadricuspid TV, n=1; tricus-
pid TV, n=2) and 1 had no TV insufficiency (tricuspid TV, n=1)
but severe stenosis. Early mortality was 27% (3/11) (Fig. 2B), and
overall survival was 62.3+15.0% (95% Cl| 27.8-84.0) at 20years.
Neonatal TV surgery was not identified as a risk factor for mortal-
ity on univariable analysis (P=0.41).

Of the 11 neonates who underwent concomitant TV surgery, 6
required TV reoperation (redo TV repair, n=1; TV replacement,
n=5) at a median time of 250 days. Freedom from TV reopera-
tion in neonates was 53.0+17.6% (95% Cl 17.0-79.7) at 1year
and 39.8+17.5% (95% Cl 9.5-69.6) at 10years. In older patients
{n=10), the median time to TV reoperation was 5.7years and
freedom from reoperation was 100% at 1year and 37.5+17.1%
(95% Cl 8.7-67.4) at 10 years. There are 7 surviving neonates who
underwent concomitant TV surgery, 4 of whom required TV re-
placement. The remaining 3 patients are free from reoperation,
with mild or less TV insufficiency at the last follow-up. In the 37
surviving neonates who did not require concomitant TV surgery,
5 neonates required subsequent TV surgery at a median time
of 6.5 years and 32 have mild or less TV insufficiency at the last
follow-up.

DISCUSSION

TV insufficiency has been reported in approximately 25% of TA
patients [7, 14] There is no uniform approach in managing TV
insufficiency, and its long-term impact is not well understood.
It has been reported that patients with moderate or greater TV
insufficiency have worse early outcomes [4-8, 15-21]. Our data
show that there was no statistically significant difference be-
tween mortality and the degree of TV insufficiency, likely due to
a small number of deaths. Russell et al. [7] reported the out-
comes of 23 patients who had concomitant TV repair in a
multi-institution review of 572 patients operated between 2000
and 2009. They reported a higher early mortality in patients
who underwent concomitant TV repair (26%, 6/23) than those
who underwent TA repair alone (10%, 53/545) [7]. Our study did
not demonstrate a statistically significant difference in mortality
in children undergoing concomitant TV surgery and those who
did not

Our data suggest that mild or less TV insufficiency is well toler-
ated and does not require intervention with a long-term freedom
from TV surgery of 83.9% at 20 years. Patients with mild or less
TV insufficiency in our cohort underwent concomitant TV sur-
gery often to facilitate other procedures (eg. unroofing of an
intramural coronary artery) or due to TV stenosis. Conversely,
most would agree that severe TV insufficiency must be addressed
at the primary operation. Two patients in our cohort who had
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Number at risk Time (years)
No preoperative TV insufficiency 98 67 57 44 20
Mild preoperative TV insufficiency 54 37 28 25 18 10
Moderate preoperative TV insufficiency 7 3 3 0 0 0
Concomitant TV surgery 21 10 6 3 1 0

Concomitant TV surgery

Mild preoperative TV insufficiency

No preoperative TV insufficiency

Moderate preoperative TV insufficiency

Figure 6: Freedom from TV recperation surgery. Freedom from TV recperation and subsequent TV surgery. TV: truncal valve

Table 2: Outcomes of concomitant TV surgery

Study Study Patients Concomitant  Concomitant Concomitant Eatly Early mortality TV recperation Median
pericd TV surgery TV repair, TV replacement, mortality (neonates}, follow-up
Total Neohates Total Meonates (/i % (méN) foverall), % (n/M} fyears)
% (/i)
Konstantinov 1987-1997 50 50 5 5 60(3/5} 40(2/5) B0(4/5) 30 (4/5) None 24
ef af [4]
Henaine ef of [22] 1986-2003 153 134 9 NR 67 (6/9} 330379} A4 (4497 NR 2% TV veplacements 81
Kaza et af [8] 1995-2008 17 NR 14 NR 10001414 @ 0 NR 5 redo TV repairs 2
Russelletal [7]  2000-200% 572 NR 23 NR 96(22/23y  4(1/23) 26(6/23} NR Ta TV replacement  NR
13 redo TV repair

Russell ef af [23]  1979-2011 16 5 5 5 T00(5/5) 0 A0(2/5)  40(2/5) Tx TV replacement 5.5
Myersetal [21]  1997-2012 36 13 11 NR 100611411} a 27 (311} 3 deaths 7 vedo TV repairs 3z
Royal Children’s  1979-2076 180 60 21 i 95 (20421} 5(1/21} 19 (4721} 27 (3/11} 6 redo TV repairs 18

Hospital

NR:not reported; TV: tuncal valve.

severe TV insufficiency underwent TV surgery. Both were neo-
nates and died. Contention arises in patients with moderate TV
insufficiency. The decision to perform concomitant TV surgery in
these patients is difficult Obviously, concomitant TV surgery is
more challenging and has been associated with higher mortality
{Table 2), likely due to concomitant TV surgery often being
required in younger and critically 1l patients. This was not dem-
onstrated in the current study—concomitant TV surgery was not
associated with mortality. Our current approach is to repair the
TV in children with moderate TV insufficiency, if possible. As
shown in this study, most patients (76%, 13/17) with moderate
TV nsufficiency have required TV surgery at some paoint. This

5x TV replacemants

included 10 patients who underwent concomitant TV surgery
and 3 who required subsequent TV surgery. Others [8, 22] have
reported that moderate TV insufficiency is a risk factor for subse-
quent TV surgery if not addressed at TA repair.

Interestingly, most patients in our cohort who required TV sur-
gery had a quadricuspid TV {concomitant, 57%, 12/21; subse-
quent, 50%, 7/14). Similarly, Russell et al. [23] reported that most
patients who underwent TV surgery had a quadricuspid TV. In
our cohort, most patients {79%, 15/19) with moderate or greater
TV insufficiency had a quadricuspid TV; of whom, 11 have under-
gone TV surgery {concomitant, n=9; subsequent, n=2). In con-
frast, the remaining 39 patients with a quadricuspid TV and mild
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or less TV insufficiency, only 2 required TV surgery. Based on this
observation, we believe children with a moderate or greater TV
insufficiency and a quadricuspid TV should undergo concomitant
TV surgery.

Unfortunately, proportion of neonates is seldom reported;
thus, the true impact of neonatal repair is not always feasible
(Table 2). Clearly, concomitant TV repair in neonates would be
the most challenging. One-third (60/180) of our patient cohort
were neonates. This subgroup of patients had a significantly
higher early mortality of 20% (12/60) compared to 7.5% (9/120)
in older patients. As expected, children with more advanced de-
gree of TV insufficiency required TV surgery earlier (Table 1). The
timing of surgery is dictated by signs of heart failure. Over the
study period, we tend to operate more during the neonatal
period. Eleven neonates underwent concomitant TV surgery, with
an early mortality of 27% (3/11), compared to 10% (1/10} in older
patients (Fig. 2B). Similarly, Russell et al [23] reported 5 neonates
who underwent concomitant TV repair between 1979 and 2012
with an early mortality of 40% (2/5). This illustrates that manage-
ment of neonates becomes much more complicated when con-
comitant TV surgery is required as they are often in a critical
condition. Despite the challenges presented with neonatal TV
surgery, neonates with moderate or greater TV insufficiency often
present with overt signs of heart failure and we believe that there
is no choice but to operate on the TV.

Although concomitant TV repair could be lifesaving, it has lim-
ited durability. Of our 20 patients who underwent concomitant
TV repair, 12 required TV reoperation. Six neonates required TV
reoperation with freedom from TV reoperation of 53% at 1year
and 40% at 10years. Myers et al. [21] reported that 69% (9/13) of
neonates who had TV repair required TV reoperation with free-
dom from TV reoperation of 23% at 10years. Additionally, Kaza
et al. [8] reported 25% (5/14) of patients who concomitant TV re-
pair required TV reoperation with a freedom from TV reopera-
tion of 50% at 7years. Similar to others, we employed several
surgical techniques for TV repair. Unfortunately, due to hetero-
geneity in TV morphology and surgical techniques, it is difficult
to determine a specific surgical approach that offers the most
durability. Rather than attempting to come up with the standar-
dized technique of repair, one must individualize repair for each
patient.

Limitations

This study is subject to the usual limitations of a retrospective
study. Perioperative techniques may have changed over time.
Due to heterogeneity in TV morphology, several surgical tech-
niques were applied. Although all patients with moderate or
greater insufficiency have undergone TV surgery since 2000,
some patients with moderate insufficiency did not undergo con-
comitant TV surgery prior to 2000. Some variables contained a
relatively small number of patients, thus limiting the multivariate
analysis.

CONCLUSION

Most patients with mild TV insufficiency are free from TV surgery
up to 25years. The durability of TV repair is poor. Most patients
with moderate or greater TV insufficiency and a quadricuspid TV
will require TV surgery.

Conflict of interest: none declared.
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The quadricuspid truncal valve

Chapter 7. The quadricuspid truncal valve: surgical

management and outcomes

7.1 Introduction

There is little dispute about the importance of truncal valve competency.
The previous Chapter illustrates that most patients with moderate or greater
truncal valve insufficiency will require truncal valve surgery at some stage,
particularly those with a quadricuspid truncal valve. Furthermore, most patients
who required truncal valve surgery had a quadricuspid truncal valve. Likewise,
Russell and colleagues (102) reported that most patients who underwent truncal

valve surgery had a quadricuspid truncal valve.

While I have established that patients with moderate or greater truncal
valve insufficiency should undergo truncal valve surgery, it is unclear which repair
technique is the most durable. The following study addressed the durability of the
various surgical techniques employed to repair the quadricuspid truncal valve.
Between 1979 and 2018, there were 56 patients with truncus arteriosus and a
quadricuspid truncal valve at The Royal Children’s Hospital. Of these patients, 14
patients had concomitant truncal valve surgery, 8 of whom required truncal valve
reoperation. Progression of truncal valve insufficiency requiring truncal valve

surgery occurred in 7 patients.

The most common method of repair was tricuspidization of the truncal
valve. Interestingly, | found that freedom from truncal valve reoperation was 64%
at 10 years after tricuspidization compared to 0% at 6 years for any other repair
method. These results signify two important findings. Firstly, tricuspidization
appears to be the most durable repair method for the quadricuspid truncal valve.
Secondly, in younger children, tricuspidization may avoid the need for mechanical

prosthesis and necessitating life-long anti-coagulation.
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The quadricuspid truncal valve: Surgical management

and outcomes
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ABSTRACT

Objective: To determine the outcomes of patients with a quadricuspid truncal
valve (TV) and durability of TV repair.

Method: We reviewed 56 patients with truncus arteriosus and a quadricuspid TV
whe underwent complete repair between 1979 and 2018.

Results: TV insufficiency was present in 39 patients (mild, n = 22; moderate, n = 14;
and severe, n = 3). Fourteen patients had concomitant TV surgery. Early mortality in
patients who had concomitant TV surgery was 14% (2 out of 14 patients) and
overall survival was 771% £ 11.7% at 15 years. Freedom from TV recperation
was 303% £ 14.6% at 15 years. Early mortality in patients who did not undergo
concomitant TV surgery was 9.5% (4 cut of 42 patients) and overall survival was
74.9% + 6.9% at 15 years. Progression of TV insufficiency requiring TV surgery
occurred in 167% (7 out of 42 patients). Freedom from TV recperation was
77.1% 1 7.8% at 15 years. The most commen method of repair was tricuspidization
of the TV. Freedom from TV reoperation was 64.3% =+ 21.0% at 10 years after
tricuspidization and o% at 6 years after other types of TV surgery. Overall
follow-up was 97.6% (41 cut of 42 patients) complete for survivors with median
follow-up of 16.6 years. At last follow-up there was no TV insufficiency in 16 patients,
mild insufficiency in 24 patients, and moderate insufficiency in 1 patient.

Conclusions: More than one-third of patients with a quadricuspid TV require TV
surgery. Tricuspidization of the quadricuspid TV appears tc be a durable repair
option with good long-term cutcomes. (J Thorac Cardicvasc Surg 2020;l1-9)

Tricuspidization

3. Gusp ravenstucton

L %

Techniques of tricuspidization of the truncal valve.

CENTRAL MESSAGE

More than one-third of children
with a quadricuspid truncal valve
will require truncal valve surgery.
Tricuspidization is a durable
repalr option in young children.

PERSPECTIVE

Tricuspidization of the quadricuspid truncal valve
has good long-term cutcomes. In young children,
tricuspidization of the guadricuspid valve is a
durable repair option and may help to avoid the
need for truncal valve replacement

See Commentary on page XXX.

We recently reviewed the long-term outcomes of surgical
repair of truncus arteriosus and the impact of truncal valve
(TV) insufficiency.'” Although there was no apparent
association between TV surgery and mortality,
concomitant TV surgery is a significant challenge during
truncus arteriosus repair. We previously reported that
most patients who have required TV surgery had a
quadricuspid TV.'” Furthermore, most patients with
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moderate or severe TV nsufficiency had a quadricuspid
TV.!? In contrast, mild insufficiency of the quadricuspid
TV is rarely progressive.'” Herein, we describe the
outcomes of surgery in children with a quadricuspid TV.

PATIENTS AND METHODS
The Royal Children’s Hospital Human and Research Ethics Committee
approved the current study. All consecutive patients (n = 56) with truncus
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Abbreviations and Acronyms
TTE = transthoracic echocardiogram
TV = truncal valve

arteriosus and a quadricuspid TV who underwent operation at The Royal
Children’s Hospital between 1979 and 2018 were reviewed. Data were
obtained by review of medical records from initial presentation until final
cardiology follow-up. Patient characteristics are summarized in Table 1.

Definitions

Early mortality was defined as deaths occurring within 30 days of sur-
gery or before hospifal discharge. All other deaths were considered lafe.
Subsequent TV surgery was defined as the first TV surgery done after initial
truncus arteriosus repair. The presence of TV insufficiency was evaluated
by preoperative transthoracic echocardiography (TTE) and color Doppler
imaging using standard echocardiographic criteria,” including M-mode
assessment of left ventricular function, Doppler assessment of pressure
half-time (mild [>500 ms], moderate [500-200 ms], and severe
[<200 ms]), diastolic flow reversal in the descending aorta ¢(mild [brief,
early diastolic reversal], moderate [intermediate]. and severe [holodiastolic
flow reversal]), color flow regurgitant jet size (mild [small central jet <25%
left ventricular outflow tract], moderate [intermediate jet greater than mild
but no signs of severe], and severe [large central jet >65% left ventricular
outflow tract]), and measurements of the truncal regurgitant jet width to
annulus ratio (mild [<25], moderate [25-64], and severe [>65]). TV
insufficiency was graded qualitatively from none/trivial to severe. All
patients underwent preoperative TTE. Generally, TV surgery was
performed at truncus arteriosus repair when preoperative TV insufficiency
was graded as moderate or severe. Lesser degrees of TV insufficiency were
repaired only when intraoperative decision making dictated that TV repair
Was necessary.

Data Analysis

Data were analyzed using Stata version 14 (StataCorp LE, College
Station, Tex). Descriptive statistics for continuous data are expressed as
median (range). Mann-Whitney U-test and ¥? test were used where
appropriate. Categorical data were summarized as frequencies and
percentages. Kaplan-Meier actuarial survival (£ standard error) was used
to analyze and plot time-related end points. Log-rank test was used to
compare survivor functions.

RESULTS

Median age at truncus arteriosus repair was 53 days
(range, 1 day-3.1 years) and median weight was 3.6 kg
(range, 1.7-12 kg). Median age decreased over time.
Median age was 69.5 days between 1979 and 1988
(m = 14); 70 days between 1989 and 1998 (n = 23);
32 days between 1999 and 2008 (n = 9); and § days between
2009 and 2018 (n = 10). Concomitant anomalies were
present in 27 patients (Table 1), including associated aortic
arch obstruction in 7 patients. Preoperative TTE determined
TV insufficiency in 39 patients. There were 17 patients with
no TV insufficiency, 22 with mild insufficiency, 14 with
moderate insufficiency, and 3 with severe insufficiency.
Patient outcomes are summarized in Figure 1. Overall early
mortality in patients with a quadricaspid TV was 10.7% (6
out of 56 patients) and there were 8 late deaths indicating an

overall survival of 75.4% £ 6.0% (95% confidence
mterval [CI], 61.2%-85.1%) at 15 years. Overall survival
in patients with mild or less TV insufficiency was
75.8% £ 7.1% (95% CI, 58.5%-86.6%) at 15 years
compared with 76.0% =+ 10.5% (95% CI, 48.0%-
90.3%) at 15 years (P = .93) (Figure 2, A). Overall
follow-up was 97.6% (41 out of 42 patients) complete for
survivors with median follow-up of 16.6 years (range,
1-38 years). At final follow-up, all patients were found to
be in New York Heart Association functional class I or II.

Concomitant TV Surgery

Concomitant TV surgery was undertaken in 14 patients
(Figure 1). All but 1 patient had at least moderate TV
insufficiency on preoperative TTE. One patient with mild
TV insufficiency on initial preoperative imaging was
deemed to have moderate insufficiency on follow-up
imaging. Early mortality in patients who underwent
concomitant TV surgery was 14% (2 out of 14 patients),
both deaths occurred in neonates. The first early death
was due to cardiac arrest, and the second early death was
due to a persistently low cardiac output state in a patient
who could not be weaned off extracorporeal membrane
oxygenation. There was 1 late death due to acute-on-
chronic respiratory failure secondary to bronchiolitis.
Overall survival in patients who required concomitant TV
surgery was 77.1% £ 11.7% (95% CI, 44.2%-92.1%) at
15 years (Figure 2, B).

Surgery was performed via median sternotomy with the
use of cardiopulmonary bypass in all patients. There were
3 surgeons (C.P.B., Y.D.,LE.K.) who performed TV surgery
for quadricuspid valve during the study period. The truncus
arteriosus was transected and the TV directly inspected.
Characteristics and outcomes of patients who underwent
concomitant TV repair are summarized in Table 2. As
shown in Figure 3, A, tricuspidization was achieved by total
cusp resection and annulus reduction, cusp reconstruction
and annulus reduction, or cusp reconstruction. Often, the
smallest or most dysplastic leaflet was identified and re-
sected, along with the corresponding part of the arterial
wall. The truncal wall was reconstructed by direct suture
and this suture line continued to close the defect between
the 2 adjacent valve leaflets (Figure 3, A-1). This method
was used in 4 patients concomitantly at truncus repair. In
2 patients, the left coronary artery was arising from the si-
nus of the redundant valve leaflet, and the leaflet was
partially resected and reconstructed in a similar fashion
(Figure 3, A-2). In the remaining patient, the raphe between
2 rudimentary cusps was resected and both cusps were su-
tured together to form a single, good-quality cusp
(Figure 3, A-3). Competence of the TV was achieved by
nontricuspidization in 7 patients (Figure 3, B).

Eight patients underwent 11 TV reoperations (Figure 1).
Median time to TV reoperation was 248 days (2.4 years;
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TABLE 1. Patient characteristics

Characteristic Overall (n = 56) Concomitant TV sargery (n = 14) Ne concomitant TV surgery (n = 42)
Age (d) 53 (1-1123) 12.5 (1-1123) 66 (4-682)
Weight (kg) 3.6(1.7-12) 3.1(1.7-12.0) 37(2082)
Neonate at time of repair 35.7 (20/56) 57.1 (8/14) 28.6 (12/42)
CPB time (min) 126 (60-241) 206 (87-241) 112 (60-227)
Crossclamp time (min) 63 (40-263) 120 (80-263) 59 (40-158)
Degree of TV insufficiency
None 30.4 (17/56) 1] 40.5 (17/42)
Mild 39.3 (22/56) 7.1 (1114) 50.0 (21/42)
Moderate 25.00 (14/56) 714 (10/14) 9.5 (4/42)
Severe 5.4 (3/56) 21.4 (3/14) 0
Degree of TV stenosis
None 82.1 (46/56) 64.3 (9/14) 88.1 (37/42)
Mild 12.5 (7/56) 21.4 (3/14) 9.5 (4442)
Moderate 5.4 (3/56) 14.3 (2/14) 2.4 (1442)
Severe TV stenosis 0 U] 0
Concomitant anomalies
Interrupted aortic arch 10.7 (6/56) 7.1 (1/14) 11.9 (5/42)
Coronary artery anomaly 7.1 (4/56) 14.3 (2/14) 4.8 (2142)
MAPCA 7.1 (4/56) 14.3 (2114) 4.8 (2/42)
Coarctation 1.8 (1/56) 7.1 (1/14) 0
DiGeorge syndrome 10.7 (6/56) 21.4 (3/14) 7.1(342)
Scimitar syndrome 1.8 (1/56) 7.1 (1/14) 1]

Values are presented as % (o/N) or median (range). TV, Truncal valve; €PB, cardiopulmonary biypass; MAPCA, major aortopulmonary collateral artery.

range, 12 hours-6.1 years). Four reoperations occurred
within the first year following initial TV surgery. Overall
freedom from TV reoperation was 30.3% £ 14.6% (95%
CIL, 7.2%-58.2%) at 15 years. Freedom from reoperation

tricuspidization of their TV was 64.3% + 21.0% (93%
ClI, 15.2%-90.2%) at 10 years compared with 0% at 6 years
for any other repair method (P = .04). Two patients who
underwent tricuspidization of their TV required TV

in the 7 patients who underwent concomitant reoperation at 2 months and 6 years. Of the remaining
Quadricuspid truncal valve
(n = 56)
v v
Concomitant truncal valve surgery No concomitant truncal valve surgery
(n=14) (n=42)

Eary mortality Early mertality
n=2) y . E (n=4)
Truncal valve No truncal valve Late truncal valve No late truncal

reoperation reoperation operation valve operation
n=8) (n=5) =7 (n=31)
Late mortality Late mortality
(n=1) (n=7)

FIGURE 1. Diagram showing the timing and distribution of truncal valve surgery, mortality, and reoperation.
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FIGURE 2. Survival in children with a quadricuspid truncal valve (V). A, Mild or less TV insufficiency versus moderate or greater TV insufficiency.

B, Concomitant TV survery versus no concomitant TV surgery.

6 patients who required TV reoperation, 2 underwent tricus-
pidization of their previously repaired TV. The first patient
initially underwent subcommissural ammuloplasty and
plication of the sinotubular junction, then underwent
tricuspidization at 2.8 years, followed by replacement
with a 24-mm aortic homograft 8 vears later due to
endocarditis with root abscess. The patient is currently
well at 13 years. The second patient initially underwent
resection of accessory tissue from the valve cusps, then
underwent tricuspidization at 2.6 years. The patient is
currently well at 2.7 years. After median follow-up time
of 16.1 years (10.2 years; range, 1.2-19 years), there was
TV insufficiency in 5 patients, and mild insufficiency in
6 patients after concomitant TV surgery.

No Concomitant TV Surgery

There were 42 patients who did not undergo
concomitant TV surgery (Figure 1). Most patients who
did not require concomitant TV surgery had mild
(n = 21) orno (n = 17) TV insufficiency (90.5%; 38 out
of 42). Barly mortality in patients who did not require
concomitant TV surgery was 9.5% (4 out 0of42). Two early
deaths were due to acute-on-chronic respiratory failure
secondary to severe tracheobronchomalacia; 1 early death
was due to cardiac arrest; and 1 early death was due to
sepsis. There were 7 late deaths, 5 of which were within
the first year following truncus repair and overall survival
of 74.9% £ 6.9% (95% CI, 58.3%-85.7%) at 15 years
(Figure 2, B).
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TABLE 2. Concomitant truncal valve (TV) surgery
Time
™V Additional Age Weight to TV Follow-up
Pt insufficiency diagnoses (d) (kg) TV surgery type Other surgery  reoperation TV reoperation time
1 Moderate None 1 1.7 Commissurotomy and None - None Death (early)
resection of accessory
tissue
2 Mild None 80 4.8 Tricuspidization (cusp None - None 19.0 v
reconstruction)
3  Moderate Coronary 33 29  Tricuspidization (cusp None - None 190y
anomaly reconstruction and
annulus reduction)
4 Moderate None 164 53 Tricuspidization (cusp None - None 164 v
resection and annulus
reduction)
5 Moderate DiGeorge 41 31 Subcommissural None 28y Tricuspidization 130y
syndrome annuloplasty and STT (cusp resection and
plication annulus reduction)
6 Severe DiGeorge 10 28 Tricuspidization (cusp None 02y Komnne procedure and Death (late)
syndrome resection and annulus replacement with
reduction) 19-mm Carbomedics
aortic valve
7 Severe Scimitar 7 3.0 Subcommissural MAPCA 1d Replaced with 14-mm Death (early)
syndrome; annuloplasty lipation; aortic homograft
MAPCA right
pneumonectomy
8 Moderate None 2 35 Replacement with 10-mm None 0.6y Replaced with 17-mm 117y
aortic homograft St Jude aortic valve
9 Moderate None 1123 120 Subcommissural None 6.1y Subcommissural 08y
annuloplasty anmuloplasty and
STI plication
10 Moderate CoA 1 3.1 Commissurotomy and CoA repair 0.7y Commissuroplasty | 8oy
resection of accessory
tissue
11 Moderate DiGeorge 79 3.8 Tricuspidization (cusp None 6.0y Commissuroplasty 81y
syndrome resection and annulus
reduction)
12 Moderate ASD 15 3.0 Resection of nodules from None 26y Tricuspidization (cusp 27y
valve cusps resection and annulus
reduction)
13 Moderate Coronary 4 3.0 Tricuspidization (cusp Coronary - None 1.0y
anomaly reconstruction and unroofing
annulus reduction)
14 Severe IAA 3 32 Tricuspidization (cusp AA - None 1.0y
resection and annulus reconstruction

reduction)

St Jude: St Jude Medical, St Panl, Minn; Carbomedics: LivaNova, London, UK; On-X: On-X Life Technologies, Austin, Tex. Pt, Patient; TV, tuncal valve; STJ, sinotubular
junction; MAPCA, major aortopulmonary collateral artery; Cod, coarctation; ASD, atrial septal defect; IAA, interrupted aortic arch; A4, aortic arch. ¥Replaced 8 years later
with a 24-mm aortic homograft due to endocarditis with roor abscess. tReplaced 4.2 years later with a 19-mm On-X aartic valve then again 1 year later with a 21-mm On-X
aortic valve due to endocarditis.

Seven out of 42 patients {16.7 %) required subsequent TV
surgery (Figure 1). Median time to subsequent TV surgery
was 5.2 years (range, 7 days-13.3 years). Of these patients,
1 initially had no TV insufficiency, 4 had mild insufficiency,

and 2 had moderate insufficiency. Freedom from
subsequent TV surgery was 77.1% + 7.8% (93% CI,
57.3%-88.5%) at 15 years. Subsequent TV operations are
summarized in Table 3. Five patients underwent TV
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Tricuspidization 1

1. Total cusp resection and annulus reduction

Non-tricuspidization 1

1. Resection of accessory and fibrous tissue

I = Concomitant, Il = Subsequent, Il = At reoperation

FIGURE 3. Truncal valve (TV) surgical techniques. A, Tricuspidization: 1 = cusp resection and annulus reduction, 2 = cusp reconstruction and annulus
reduction, and 3 = cusp reconstruction. B, Nontricuspidization: 1 = resection of accessory and fibrous tissue, 2 = subcommissural annuloplasty,
3 — replacement. {, Concomitant TV surgery: [{, subsequent TV surgery: /I, procedure performed at reoperation.

replacement. Two patients underwent TV repair with
tricuspidization of their TV at 7 days and 5.2 years. Of these
2 patients, the first required TV replacement at 15.6 years
and is currently well at 21.7 years, whereas the second is
free from TV reoperation and well at 15.3 years. At final
follow-up, in patients who did not have concomitant TV
surgery, there was no TV insufficiency in 11 pafients,
mild insufficiency in 17 patients, and moderate
insufficiency in 1 patient. Furthermore, the TV status was
unchanged in patients who had late deaths.

TABLE 3. Subsequent truncal valve (TV) surgery

Tricuspidization

There was a total of 11 patients who underwent
tricuspidization throughout the study period. The first
concomitant tricuspidization was performed in 2000 (the
second patient in this cohort to undergo concomitant TV
surgery). There was no asscciation between tricuspidization
and cra or surgery. Freedom from TV rcoperation
following tricuspidization was 64.9% =+ 16.7% (95% CI,
24.9%-87.4%) at 10 and 15 years (Figure 4, A and B). In
comparison, freedom from TV reoperation following any

TV Additional Age Weight Late TV Time to TV Follow-up
Pt insufficiency diagnoses (d) (kg) Late TV surgery type surgery time TV reoperation reoperation time
1 Mild None 68 39 Replaced with 25-mm 37y - None 381y
St Jude aortic valve
2 Mild TIAA 12 29 Replaced with 25-mm 77y - None 283y
St Jude aortic valve
3 Moderate DiGeorge 13 32 Replaced with 16-mm 18d 112y Replaced with  25.1y
syndrome Carbomedics aortic valve 21-mm On-X
aortic valve
4 Maoderate None 12 26 Replaced with 25-mm 133y = None 228y
St Jude aortic valve
5 Mild None 217 47 Tricuspidization (cusp 7d 156y Replaced with  21.7 y
resectien and annulus reduction) 23-mm On-X
aortic valve
6 None None 32 40 Tricuspidization (cusp 52y - None 153y
resection and annulus reduction)
7 Mild None 17 33 Replaced with 21-mm On-X aortic 65y - None 86y

valve

St Jude: St Tude Medical, St Paul, Minn; Carbomedics: LivaNova, London, UK; On X: On X Life Technologies, Austin, Tex. Pr, Patient; TV, truncal valve; JAA, interrupted aortic

arch.
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FIGURE 4. Freedom from truncal valve (TV) reoperation. A, Tricuspidization (blue) compared with other types of repair by nontricuspidization
techniques (red) performed at any stage. B, Tricuspidization (blue) compared with other types of nontricuspidization, including TV replacement, in children

younger than age 6 years (red).

other repair method was 0% at 6 years (Figure 4, A). When
including patients younger than age 6 years who underwent
any other TV surgery, including replacement, freedom
from TV reoperation was 12.7% £ 11.9% (95% CL
0.7%-42.7%) at 15 years (P = .05) (Figure 4, B).

Neonates

Twenty neonates were included among the study
population (35.7%; 20 out of 56). Overall early mortality in
neonates was  15% and  overall survival was
75.0% £ 9.7% (95% CIL, 50.0%-88.8%) at 15 years. Of
the neonates, 8 underwent concomitant TV surgery {40%)
with an early mortality of 25% and overall survival of

62.5% + 17.1% (95% CI, 22.9%-86.1%) at 10 years. The
outcomes of concomitant TV surgery in necnates can be
seen in Table 2. Three neonates underwent tricuspidization.
Of the remaining 12 neonates, early mortality was 8%
(1 out of 12) and overall survival was 83.3% =+ 10.8%
(95% (I, 48.2%-95.6%) at 10 years. Four neonates who
did not have concomitant TV surgery required subsequent
TV surgery {Table 3). Of these patients, 2 initially had mild
msufficiency, and 2 had moderate insufficiency.

DISCUSSION
TV insufficiency is among the most important
factors influencing outcomes of patients with truncus
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arteriosus."™ % We previously reported no apparent

association between the degree of TV insufficiency or
concomitant TV surgery with mortality.”® However, our
previous analysis® was limited by a small namber of deaths.
Despite the apparent lack of association with mortality,
most surgeons would agree that severe TV insufficiency,
particularly during the neonatal peried, increases mortality.

The current study demonstrated that moderate or greater
truncal insufficiency in the setting of quadricuspid
morphology could be dealt with effectively by valve repair
ot replacement, so that overall survival was not different
from those children with mild or less TV insufficiency
(Figure 2, A). Additionally, concomitant TV surgery was
effective, so that children who required concomitant TV
surgery had similar survival to those who did not require
concomitant TV surgery (Figure 2, B).

Previous studies have demonstrated that the most
significant risk factors for death are moderate or greater
TV insufficiency and an associated interrupted aortic
arch.”'"*? There were 6 patients in our cohort with an
interrapted aortic arch, 5 of whom had mild TV
insufficiency. There was 1 patient with an interrupted
aortic arch and severe TV insufficiency who underwent
concomitant TV and aortic arch repair. This patient is
currently well at 1 year of follow-up.

We previously reported that patients with a quadricuspid
TV and moderate or greater truncal insufficiency, were most
likely to require TV surgery at some stage throughout their
lives.” In contrast, most patients with a quadricuspid TV and
mild or less TV insufficiency are free from long-term TV
surgery. However, in the current study, 16% of patients
with mild or less insufficiency had progressive TV
insufficiency that required TV surgery. Furthermore, there
were 4 patients with moderate TV insufficiency who did
not undergo concomitant TV surgery, of whom 2 have
required subsequent TV surgery, 1 has died, and 1 was
lost to follow-up after 1 year.

We have used several techniques to concomitantly repair
the TV. Our preferred method of repair, that appears to
give best long-term results, is tricuspidization of the
quadricuspid valve with reduction of the anmulus. This
can be achieved by either resection of a leaflet and annulus
reduction, which was first described by Imamura and
colleagues in 1999, cusp reconstruction and annulus
reduction, or cusp reconstruction. We have used this
technique concomitantly at truncus arteriosus repair in 7
patients; subsequently in an additional 2 patients who did
not have mitial TV surgery; and 2 patients who required
reoperation following nontricuspidization. There were
only 3 reoperations in 11 patients who underwent
tricuspidization, compared with 4 reoperations in 6 patients
who underwent repair by nontricuspidization. Freedom
from reoperation in patients who underwent concomitant
tricuspidization was 64% at 10 years compared with 0%

at 6 years in patients who underwent concomitant TV repair
by nontricuspidization. Thus, tricuspidization appeared to
provide superior results compared with other techniques
of repair (Figure 4, A). Furthermore, tricuspidization
provided better long-term outcomes even if the
nontricuspidization group included younger children
(younger than age 6 years), in whom TV replacement was
performed (Figare 4, B). Clearly, in older children, TV
replacement can be performed with an adult-sized
mechanical prosthesis that may potentially last for life. In
fact, 4 patients, aged 4 to 13 vears, had TV replacement
with an adult-sized mechanical prosthesis that has so far
lasted without reoperation from 8.6 to 38 vears (Table 3).
However, such replacement with a large prosthesis may
not be feasible in younger children. Besides, a mechanical
prosthesis requires lifelong anticoagulation therapy. Thus,
tricuspidization of the quadricuspid TV is desirable
whenever possible. Although the current study is somewhat
limited due to a small number of patients, it appears that
tricuspidization of the TV is the most durable repair option
in patients with a quadricuspid TV.

Limitations

This study is subject to the usual limitations of a
retrospective study. Continuous echocardiographic data was
not available, thus accurate timing for the progression of TV
insufficiency was unable to be determined. Due to the overall
limited sample size, some variables contained a relatively
small number of patients, thus limiting statistical analysis.

CONCLUSIONS

More than one-third of patients with a quadricuspid TV
require TV surgery. Tricuspidization of the quadricuspid
TV appears to be a durable repair option with good
long-term outcomes.
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The quadricuspid truncal valve: Surgical management and outcomes

Phillip S. Naimo, MD, Tyson A. Fricke, MBBS, Melissa G. Y. Lee, MBBS, PhD, Yves d'Udekem,
MD, PhD, Johann Brink, MD, Christian P. Brizard, MD, and Igor E. Konstantinov, MD, PhD,
Melbourne, Awstralia

More than one-third of children with a quadricuspid truncal valve will require truncal valve
surgery. Tricuspidization is a durable repair option in young children.
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Chapter 8: Long-term quality of life in adults following

truncus arteriosus repair

8.1 Introduction

There are an increasing number of adults who underwent truncus
arteriosus repair as children. Despite this, there is little known about their long-
term quality of life. Most patients have undergone repair of truncus arteriosus
with the use of a conduit, which invariably requires reoperation for replacement
as the individual grows due to progressive stenosis and obstruction. Therefore, it
is probable that progressive symptomology of the underlying stenosis, and

awareness of eventual reoperation, may affect patient’s quality of life.

The following study aimed to assess the long-term quality of life in adults
who underwent truncus arteriosus repair at The Royal Children’s Hospital using
the Short Form 36 (SF-36) questionnaire. There were 42 patients who agreed to
participate in the study.

It was found that while there were some discrepancies in the self-reported
physical domains, the overall single measure of quality of life - the SF-6D score -
was similar between patients with truncus arteriosus, and an age-matched
Australian population. There were only 2 patients with DiGeorge syndrome who
participated in the study who were independent. This limited comparative

analysis between those with and without DiGeorge syndrome.

Furthermore, patients with truncus arteriosus, a condition with a typically
high reoperation rate, had similar quality of life to patients who underwent the

arterial switch operation, a condition with a typically low reoperation rate.
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Key question

Freedom from reoperation following truncus arteriosus repair

What is the quality of life of adult patients

following repair of truncus arteriosus (TA)? ! ! )
09 — Recperation all TA patients > 18 years old
G = Reoperation QoL responding TA patients
l Ly

0.6
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Key finding(s)

We found no difference in quality of life
in patients with TA versus Australian controls
or patients who had an arterial switch operation. i

0.2 log-rank, p=0.48

Freedom from reoperation (%)
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Time from TA operation (years)

Number at risk
Take-home message il - » s ) 0

— 42 16 7 2 0

Patients with TA have a quality of life
similar to that of Australian controls.

Abstract

OBJECTIVES: To date, few studies have assessed the quality of life following congenital cardiac surgery. In this study, we aimed at deter-
mining the quality of life after truncus arteriosus (TA) repair using the Short Form 36 questionnaire in adult survivors.

METHODS: Seventy-three patients {age > 18 years) who underwent TA repair at the Royal Children’s Hospital, Australia were identified for
the study. Of these, 42 patients (58%, 42/73) participated in the study and completed the Short Form 36 questionnaire. The results of the
& domains and the derived health state summary score {Short Form Six Dimension, SF-6D) were compared with age-matched Australian
population controls, and with patients who underwent the arterial switch operation (ASO).

Presented at the 33rd Annual Meeting of the Eurcpean Association for Cardio-Thoracic Surgery, Lisbon, Portugal, 3-5 October 2019
"The fiest two authors contributed equally to this study and shave co-first authotship

©:The Author(s) 2019. Published by Oxdford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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RESULTS: Compared with the age-matched Australian population, 18- to 24-year-old TA patients (31%, 13/42) had lower scores in 6 of
8 domains; 25- to 34-year-old TA patients (36%, 15/42) scored lower in 5 of 8 domains; and 35- to 44-year-old TA patients (33%, 14/42)
scored lower in 4 of 8 domains. SF-6D scores were not significantly different between TA patients and the age-matched Australian popula-
tion. Compared with patients who underwent ASO, 18-to 24-year-old TA patients scored lower in 3 of 8 domains; and 25- to 34-year-old
TA patients scored lower in 2 of 8 domains. There was no significant difference in SF-6D scores between TA and patients who underwent

the ASQO.

CONCLUSIONS: Adult survivors of TA have similar quality of life compared with age-matched Australian controls measured by SF-6D.
Despite a higher reoperation rate in TA patients, they have similar quality of life compared with ASO patients.

Keywords: Truncus arteriosus « Quality of life + Short form six dimension

INTRODUCTION

To date, few studies have assessed the long-term health-related
quality of life in adult survivers of congenital cardiac surgery. We
therefore sought to assess the long-term health-related quality of
life in adults following truncus arteriosus (TA) repair using the
Short Form 36 (SF-36) questionnaire—a widely validated generic
instrument [1]-and compare this with age-matched Australian
population controls. Despite a good understanding of the long-
term surgical outcomes, there are no data on the health-related
quality of life following TA repair in those who reach adulthood.
However, there is general concern and evidence that patients
with congenital heart disease are at risk of worse emotional func-
tioning and mental health in adulthood [2, 3] The SF-36
addresses health-related quality of life from & dimensions includ-
ing physical functioning, social functioning and mental health.
Furthermore, most patients who undergo TA repair require the
use of a conduit to re-establish continuity between the right ven-
tricle and pulmonary artery, and thus invariably require reopera-
tion/s throughout their lives [4, 5]. Therefore, we also compared
the health-related quality of life in patients who underwent TA
repair to those who underwent the arterial switch operation
(ASO)—an operation with comparatively similar complexity, but

Table 1:  Patient characteristics

Variables

Total TA patients over 18 years of age 39% (73/188)
Total number of responses 58% (42/73)
Females 52% (22/42)

Median age surgical repair
18-24 age group 44 days (mean 60 days,
range 12-218 days)

43 days (mean 46 days,
range 6-100 days)

164 days (mean 278 days,
range 51-1413 days)

25-34 age group
35-44 age group

Reoperations
18-24 age group
Total 26
Median time to reoperation 4.4 years (mean 7.3 years,
range 7 days-15.5 years)
25-34 age group
Total 26
Median time to reoperation 7.2 years (mean 6.8 years,
range 1.1-12.9 years)
35-44 age group
Total 12
Median time to reoperation 4.6 years (mean 5 years,
range 0.9-12.1 years)

TA: truncus arteriosus.

with low reoperation rates. We had previously reported the qual-
ity of life in adult survivors after ASO [6].

METHODS
Patients

The study was approved by the Human Research Ethic
Committee at the Royal Children’s Hospital. All patients {n=188)
who underwent TA repair between 1979 and 2018 were identi-
fied from the hospital database. The study population was limited
to survivers above the age of 18 years. The overall survival was
73.6% at 30years [4, 5]. Seventy-three patients above 18 years of
age were selected for the study. Of which, 42 (58%, 42/73)
patients agreed to participate in the study. Thirteen (31%, 13/42)
patients were 18-24 years old; 15 (36%, 15/42) patients were 25-
34years old; and 14 (33%, 14/42) patients were 35-44years old.
Table 1 presents the clinical characteristics of the group. There
were 2 patients with DiGeorge syndrome included in the study.
Participants were contacted via telephone and completed SF-36
quality of life questionnaire between December 2017 and April
2018.

Definitions

As previously described [6], the SF-36 quality of life questionnaire
is a validated health-related survey that is composed of 36 ques-
tions that measures 8 domains. These domains include physical
functioning (impact of health on physical activities), body pain
(frequency and impact of pain on activities), general health, vital-
ity (perception of energy and fatigue), social functioning (impact
of physical or emctional problems on social activities), mental
health, role limitations caused by physical health problems {im-
pact of physical health on vocational and avocational activities)
and role limitations caused by emotional problems (impact of
emotional problems on vocational and avocational activities) [1]
A higher domain score represents a more favourable health-re-
lated quality of life. Responses to the 36 questions indicate the
presence or absence of limitations and are scored and averaged
so that a higher score in a domain indicates more favourably
ranked quality of life. While the SF-36 questionnaire is commonly
conducted as a written survey, telephone administration has
been shown to be equivalent to the written form [7]. The SF-36
scores are then converted into a summary score, the Short Form
6-Dimension (SF-6D) score, to present a generic single-index
health state that is comparable across different disease states and
the general population. The SF-6D has interval scale property, i.e.
a difference between 0.2 and 0.4 is equally valued as a difference
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SF-36 domain and SF-6D scores for truncus arteriosus patients and Australian age-matched population

Table 2:

35-44 years old

P-value TA patients (»

25-34 years old

Domain  18-24 years old

Aust population® (n=2274) P-value

—1ay

2679)

Aust population® (n=
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P-value TA patients (n

1762)

Aust population® (n=

13)°

TA patients (n

0.31

897+ 185 (88.9-90.4)
7524223 (74.3-76.1)
69.0 + 19.8 (68.2-69.8)

84.6+ 22.6 (71.6-97.7)
84.6+21.2 (72.4-96.9)
60.7 + 27.3 (45.0-76.5)

<0.001

91.6  18.3 (90.9-92.3)
78.8 +21.0(78.0-79.6)
70.9 + 19.0 (70.2-71.6)

74.7 + 26.2 (60.2-89.2)
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0.39

91.1 2 20.3 (90.1-92.0)

PF

012
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0.52

0.762-0.772)

0.90
0.41
0.40
0.26
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83.8-85.4)
71.4-72.7)
87.1-89.2)
83.4-85.7)

82.6+236
720+178
83.7+326
82.5+33.2

74.83-96.6)
727-87.8)
61.4-99.3)
42.4-95.7)

85.7+189
80.3£13.1

80.4+328
69.1+462
0.788 + 0.109

0.59

0.725-0.851) 0.767 + 0.123

0.64

0.775-0.784)

58.3+19.0
84.6+31.5

43.4-71.9)
62.9-97.1)
64.6-86.9)
60.3-99.7)
72.3-105.5)

721170

88.2+277
84.6 £31.5

57.7+257
80.0£309
75.7+20.1
80.0£356
88.9 £30.0

0.765 + 0.151

0.91
0.28
061
0.20

0.767-0.778)

81.1+ 205

703+ 196
59.5+ 19.1

77.5-98.3)
53.0-78.5)
47.2-64.6)
62.4-93.4)
55.6-84.1)
60.2-101.4)
71.7-102.7)

83.2+222
704+ 183

888+ 264
8261+ 323

878=+17.2
658+ 21.1
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559z 143
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699+ 235
80.8+ 34.1
872+ 256
0.729 + 0.095
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SF-6D

Values in boldface indicate statistical significance.

®All data are reported as mean + standard deviation (95% confidence interval).

Aust: Australian, EW: emotional well-being; GH: general health; PF: physical functioning; RLEP: role limitations due to emotional problems; RLPH: role limitations due to physical health; SF: social functioning; SF-6D:

Short Form 6 Dimension; TA: truncus arteriosus; Vit: vitality.

between 0.6 and 0.8, and thus is easily interpretable. The
Australian population SF-36 and SF-6D scores are estimated
from the Household, Income and Labour Dynamics survey [8]
The Household, Income and Labour Dynamics survey is an
Australian government funded longitudinal study of >17000
Australians.

Statistical analysis

Stata version 12 (Stata Corp, College Station, TX, USA) was used
for data analysis. Continuous data are expressed as means * stan-
dard deviations (95% confidence interval), while skewed continu-
ous data are expressed as medians (mean, range). Categorical
data are summarized as frequencies and percentages. The results
derived from the 8 individual SF-36 domains and SF-6D scores
were compared with the mean scores from age-matched
Australian population data derived from the Household, Income
and Labour Dynamics survey [8]. A two-sample t-test was used to
determine any statistically significant difference between SF-36
domains and SF-6D scores between groups. The Kaplan-Meier
survivor functions were used to plot and analyse time-related
end points. The log-rank test was used to compare survivor func-
tions. Statistical significance was set a P-value <0.05.

RESULTS

A total of 73 patients identified by the hospital database were eli-
gible to participate in the study, of whom 42 (58%, 42/73) agreed
to participate. The scores for each age group from the 8 5F-36
domains compared with the general age-matched Australian
population are summarized in Table 2. Compared with the age-
matched Australian population, 18- to 24-year-old TA patients
had lower scores in 6 out of the 8 domains; 25- to 34-year-old
TA patients scored lower in 5 out of the 8 domains; and 35-
44 years old age group patients (33%, 14/42) scored lower in 4
out of the 8 domains. Physical functioning was significantly lower
in TA patients compared with the Australian population in both
the 18-24vears old (P=0.011), and 25-34years old groups
(P<0.001). General health was also significantly lower in the 25-
to 34-year-old TA patients compared with the Australian popula-
tion (P<0.001). There were no significant differences in the SF-
6D scores between TA patients and the Australian population in
any age group (18-24years old, 0.729+0.095 vs 0.772 + 0.121, re-
spectively, P=0.20; 25-34years old, 0765+0151 s
0.780+0.116, respectively, P=064; and 35-44years old,
0.788+0.109 vs 0.767 + 0.123, respectively, P=0.52).

Forty-two patients who participated in the study had a total of
64 reoperations (Table 2). In all TA patients above 18 years old,
overall freedom from reoperation was 3+2% (95% Cl 1-8) at
20years (Fig. TA). In TA patients who undertook the SF-36 ques-
tionnaire, freedom from reoperation was 0% at 20years. There
was no significant difference in reoperation rates between TA
patients who did and did not undertake the SF-36 questionnaire
(P=0.48). The most common reason for reoperation was right
ventricular outflow tract obstruction. In contrast, for patients
who underwent the ASO, freedom from reoperation was 85+ 2%
(95% ClI 80-88) at 20years (Fig. 1B). In patients who underwent
the ASQ and undertock the SF-36 questionnaire, freedom from
reoperation was 82+ 4% (95% Cl 73-89) at 20years. There was
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Figure 1: Freedom from reoperation. (&) Freedom from reoperation in all TA patients (blue) and TA patients who participated in quality of life survey (red). (B)
Freedom from reoperation in all ASO patients {blue) and ASO patients who participated in quality of life survey (red). ASO: arterial switch operation; Qol: quality of

life; TA: truncus arteriosus.

Table 3: SF-36 domain and SF-6D scores for truncus arteriosus patients and arterial switch operation patients
Domain  18-24yearsold 25-34 years old

TA patients (n=13)* ASO patients (n=51)* P-value  TA patients (n=15)* ASO patients (n = 56)" P-value
PF 76.5 * 26.6 (60.4-92.6) 92.5+10.1(89.6-953)  <0.001 74.7 + 26.2 (60.2-89.2) 92.9+12.1(89.6-96.1)  <0.001
Pain 87.8+ 17.2 (77.5-98.3) 88.7 + 17.7(83.7-93.7) 0.87 81.5 4 26.5 (66.8-96.2) 85.2 4 20.8 (79.7-90.8) 0.57
GH 65.8+ 21.1 (53.0-78.5) 69.7 + 185 (64.5-74.9) 0.51 54.0 + 25.9 (39.7-68.3) 69.4 + 18.5 (64.4-74.3) 0.011
Vit 55.9 % 14.3 (47.2-64.6) 69.7 + 14.7 (65.6-73.8) 0.004 57.7 + 257 (434-71.9) 68.0+ 18.8 (63.0-73.1) 0.09
SF 779+ 256 (62.4-934) 84.6 £ 21.0(78.7-90.5) 033 80.0 + 20.9 (62.9-97.1) 90.0 + 18.1 (85.1-94.8) Q11
EW €9.9 * 23.5 (55.6-84.1) 81.3 £ 16.6 (76.7-85.6) 0.047 75.7 £20.1 (64.6-86.9) 83.5% 14.7 (79.6-87.4) 0.087
RLPH 80.8+ 34.1 (60.2-101.4) 873 £ 27.1 (79.6-94.9) 047 80.0 £ 35.6 (60.3-99.7) 92.4 £ 20.7 (86.9-98.0) 0.086
RLEP 87.2 % 25.6 (71.7-102.7) 83.0 +30.1 (74.5-91.5) 0.65 88.9 £ 30.0 (72.3-105.5) 92.4 % 24.4 (86.9-98.0) 0.64
SF-6D 0.729 + 0.095 (0.672-0.786) 0.769 + 0.098 (0.742-0.797) 0.19 0.765 = 0.151 (0.682-0.849) 0.795 + 0.102 (0.768-0.822) 0.37

Values in boldface indicate statistical significance.
*All data are reported as mean + standard deviation.

ASO: arterial switch operation; EW: emotional well-being; GH: general health; PF: physical functioning; RLEP: role limitations due to emotional prablems; RLPH:
role limitations due to physical health; SF: social functioning; SF-6D: Short Form 6 Dimension; TA: truncus arteriosus; Vit: vitality.

no significant difference in reoperation rates in ASO patients who
did and did not undertake the SF-36 questionnaire (P =0.34).

Compared with patients who underwent the ASQ, 18- to 24-
year-old TA patients had lower scores in 7 out of the 8 domains;
and 25- to 34-year-old TA patients scored lower in all 8 domains
(Table 3). Again, physical functioning was significantly lower in
TA patients in both the 18-24years old (P<0.001), and 25-
34years old groups (P<0.001). There were no significant differ-
ences in the SF-6D scores between TA patients and ASO patients
in any age group (18-24 years old, 0.725+ 0.095 vs 0.769 = 0.098,
respectively, P=0.19; and 25-34years old, 0.765+0.151 vs
0.795 = 0.120, respectively, P=0.37).

DISCUSSION

We have previously reported good long-term surgical outcomes
following TA patients, albeit with a high reoperation rate [4, 5].
Over a 35-year period between 1979 and 2014 we reported on
171 patients who underwent TA repair with an early mortality of
12%, and overall survival of 75%+3% at 20years. This has
resulted in an evergrowing adult population of those who have
undergone TA repair. Although similar long-term results have

been reported from other centres [9-12], there are no current
data on the quality of life of adult survivors of TA. Therefore, the
focus of this study was to assess the long-term quality of life fol-
lowing TA repair. By understanding the health-related quality of
life outcomes in patients with surgically repaired TA, it may allow
us to assess the overall impact of the condition and provide a ref-
erence to adjust the therapeutic interventions to address the
physical and psycho-social issues in adults.

To the best of our knowledge, our study represents the only
study of adult survivors of TA repair to have their quality of life
examined and compared with an age-matched population.
O'Byrne et al [13] reported on the quality of life in 25 children
who underwent TA repair using the Child Health Questionnaire-
Parent Form 50, and Parent Child Quality of Life Inventory.
However, the study population only included children from 8 to
10years old who volunteered to participate and did not investi-
gate any long-term quality of life beyond adolescent years [13]
O'Byrne et al. [13] demonstrated similar results of psycho-social
functional status in TA patients compared with the general
population but recorded significantly diminished physical func-
tioning score. Similarly, we noted significantly reduced physical
functioning compared with the age-matched Australian
population.
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We have previously reported on the quality of life of patients
who underwent the ASO [6]. While TA patients and those who
undergo the ASO obviously have different malformations, both
cohorts of patients undergo complex cardiac surgery during in-
fancy. Stark differences arise in the reoperation rates between TA
patients and those who undergo the ASO [14] (Fig. 1). As nearly
all patients with TA undergo surgical repair with the use of a con-
duit, this inevitably requires reoperation as the patient matures.
Thus, freedom from reoperation was 3% at 20vears in TA
patients, and 85% at 20years in patients who underwent the
ASO. One would therefore expect the quality of life of TA patients
to be lower than those who underwent the ASO. Compared with
patients who underwent the ASO, TA patients scored lower in
nearly all domains across all age groups. Again, physical function-
ing was significantly lower in TA patients in all age groups when
compared with patients who underwent the ASO. However, the
overall quality of life as demonstrated by the SF-6D were compa-
rable in both cohorts.

Our results as demonstrated by SF-6D show that TA patients
have similar overall quality of life as the general age-matched
Australian population and patients who underwent the ASO. The
SF-6D is a universally accepted health measurement derived
from a selection of SF-36 domains which has been used to de-
scribe over 18 000 health states and generate quality-adjusted
life years. While TA patients had lower scores in many of the SF-
36 domains—most significantly in physical functioning—the abso-
lute differences in the domains are difficult to interpret.
Furthermore, there were no statistically significant differences in
the SF-6D scores across all TA age groups. These initial results are
reassuring and suggest that the overall quality of life of TA survi-
vors is comparable to the general population and other congeni-
tal cardiac surgical patients, despite the high reoperation rates.
Larger studies are required to further evaluate the quality of life
in these complex patients.

Limitations

Our study has several limitations. Patients without contact details
were unable to be investigated. The small population sample size
limits the power of statistical analysis. Our results are from a sin-
gle institution and thus cannot be generalized for TA patients
worldwide. The study was limited to survivors of TA repair and
thus could lead to an over estimation of quality of life for all
those with TA.

CONCLUSION

Survivors of TA repair have similar quality of life outcomes com-
pared with the age-matched Australian population as measured
by the SF-6D. Despite a higher reoperation rate in TA patients,
they have similar quality of life to patients who underwent the
ASO.
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Chapter 9: Conclusions

9.1 Overview

In order to improve the lives of children with truncus arteriosus, it is
imperative to understand our current management strategies and risk factors
associated with poor outcomes. This Doctor of Philosophy has focused on the
short and long-term outcomes of truncus arteriosus repair, with particular
attention to risk factors for poor outcomes and long-term quality of life. Many
previous studies on truncus arteriosus have either focused on the immediate
outcomes of surgery or have lacked patient numbers and sufficient follow-up time

to allow for adequate assessment in the long-term.

9.2 Findings

The early outcomes of truncus arteriosus repair have been thoroughly
documented. However, these reports contain conflicting results, likely due to the
low overall number of patients in the studies, and a small number of events of
interest. Thus, the true impact of important anatomical and surgical factors is
debatable. Furthermore, many previous reports have limited long-term follow-up
of truncus arteriosus patients beyond childhood. Little is known about this ever-

growing adult population of repaired truncus arteriosus.

In Chapter 2 I reported the largest single institutional experience with
truncus arteriosus repair with the longest median follow-up time of 19 years. I
found that following truncus arteriosus repair, patients had a good long-term
functional status, but had a high rate of reoperation owing to the right ventricular
outflow tract. Importantly, neither truncal valve insufficiency nor the presence of
an interrupted aortic arch were found to be risk factors for mortality. However, as
further discussed in Chapters 3 and 4, the presence of a coronary artery anomaly
was found to be a risk factor for mortality. Furthermore, those with DiGeorge

syndrome warrant ongoing follow-up due to the risk of late death, most commonly
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from infection, which may be a consequence of the lymphopaenia associated with

DiGeorge syndrome.

In Chapter 3 I combined results from The Royal Children’s Hospital with
two centres in Queensland - The Prince Charles Hospital and the Queensland
Children’s Hospital (formerly Lady Cilento Children’s Hospital). Despite
differences in the volume of truncus arteriosus cases, there was little variability in
surgical technique and outcomes. This series of patients provided the largest
multi-centre study on truncus arteriosus assessing long-term outcomes. Firstly, I
found that most deaths - over 80% in fact - occurred within the first year
following truncus arteriosus repair. If a patient was to survive to one year
following repair, their overall survival would be 93.5% at 20 years. Secondly, I also
found that neonatal surgery and low operative weight were risk factors for early
mortality. Most truncus arteriosus repair is now performed during the neonatal
period. Delving into the neonatal deaths, most were of low operative weight with
significant concomitant anomalies. Thus, neonatal surgery per se may not be a
true risk factor for mortality, rather it comprised several traditionally higher risk
groups and those who were in more of a critical state at the time of surgery. Lastly,
coronary artery anomalies were found to be a risk factor for overall mortality. The
need to correctly identify the coronary artery ostia and epicardial course cannot

be overstated.

Having shown in both Chapters 2 and 3 that coronary artery anomalies
were a risk factor for death, I explored truncus arteriosus patients with an
intramural coronary artery in Chapter 4. Herein, [ observed again that many
intramural coronary artery diagnoses are in fact made intraoperatively. Thus, the
true incidence of an intramural coronary artery in the truncus arteriosus
population is unknown. Of our patients with an intramural coronary artery, 4 had
undergone concomitant coronary artery unroofing procedures. Of the remaining
3 patients, 1 suffered a cardiac arrest on postoperative day 1 and required
emergency coronary artery unroofing. While the patient numbers are low, given
the potential for serious postoperative complications, patients with truncus
arteriosus and an intramural coronary artery may benefit from coronary artery

unroofing with creation of a generous neo-ostium. As previously stated, the
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coronary anatomy should be clearly visualised and documented, both with respect
to the coronary ostia and epicardial course. Further research into the coronary
ostia is required to elucidate the true incidence and impact of an intramural

coronary artery in patients with truncus arteriosus.

As discovered in Chapters 2 and 3, the presence of an interrupted aortic
arch was not found to be a risk factor for mortality. This is in contrast to many
previous reports in the literature. In Chapter 5, I therefore aimed to assess our
outcomes with truncus arteriosus and interrupted aortic arch to determine the
long-term results and methods of repair. I found that truncus arteriosus and
concomitant interrupted aortic arch repair with direct end-to-side anastomosis
results in good survival beyond hospital discharge. Although this is the preferred
method of aortic arch repair at The Royal Children’s Hospital, if the descending
aorta cannot be adequately mobilised for advancement to the ascending aorta, a
patch should be used to augment the anastomosis. As I discovered, patients who
underwent direct end-to-side repair of their aortic arch had a higher rate of left
bronchial compression resulting in reoperation for placement of either a
pericardial patch to augment the aortic arch anastomosis, or placement of an
interposition graft to the descending aorta. The long-term outcomes of patients
with truncus arteriosus and an interrupted aortic arch are good, although

reoperation rates are high.

In Chapters 6 and 7 I assessed the impact of the truncal valve on the
outcomes of truncus arteriosus. It had previously been suggested that truncal
valve competence is the single most important factor in determining the
successful outcome of truncus arteriosus repair. When first examining the impact
of truncal valve insufficiency, I found that most patients with mild truncal valve
insufficiency are free from truncal valve surgery up to 25 years, despite their
truncal valve anatomy. In contrast, most patients with moderate or greater truncal
valve insufficiency - particularly those with a quadricuspid truncal valve - will
require truncal valve surgery at some stage in their lives. Of note, concomitant
truncal valve surgery was not associated with mortality, however, those who
underwent truncal valve surgery were at higher risk of truncal valve reoperation

later in life. The durability of truncal valve repair was found to be poor. In Chapter
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6, I suggested that all patients with moderate or greater truncal valve insufficiency

may benefit from concomitant truncal valve surgery.

Upon closer investigation of patients with a quadricuspid truncal valve in
Chapter 7, I determined that over one-third of these patients require truncal valve
surgery throughout their lives. Of the various repair methods used on a
quadricuspid truncal valve, it seems that tricuspidization of the quadricuspid
valve appears to be the most durable repair option with good long-term outcomes.
In fact, only 3 of 11 patients who underwent tricuspidization required
reoperation, compared to 4 of 6 patients who underwent non-tricuspidization
techniques. Additionally, tricuspidization provided better long-term outcomes
even if the non-tricuspidization group included younger children (less than 6
years of age), in whom truncal valve replacement was performed. This is an
important finding as it suggests that younger children may benefit from truncal
valve repair rather than a replacement with a smaller (non-adult sized)
mechanical prosthesis which may require repeat replacement. Additionally,
avoiding a mechanical prosthesis also avoids life-long anti-coagulation and the
associated risks. Thus, I suggest that tricuspidization of the quadricuspid truncal

valve is a desirable option, whenever possible.

Lastly, in Chapter 8 I explored the quality of life in adult survivors of
childhood truncus arteriosus repair. There are no studies currently in the
literature exploring the quality of life in adults with truncus arteriosus. Using the
SF-36 questionnaire [ discovered that adults with truncus arteriosus had a similar
quality of life compared with age-matched Australian controls. Furthermore, as
we know from Chapters 2 and 3, patients with truncus arteriosus can expect
several reoperations throughout their lifetime. It is unknown what impact
multiple reoperations would have on one’s quality of life. | therefore compared the
quality of life in patients with truncus arteriosus, to a patient cohort of similar
complexity, but traditionally low reoperation rates - patients who had the arterial
switch operation. Despite a higher reoperation rate in truncus arteriosus patients,
they have a similar quality of life to patients who underwent the arterial switch.
There were 2 patients who had DiGeorge syndrome who participated in the study

who were both independent. This clearly limited comparison between those with
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and without DiGeorge syndrome. Larger cohort studies of those with truncus
arteriosus and DiGeorge syndrome are required to fully elucidate its long-term
impact. Interestingly, when assessing each of the domains of the SF-36
questionnaire, physical function was consistently lower than age-matched
controls in all age groups. While the SF-36 questionnaire does not assess one’s
level of physical function, it is difficult to ascertain if there are limitations due to a
sedentary lifestyle, or whether despite physical activity, adults with truncus
arteriosus have physical limitations. Further quantitative assessment of physical
functioning through exercise testing is required to elucidate potential underlying

cardiac limitations of physical activity.

9.3 Future directions

While the long-term outcomes of truncus arteriosus repair have been
explored, high risk sub-groups of patients require additional large multi-centre
studies. Firstly, there is ongoing concern with respect to the incidence and optimal
management of coronary artery anomalies in truncus arteriosus. Secondly, the
optimal management of the truncal valve has not yet been established. While this
Doctor of Philosophy suggests that (i) moderate or greater truncal valve
insufficiency should undergo truncal valve surgery; and (ii) tricuspidization of the
quadricuspid truncal valve is the most desirable outcome, there are a limited
number of patients to draw statistically meaningful conclusions. Lastly,
quantitative measures of physical limitations would be beneficial to completely
characterise the long-term state of adults with truncus arteriosus. This could be
accomplished through exercise testing and determining maximal oxygen uptake.
It has previously been shown that exercise post congenital heart surgery can be
incredibly beneficial. If an exercise program can be prescribed, we may see further
improvements in quality of life, and potentially, improvementin long-term cardiac

function.
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9.4 Conclusions

Repair of truncus arteriosus is associated with excellent survival following
the first year of repair. However, reoperation rates remain high due to the use of
a conduit for the right ventricular outflow tract. Neonatal surgery, coronary artery
anomalies, and DiGeorge syndrome are associated with mortality. The long-term
functional state of survivors is excellent, and their quality of life similar to the age-

matched control.

Patients with mild truncal valve insufficiency are free from truncal valve
surgery up to 25 years. Patients with moderate or greater truncal valve
insufficiency, particularly those with a quadricuspid truncal valve, will likely
require truncal valve surgery throughout their lifetime. Tricuspidization of the
quadricuspid truncal valve appears to be the most durable method of repair and

may avoid the need for life-long anti-coagulation in younger children.
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Abstract

Surgery for truncus arteriosus has an early mortality of 3 to 20% with a
long-term survival of approximately 75% at 20 years. Nowadays, truncus
arteriosus repair is mostly done in the neonatal period together with a single-
staged repair of concomitant cardiovascular anomalies. There are many
challenging subgroups of patients with truncus arteriosus including those with
clinically significant truncal valve insufficiency, an interrupted aortic arch, or a
coronary artery anomaly. In fact, truncal valve competency appears to be the most
important factor influencing the outcomes after the truncus arteriosus repair. The
use of a conduit during the neonatal period invariably requires reoperation on the
right ventricular outflow tract. Through improvements in perioperative

techniques over time, many children are now living well into adulthood following
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repair of truncus arteriosus, albeit with a high rate of reoperation. Despite this,
the long-term outcomes of truncus arteriosus repair are good, with many patients
being asymptomatic and with a quality of life comparable to the general

population.

Introduction

Truncus arteriosus (TA) was first reported in an autopsy case by Wilson
(1) in 1798, and later the anatomical details were described by Buchanan (2) in a
six-month-old infant. Although TA has an incidence of 3 to 10 per 100,000 live
births, it accounts for 4% of all critical congenital cardiac anomalies (3, 4).
Although there has been improvement in perioperative management of TA, the
reported operative mortality during the last decade remains between 3 and 20%
(5-16). The challenging patients with TA are those with truncal valve insufficiency,
concomitant interrupted aortic arch (IAA), or anomalous coronary anatomy. The
optimal methods of reconstruction of the right ventricular-to-pulmonary artery
connection that could minimize the operation rate is yet to be found. We reviewed
current outcomes of TA repair focusing on evolving strategies to decrease

mortality and reoperation rate.

Methods

A structured review of the literature was performed using PubMed and MEDLINE
databases. The search strategy involved the terms “truncus arteriosus” or
“common arterial trunk” or “truncal valve” in the title or keywords. We mostly
selected publications from the last 20 years; however, we did not exclude
commonly referenced and highly regarded older publications. We also searched
the reference list of articles identified by this search strategy and selected those

we judged relevant. The last search was conducted in January 2020.
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Current outcomes of truncus arteriosus repair

Early mortality for TA is 3-20%, depending on the perioperative status and
the presence of concomitant anomalies (5-16). Long-term survival after TA repair
has been reported to be approximately 75% at 20 years (5-18). Most deaths
appear to occur within the first year following repair (13, 16, 19-23). Rajasinghe
and colleagues (21) reported that 57% (13/23) of their late deaths occurred
within the first year after repair. Similarly, Tlaskal and colleagues (13) reported
that 88% (7/8) of late deaths occurred within the first year. We have recently
demonstrated that patients who survive to one year following TA repair have
excellent outcomes with 92.5% survival at 20 years. The mortality following TA
repair is summarized in Table A.1.1 (5-16, 20-22, 24-28). Nowadays it is well
accepted that complete surgical repair of TA is done within the first weeks of life
(5, 13,15, 16, 29-31). While it is not uncommon to operate within the first days of
life, these neonates may be at higher individual risk as they may require emergent
surgery due to clinically significant truncal valve (TV) insufficiency or

concomitant anomalies and thus being in a critical state.

Most patients require reoperation throughout their lives as a conduit is
often used to reconstruct their right ventricular outflow tract (RVOT). We have
previously a freedom from reoperation of 3% at 20 years (16). Of our 171 patients,
62% (106/171) have required at least 1 RVOT reoperation. The optimal method

of RVOT reconstruction has yet to be found, as is discussed in more detail below.

Despite a high rate of reoperation, the long-term functional state of
patients following TA repair is good. Most patients are in NYHA Class I/II, and

most patients are reported to have mild or less TV insufficiency.
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Table A.1.1. Outcomes of truncus arteriosus repair

Study Year Study Period Patients (n) Age at Repair Early Mortality Overall survival Follow-up
(median, days) (mean, years)
Jahangiri et al (6) 2000 1992-1998 50 14 4.0% (2/50) 96% at 3 years 1.9#
Schrieber et al (27) 2000 1976-1998 106 134 17.9% (19/106) 61% at 10 years 6.0
Alexiou et al (7) 2001 1974-1994 23 51 17.4% (4/23) 79% at 10 years 14.8
Brown et al (43) 2001 1978-2000 60 76* 16.7% (10/60) 829% at 10 years 9.4
Danton et al (9) 2001 1988-2000 61 wu._ 13.1% (8/61) 73% at 5 years 42
Thompson et al (10) 2001 1992-1999 65 10 4.6% (3/65) 929% at 3 years 2.7#
Kalavrouziotis et al (17) 2006 1993-2005 29 28 3.4% (1/29) 939% at 6 years 6.2
Henaine etal (11) 2008 1986-2003 153 35 17.0% (26/153)  79% at 10 years 8.1
Raisky etal (12) 2009 2000-2006 32 T4* 15.6% (5/32) 76% at 5 years 3.3
Hawkins et al (18) 2010 1999-2008 42 31 9.5% (4/42) 82% at 5 years 5.0
Tlaskal etal (13) 2010 1981-2009 83 54 22.9% (19/83) 75% at 10 years 109
Vohra et al (28) 2010 1964-2008 32 14 9.4% (3/32) 91% at 20 years 24.5%
Xuetal (14) 2010 2000-2006 23 350 8.7% (2/23) 919% at 5 years 4.1
Buckley et al (20) 2019 2009-2016 216 10 6.9% (15/216) 87% at 5 years 29%
Ivanov et al (25) 2019 1997-2017 97 32 17.5% (17 /97) 689% at 10 years 2.5%

* denotes mean age at repair; # denotes median follow-up time.
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Truncal valve surgery

TV insufficiency is one of the most important factors influencing outcomes
of patients with TA (11, 15, 32-34). Mild TV insufficiency is often well tolerated
and often does not require surgical intervention at the time of TA repair. However,
a small proportion of patients with mild TV insufficiency may progress to
moderate or greater insufficiency, requiring surgical intervention on the valve. We
have previously reported 7.2% (11/159) of patients with mild or less TV
insufficiency who have progressed to moderate or greater insufficiency with a

freedom from TV surgery of 85% at 20 years (15).

One of the most challenge patient cohorts are neonates with clinically
significant TV insufficiency. Unfortunately, the proportion of neonates with TV
insufficiency and their associated outcomes are seldom reported in the literature.
Neonates with a higher degree of TV insufficiency often present earlier, with more
overt signs of heart failure necessitating urgent surgical intervention. Clearly,
operating on neonates in this critical state would increase the risk of early
mortality. We have previously reported on 11 neonates who underwent
concomitant TV surgery, with an early mortality of 27% (3/11), compared to 10%
(1/10) in older patients. Similarly, Russell and colleagues (33) reported 5
neonates who underwent concomitant TV repair between 1979 and 2012 with an
early mortality of 40% (2/5). This illustrates that management of neonates
becomes much more complicated when concomitant TV surgery is required as
they are often in a critical condition. However, given the poor quality of the TV and

overt signs of heart failure, there is often no choice but to operate on the TV.

Several studies have shown that moderate or greater TV insufficiency was
a risk factor for early reoperation for TV replacement (13), early mortality, and
generally poorer long-term outcomes if not adequately addressed during the
initial operation (21, 32, 35-38). However, Tlaskal and colleagues (13) determined
that persistent moderate insufficiency is usually well tolerated and does not lead
to an increase in early mortality, although was associated with the need for
eventual TV replacement. Despite a number of different techniques in a surgeon’s
armamentarium, it is often difficult to decide when to address TV insufficiency.

When there is severe TV insufficiency, the decision is obvious. However,

121



Additional manuscripts authored during candidature

contention arises when discussing moderate TV insufficiency. At The Royal
Children’s Hospital Melbourne, we routinely aim to repair the TV in the setting of
moderate or greater insufficiency. Furthermore, we have previously reported no
apparent association between the degree of TV insufficiency or concomitant TV
surgery and mortality (15, 16), perhaps owing to our approach to the TV. We have
previously reported in 17 patients with moderate TV insufficiency, of whom 13
underwent TV surgery. In the remaining 4 patients, 2 have died, and only 2 are

alive without TV intervention (15).

Unfortunately, though concomitant TV surgery may be necessary, it has
limited long term durability. We have previously reported that freedom from TV
reoperation was 19.2% at 20 years following concomitant TV surgery (15). Kaza
and colleagues (34) reported 29% (5/14) of patients who concomitant TV repair
required TV reoperation with a freedom from TV reoperation of 50% at 7 years.
Like others, we employed several surgical techniques to for TV repair (Figure
A.1.1 A to D). These include suturing partially developed commissures,
resuspension of leaflets, resection of redundant portion of leaflets, pericardial
leaflet extension, tricuspidization of a quadricuspid valve (Figure A.1.1A and B),
or reduction of the annulus (Figure A.1.1C and D). The outcomes of these
methods are varied with early mortality as high as 30% (32). There is now an
evolving appreciation for the need of reduction of the diameter of the truncal

annulus that may be a key for successful repair.
The quadricuspid truncal valve

Interestingly, it appears that the most common subgroup of patients
requiring TV surgery were those with a quadricuspid TV. Russell and colleagues
(33) reported that most patients who underwent TV surgery had a quadricuspid
TV. Of our patient cohort who required TV surgery 57% (12/21) had a
quadricuspid TV. Furthermore, most patients with moderate or greater
insufficiency had a quadricuspid TV (79%, 15/19) (15, 39). In contrast, most
patients with a quadricuspid TV and mild or less insufficiency did not require TV
surgery. In fact, only 16.7% (7/42) of patients who had a quadricuspid TV had
progression of insufficiency requiring surgery, of whom 5 had mild or less TV

insufficiency (15, 40).
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Our preferred method of TV repair, that appears to give best long-term
results, is tricuspidization with reduction of the annulus (Figure A.1.1 A and B)
(40). This can be achieved by either resection of a leaflet and annulus reduction,
which was first described by Imamura and colleagues in 1999 (41), cusp
reconstruction and annulus reduction, or cusp reconstruction. Interestingly, we
have shown durability of tricuspidization to be superior to non-tricuspidization
techniques. In our recent study, there were only 3 reoperations in 11 patients who
underwent tricuspidization, compared to 4 reoperations in 6 patients who
underwent repair by non-tricuspidization (40). Freedom from reoperation in
patients who underwent concomitant tricuspidization was 64% at 10 years
compared to 0% at 6 years in patients who underwent concomitant TV repair by
non-tricuspidization (40). Furthermore, tricuspidization provided better long-
term outcomes even if the non-tricuspidization group included younger children
(less than 6 years of age), in whom TV replacement was performed (40). Similarly,
Myers and colleagues reported tricuspidization methods of TV repair tended to

improve freedom from reoperation on the TV (42).
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Figure A.1.1. Surgical approaches to addressing significant truncal valve
insufficiency in patients with truncus arteriosus. A. Tricuspidization of the TV with
resection of the smallest or most redundant leaflet and reduction of the annulus. B. In the
case of an intramural coronary artery crossing underneath the commissure, the
redundant leaflet is resected along with the commissure and the remaining valve leaflet
reconstructed and coronary artery unroofed. C and D. A large tricuspid TV can be

addressed through reduction of the annulus allowing for a larger surface for coaptation.
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Interrupted aortic arch

Another significant issue in patients with TA is an interrupted aortic arch.
An IAA occurs in approximately 10 - 20% of patients with TA, and is commonly
type B (8, 29, 31, 43-46). Several previous studies have shown an [AA to be a risk
factor for mortality (6, 8, 13, 21, 29, 32, 47), however, many of these studies were
assessing patients who underwent surgery in the 1980s and 1990s. McCrindle and
colleagues reported that outcomes of TA with [AA were worse than [AA alone (47).
More contemporary studies have mitigated the risk of mortality likely due to
improved surgical techniques and perioperative management of these complex
patients. However, many of these patients present early in the neonatal period and
still pose a significant surgical challenge. We have previously reported no
association between mortality in TA with IAA and TA alone (16). In fact, overall
survival in patients with TA with [AA was 83% at 20 years compared to 74% at 20
years in patients with TA without IAA. Thus, it would appear that [AA per se does
no longer increase risk of mortality in patients with TA operated in the modern
era (48). Rather, the competence of the TV may be the most important factor

influencing outcomes.

Our centre has been using end-to-side repair since the early 1980s, and we
aim for end-to-side anastomosis of the aortic arch when possible (23, 48, 49).
Repair can be undertaken with the use of deep hypothermic circulatory arrest or
isolated cerebral perfusion. Anastomosis of the ascending and descending aorta is
then performed with or without the use of a patch or interposition graft. If, after
mobilisation and approximation there appears to be undue distortion of the aortic
arch, or potential for compression of the left pulmonary artery (Figure A.1.2), a

patch can be used to augment the anastomosis (23, 48, 50).

[tis not uncommon that patients with concomitant IAA require reoperation
for aortic arch obstruction. The Congenital Heart Surgeon’s Society (29) reported
an aortic arch reoperation rate of 13.2% (5/38), with a Kaplan Meier survival of
only 28% at 5 years without reoperation. McCrindle and associates (47) reported
that aortic arch reoperation was more likely for those who had [AA repair by a
method other than direct anastomosis with patch augmentation. A previous

review of IAA repairs either in isolation, or with TA repair at our centre
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demonstrated a low aortic arch reoperation rate using the end-to-side technique
(23, 43, 49). Of note however, 5 out of 6 patients who required aortic arch
reoperation in our series on TA and IAA had initial repair without the use of a
patch (48). In those patients with TA and an IAA, we reported an overall freedom
from aortic reoperation of 68% at 10 years, with 3 patients requiring reoperation

within 30 days of initial repair (48).

Compression of
PA after arch repair

RV to PA
conduit

Figure A.1.2. Surgical repair of truncus arteriosus and interrupted aortic arch. A.
Schematic of TA with IAA. B. Surgical repair of TA with IAA. The descending aorta is
extensively dissected and mobilized, advanced, and directly anastomosed end-to-side to
the ascending aorta. The PDA is ligated and all ductal tissues resected. When the
descending aorta cannot be adequately mobilized for the advancement procedure as
described above, the aortic arch can be repaired using patch augmentation of the arch or
interposition graft to the descending aorta. Care should be taken to avoid compression of

the right pulmonary artery.

Coronary artery anomalies

The concomitant coronary artery anomaly has been reported to be a risk
factor for mortality (8, 9, 16, 27, 51-53). Schreiber and colleagues (27) reported
on 13 patients with a coronary artery anomaly and concluded that the coronary
artery anomaly was associated with poorer surgical outcomes related to

compression or distortion of the anomalous coronary artery. While coronary
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artery anomalies have been reported in 5 - 20% of patients with TA it is difficult
to ascertain the precise incidence of this anomaly. It is not uncommon for a
coronary artery anomaly to be missed on preoperative echocardiogram in
patients with TA and, subsequently, diagnosed intraoperatively. Abnormalities of
the coronary arteries mostly consist of abnormal origin of a coronary artery with
or without intramural course, a single coronary artery giving rise to the entire

coronary circulation, or variable epicardial courses of these arteries (54).

While there is a limited cumulative experience with coronary artery
anomalies and TA, it appears that many deaths occurred in patients with a major
branch coronary artery was crossing the RVOT (16). While the reason for these
deaths cannot be definitively explored, it could potentially have resulted from
compression of the branch coronary artery by the overlying conduit. This is a
difficult predicament as the overlying conduit would require sufficient spacing
from the underlying coronary artery to avoid compression as well as compact

enough to avoid kinking or distortion when the sternum is closed.

Rarely, patients with TA may have an intramural coronary artery (Figure
3A), which may increase the risk of myocardial ischemia. A recent study by Patrick
and colleagues (55) reported that an intramural coronary artery occurred in 15%
of their patients. Myocardial ischaemia may be caused by compression of the
intramural segment, kinking due to an acute take-off angle, or the compression by
an ostial ridge. Surgical management of TA and an intramural coronary artery
involves unroofing the intramural segment and formation of an unobstructed neo-
ostium (Figure 3B and 3C). The intramural segment may course behind the truncal
valve commissure and may need to be reconstructed or resuspended to facilitate
unroofing (39). We have previously described our technique for coronary artery

unroofing in detail and provided a video of the unroofing technique (39).
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Figure A.1.3. Truncus arteriosus with concomitant intramural coronary artery. A.
TA with an intramural coronary artery, often with an acute angle and ridge of tissue. B.
The coronary artery should be unroofed with the creation of a generous neo-ostium. C. If
a small defect occurs after the unroofing procedure the vascular wall is re-approximated

by running suture.

Right ventricular outflow tract reconstruction

Reconstruction of the RVOT can be established with a conduit or direct
anastomosis of the pulmonary artery to the right ventricle. The best method of
RVOT reconstruction is yet to be determined. The use of a conduit to reconstruct
the RVOT is the most common method. However, conduits have limited durability
as they cannot grow or regenerate, and therefore inevitably require reoperation
(56-58). Additionally, like any foreign material, they are prone to infection and
thrombosis (57).

Bioprosthetic conduits

The choice of conduit depends on several factors including but not limited
to availability, patient size and haemodynamics, and surgeon preference. The
Contegra (Medtronic, Minneapolis, MN) bovine jugular vein conduit is predictable
in performance and lacks immunogenic properties (59). Herrmann and colleagues
(60) reported on 100 TA patients between 1981 and 2018 with a median follow-
up time of 15.6 years. They demonstrated longer freedom from reoperation with

the bovine jugular vein conduit compared to an aortic homograft, but no
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difference to a pulmonary homograft (60). Furthermore, they showed that larger
conduit size was associated with longer freedom from reoperation. Interestingly,
Vitanova and colleagues (61) reported on RVOT reconstruction in 145 patients
and found that the overall durability of homograft, bovine jugular vein conduits,
and porcine-valved conduits to be similar, however, the bovine jugular vein
conduit appeared to develop insufficiency and stenosis earlier than other types .
In contrast to these more favourable results, Buckley and colleagues (20) reported
on 216 neonates which showed a two-fold increase risk of reintervention when
the Contegra conduit was used compared to a homograft, regardless of size.
Furthermore, several studies have reported an increased rate of endocarditis in

patients with a Contegra conduit (60, 62, 63).
Homografts

An alternative to the bioprosthetic conduits above are the pulmonary and
aortic homografts. Homografts have been the conduit of choice in recent decades,
but have been limited due to smaller sizes, availability, and potential for
obstruction. Homografts reportedly have better haemodynamic properties and
increased longevity (64). Vohra and colleagues (28) in 2010 reported on 32
patients who underwent TA repair with 24 aortic homograft and 8 pulmonary
homograft reconstructions, resulting in a freedom from reoperation of 68% at 10
years, and 37% at 20 years. As with bioprosthetic conduits, larger homograft sizes
increase longevity and improve freedom from reoperation. Several studies have
suggested homografts less than 12Zmm in diameter fail earlier, requiring earlier
replacement (13, 16, 21, 65, 66). Vohra and colleagues (28) showed that
oversizing the homograft increased longevity of the graft for up to 12 years.
However, care must be taken to not excessively oversize the conduit. Mastropietro
and colleagues (67) reported on 216 neonates in a multicentre study and showed
that conduit type did not impact reoperation rates, while a conduit size
>50mm/m2 had a five-fold increase in mortality. Furthermore, larger sized
conduits appear to have an increased risk for coronary artery compression, TV or

pulmonary artery distortion, and they require a larger ventriculotomy (22).

Polytetrafluoroethylene conduit
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More recently, polytetrafluoroethylene (PTFE) conduits have become
increasingly used due to their availability, ease of construction, lower cost, being
immunologically inert, and having comparable results to other conduits (68, 69).
Seese and colleagues (68) reported on 28 neonates between 2004 and 2016 who
underwent RVOT reconstruction with either a homograft (n=7) or a PTFE conduit
(n=18). They reported that the rates of reintervention and time to reintervention
on the RVOT were similar between PTFE conduits and homografts. Interestingly,
Seese and colleagues reported that at both 5 and 10 year follow-up, patients who
had a PTFE conduit had better survival than those who had a homograft. Similarly,
Mercer and colleagues (69) reported on RVOT reconstruction in 55 patients less
than 2 years old between 2004 and 2015, and found that reintervention rates and
time to reintervention were similar between patients who received a homograft
and those who had a PTFE conduit. Furthermore, as with other conduits, larger
conduit size resulted in longer freedom from reintervention on the RVOT.
Interestingly, it appears that the primary mode of failure with the PTFE conduits
may be fibrosis or narrowing at the distal anastomosis over time rather than

fibrous tissue formation within the conduit (69).
Direct right ventricle to pulmonary artery anastomosis

The biggest hindrance to long-term freedom from conduit reoperation is
the lack of living material with the capacity for growth or regeneration. Any child
who requires a conduit as part of their truncus arteriosus repair will invariably
require reoperation. In an attempt to circumvent this issue, direct anastomosis of
the pulmonary artery to the right ventricle, with or without the use of autologous
tissues, has been explored (9, 12, 14, 26). In the case of TA type 1, the main
pulmonary artery can be sutured to the right ventriculotomy with the anterior
portion of the RVOT being reconstructed with a pericardial patch and a monocusp
valve created of autologous pericardium. Danton and colleagues (9) reported a
freedom from right ventricular outflow tract reoperation of 89% at 4 years in
patients who underwent direct anastomosis of the main pulmonary artery to the
right ventricle compared to 58% at 4 years in patients who underwent conduit
repair. An issue with direct anastomosis of the RVOT is that without favourable

anatomy, it often leads to pulmonary artery distortion which necessitates early
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reoperation (70). Another draw-back to this method is the potential for severe
pulmonary regurgitation, which has not yet been observed likely due to short
follow-up (9, 12, 14, 26). Augmentation of the anastomosis with a patch anteriorly
has been suggested to avoid pulmonary artery distortion, which would also allow
for interval growth and avoid or delay obstruction to the RVOT or the branch
pulmonary arteries (9). While early mortality is similar between direct

anastomosis and using a conduit, there is limited long-term data (9, 12, 14).

Long-term Quality of Life after Truncus Arteriosus Repair

There is an ever-growing population of TA patients reaching adulthood, yet
there is little information about their quality of life. As most patients who undergo
TA repair require reoperation throughout their lifetime, it is unclear whether this
negatively impacts their quality of life. O'Bryne and colleagues (71) reported on
25 patients with a median age of 11.8 years who underwent TA repair and
assessed their health status. Factors such as exercise tolerance, VO2 max, maximal
work, and forced vital capacity were all lower than normal for age and sex (71).
Additionally, health-related quality of life was diminished and comparable with
that of children with severe heart disease, represented by the Fontan population
(71). However, psychosocial functional status was not significantly diminished.
These findings collectively represent moderate morbidity and disability (71). By
understanding the health-related quality of life following TA repair, we may be
able to assess the overall impact of this condition on the individual, and potentially
provide a reference for management to address physical or psychosocial issues

that may arise.

We have recently reported on the quality of life in adult survivors of
childhood TA repair (72). Using the SF-36 questionnaire we observed that adults
with TA had a similar quality of life compared with age-matched controls.
Furthermore, we compared the quality of life in patients with TA, to a patient’s
who underwent the arterial switch operation, neonatal procedure with
traditionally low reoperation rates. Despite a higher reoperation rate in TA

patients, they have a similar quality of life to patients who underwent the arterial
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switch. Interestingly, when assessing each of the domains of the SF-36
questionnaire, physical function was consistently lower than age-matched
controls in all age groups. While the SF-36 questionnaire does not assess one’s
level of physical function, it is difficult to ascertain if there are limitations due to a
sedentary lifestyle, or whether despite physical activity, adults with TA have
physical limitations. Further quantitative assessment of physical functioning
through exercise testing is required to elucidate potential underlying cardiac

limitations of physical activity.

Conclusion

Repair of TA is associated with excellent survival beyond the first year after
repair. However, reoperation rates remain high due to the use of a conduit for the
RVOT. The long-term functional state of survivors is excellent, and their quality of

life similar to the age-matched control.

The competence of the TV appears to be the most important factor
influencing early outcomes. Children with mild TV insufficiency are free from TV
surgery up to 25 years. However, children with moderate or greater TV
insufficiency, particularly those with a quadricuspid TV, will likely require TV

surgery throughout their lifetime.
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Commentary: Surgery for an
anomalous aortic origin of a
coronary artery: To do, or not to
do? That is the question

Phillip S. Naimo, MD,*™°
Edward Buratto, MBBS, PhD,*>*% and
Igor E. Konstantinov, MD, PhD, FRACS™™1

Management of asymptomatic patients with anomalous
aortic origin of a coronary artery (AAOCA) (Figure 1)
is a dilemma that has been tormenting surgeons and
physicians alike for decades. Does the risk of surgery
in asymptomatic patients outweigh the risk of sudden
death? What is the risk of sudden death? Will we ever
know the true risk of sudden death in the general pop-
vlation with unknown incidence of AAOCA? Despite
feverish discussions of the topic at multiple meetings,
the research addressing these questions is limited. Will
these questions ever be answered?

Clearly, the true incidence of sudden death is difficult,
pethaps even impossible, to establish. It has been re-
ported that AAOCA is the second most common cause
of sudden death,'” with a rate of 0.6 deaths/100,000
people, albeit in competitive young athletes. Although
AAOCA of a right coronary artery is 6 to 10 times
more common than AAOCA of a left coronary artery,
it appears that AAOCA of the left coronary artery has
a slightly higher risk of sudden death.>” Brothers and
colleagues' calculated a cumulative risk of death over
a 20-year period in people aged 15 to 35 years with
AAOCA participating in competitive sports to be 6.3%
for AAOCA of the left coronary artery and 0.2% for
right coronary artery. One would expect that the
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Anomalous aortic origin of the left (A) or right (B)
coronary artery with an interarterial course.

CENTRAL MESSAGE

The role of surgery, despite its
low risk, in asymptomatic pa-
tients with AACCA is unclear.

incidence of such events should be lower in the
general population compared with competitive athletes.

Given that these studies of AAOCA have been performed
in competitive athletes, the true incidence of sudden death
in the general population due to AAOCA is unknown.
Even less is known about the incidence of sudden death in
asymptomatic patients with AAOCA. For decades, physi-
cians and surgeons have attempted to risk-stratify patients.
Nowadays, observation appears to be reasonable for asymp-
tomatic patients with an AAOCA without ischemia, or
physiological evaluation suggesting potential for coronary
compromise.

Unfortunately, surgery is not without its risks. Jegathees-
waran and colleagues’ report a small (10%}, but not insig-
nificant risk of developing new aortic regurgitation,
particularly in patients who underwent commissural
manipulation. Furthermore, 2% of patients developed a
new decrease in ejection fraction following surgery.’ OF
particular importance, 20% of patients had ongoing
symptoms of ischemic chest pain.” Thus, if a patient did
not have any inducible symptoms on exercise testing, is it
reasonable to observe these patients rather than to expose
them to the risk of surgery, albeit small?

Patients presenting after hemodynamic collapse, with
ischemic chest pain, or with a positive stress test should
be offered surgery. It is clear what to do with these patients.
It is not clear what to do with asymptomatic patients.
Lifelong observation does not seem unreasonable. Or, do
we offer surgery to address the lesion and potentially
introduce new cardiac complications? To do surgery, or
not to do surgery? That is the question.
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FIGURE 1. Anomalous aortic origin of the left (A) or right (B) coronary artery with an interarterial course. Ao, Aorta: LCA, left coronary artery: PA, pul-

monary artery; RCA, right coronary artery.
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Commentary: The road map for
collaterals—A scenic route from
the Abbey Road to the
operating theater?
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In the early 1960s, the Beatles had their first recording ses-
sion with Electric and Musical Industries (EMI) at the
Abbey Road Studios (formerly EMI Recording Studios).
Their momentous rise in popularity changed the face of
modern music at the time. It has since been surmised—
albeit unverified—that this led to one of the biggest radio-
logic advanced in modern medicine. In the late 1960s,
Godfrey Hounsfield, an electrical and computer engineer
with no formal qualifications working for a scientific arm
of the profitable EMI, began experimenting on whether im-
ages could be produced with differential x-ray attenuation
values, leading ultimately to the first computed tomography
(CT, initially known as compuier axial tomography, or
CAT) scan.™” It was in 1967 that the first experimental
CT scan {of a mouse) was done, which took 9 days to com-
plete.” Unbeknownst to Hounsfield, Allan Cormack, a par-
ticle physicist, had also shown that multiple measures of
X-ray attennation around a target enable one to compute
an image of that target. Both Cormack and Hounsfield
received the Nobel Prize in Physics and Medicine in 1979.

Since its humble beginnings of 4 minutes per slice and
7 minutes per reconstruction,” CT scanning has evolved
to a rapid diagnostic and investigative tool for physicians
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A 3-dimensional interactive im-
aging reconstruction can be
helpful in patients with pulmo-
nary atresia and major aortcpul-
monary collateral arteries.

and surgeons alike. With such disparate uses as diag-
nosing an acute abdomen in the emergency department
or in staging pulmonary malignancies, CT has revolu-
tionized many areas of medicine and is continuing to
do so. In the current issue of the Journal, Ghosh and col-
leagues” have adopted CT angiography with digital 3-
dimensional reconstruction for detailed and accurate
assessment of the major aortopulmonary collateral ar-
teries (MAPCAs) in patients with tetralogy of Fallot
with pulmonary atresia. MAPCAs are often tortuous
and complex, which may limit such fraditional imaging
modalities as echocardiography and angiography. The
3-dimensional reconstruction allows an interactive and
comprehensive assessment of each patient’s anatomy.
This would certainly benefit surgical planning. Addi-
tional 3-dimensicnal imaging in the interactive format
could be helpful, particularly for those patients in
whom the ratio of native branch pulmonary arteries to
MAPCAs would sway decision making from ‘“Let It
Be” to “Come Together.”s’6

It has been a long joumey from the Abbey Road to the
cardiac operating theater for CT imaging. Just when it
seems that CT imaging reached the limits of its usefulness,
a new scenic interactive modality appears.
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Commentary: Ions from eons: A
hidden therapeutic potential of the
resting potential?

Phillip S. Naimo, MD,™™* and
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Calcium-activated potassium channels, particularly, large
conductance potassium channels (BK¢,), have been identi-
fied in virtually every type of smooth muscle. In blood ves-
sels, they are involved in vascular tone regulation. In the
uterus, BK«, channels participate in the control of myome-
trial cell membrane potﬂn’[jals1 In the airway, BK¢, chan-
nels regalate the tone and contractility of bronchioles.” In
gastrointestinal tract, BK, channels are involved in the
regulation of colonic motility."

Potassium is one of the most comumon ions in living
cells, and potassium channels are ubiquitous to all do-
mains of life. The ion-channel superfamilies are thought
to be as ancient as the last common ancestor of all organ-
isms on earth.” Because of their wide distribution, potas-
sium channels are thought to be one of the first ion
channels to have evolved. The evolution of potassium
channels has been traced back to the prokaryotic world.”
Furthermore, small potassium channels have been found
in viruses, which are some of the simplest potassium chan-
nels, and this has been suggested to predate the more com-
plex channels seen in early bacteria. There have been both
major (gene fusion and gene duplications) and minor (sin-
gle-base mutations and deletions) genetic events that have
led to the fascinating diversity of potassium channels that
we see today.3 Amazingly, the general molecular charac-
teristics of the BK ¢, channels are evolutionarily conserved
from worms to mammals."* A single mammalian gene
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Regulation of vascular tone via calcium-activated
potassium channels.
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Large calcium-activated potas-
sium channels may play an
important role In vasodilation of
the internal thoracic artery.

may generate many variants of BK¢, channels that may
explain the variation in calcium sensitivity in blood
vessels.

BK(, channels appear to play a crucial role in arterial
smooth muscle tone by providing a negative feedback
loop to regulate the degree of depolarization and hyper-
polarization.” Small arteries exist in a partially contracted
state from which they can either constrict further or dilate
depending on the end-organ demand for blood.” Although
several pathways are responsible for the contraction or
relaxation of vascular smooth muscle, increases in intra-
cellular calcium that occur during cell depolarization in-
crease vascular tone and open the BKq, channels to
restore the cell’'s resting potential (Figure 0’
Conversely, a reduction in intracellular calcium that oc-
curs during cell hyperpolarization decreases vascular
tone and closes BK -, channels to, again, restore the cell’s
resting potential.®

The study by Sun and colleagues® in this issue of the
Journal has demonstrated a remarkable difference in the
BK¢, subtypes within the internal thoracic artery and
saphenous vein, pointing at a potential therapeutic target
to treat internal thoracic artery spasm. They demonstrated
a greater proportion of BK¢, channels within the internal
thoracic artery, which may explain the greater variability
in vasodilatory properties of the vessel.® Although systemic
therapy may wreak havoc on the whole body, given the
widespread distribution of these channels, a targeted ther-
apy at the time of surgery may prove to be potentially
beneficial.
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FIGURE 1. Regulation of vascular tone and restoration of cellular resting potential via calcium-activated potassium channels. A decrease in blood pressure
causes the cell to depolarize. This opens calcium channels flow into the smooth muscle cell. The increase in intracellular calcium causes vasoconstriction and
activates potassium channels, which opens and allows potassium to leave the smooth muscle cell. The potassium efflux has a negative eflect on depolar-
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the hyperpolarized cell to return to it resting potential.
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Commentary: A nickel for your
thoughts: An overlooked allergen
in implantable devices?

Phillip 8. Naimo, MD,*>* and
Igor E. Konstantinov, MD, PhD, FRACS™ "

Nickel is a ubiquitous metal with a vast array of uses,
ranging from household products to aerospace, military,
and implanted medical devices. Its wide use is due to its
corrosion resistance, durability, and ease at which it alloys
with other metals. Currently, nickel allergy is the most com-
mon cause of contact dermatitis in the industrial world,
affecting up to 20% of the population, particularly
women."»” Many of these allergies manifest as dermatitis,
but a subset of these patients may experience systemic
symptoms.® It is a growing health concern, so much so
that nickel earned itself the title of “allergen of the year”
in 2008.' Until now, nickel may have been overlooked
as a potential health problem causing systemic
hypersensitivity.

The article by Sharma and colleagues” in the current issue
of the Journal describes the removal of nickel-containing
atrial septal defect {ASD) closure devices in patients with
nickel allergy and refractory symptoms. After device
removal, patients experienced a resolution of symptoms
and improved quality of life. This interesting study provides
insight into a likely allergic process to occluder devices that
contain higher proportions of nickel.* A few comments seem
appropriate to give some perspective to this article.

The possibility of nickel toxicity has been raised with the
use of ASD closure devices, intracoronary stents, and pace-
maker devices.” Tmplantable devices are not uniform in
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HYPERSENSITVITY

Interaction of nickel-containing devices with the
immune system.

CENTRAL MESSAGE

Nickel allergy may present a sig-
nificant problem with some
implantable devices.

their composition, and there is a wide inter-device vari-
ability of nickel composition. Many devices contain nitinol,
which is an alloy composed of 45% titanium and 55%
nickel. Nickel in these devices has been shown to be
released into the body, causing an increase in systemic
nickel.”” In fact, during the first 6 weeks after device
closure, serum nickel levels may increase up to 5-fold.® Pa-
tients with a nickel allergy may experience dyspnea, head-
ache, fatigue, and chest pain,6 which has been coined
“device syndrome.” Rigatelli and colleagues6 observed
“device syndrome’’ within 2 weeks of ASD device closure
and suggested that a low-level immunologic reaction was
the cause of the phenomena, likely related to the nickel sub-
stance in the device, and this produced a mild leukocytosis.

However, implanted devices may have titanium alloy,
platinum, and iridium, but also epoxy resins, polymethyl-
metacrylates, and isocyanates, all of which may be immu-
nogenic in some patients.” Furthermore, the metal strut in
coronary artery stents is made from 316L stainless steel,
which contains nickel, as well as other endovascular pros-
theses and prosthetic valves. For example, the Edwards Ma-
gna Ease bioprosthetic aortic valve (Edwards Lifesciences,
Irvine, Calif) and the Sapien transcatheter aortic valve (Ed-
wards Lifesciences) have, among other alloys, approxi-
mately 15% nickel, in comparison with the pure nitinol
frames of the Amplatzer device (St Jude, St Paul, Mo), in
which the nickel concentration is approximately 55%." It
may well be that the higher proportion of nickel in occluder
devices provides a greater substrate for reactivity with the
host immune system. It is interesting to note that clips
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FIGURE 1. Interaction of nickel-containing devices with the immune system. Nickel ions are suggested to bind to toll-like receptor (7LR) 4 directly or are

haptenized and interact with major histocompatibility complex (MHC) class 2 receptors, both of which can activate antigen-presenting cells (APCs). These
activated APCs will subsequently present that immunogen to naive T-helper (Th) cells'* and release cytokines (interleukin [IL]-12) that will cause the naive
Th cell to differentiate into type 1 T cells, Thl cells. The Thl cell will release several cytokines, including interferon-v, which activates macrophages. The
activated macrophages will release I1.-15. 11.-6, and tumor necrosis factor-«, which cause expression of receptors on endothelial cells to recruit more leu-
cocytes to the area. Activated macrophages release reactive oxygen species (ROS) and toxic lysosomal enzymes; this causes tissue damage that can manifest
itself in a variety of ways. The APCs may also release I1.-6 and other cytokines that cause naive Th cells to differentiate into Th17 cells. The Th17 cells
release IL-17, which activates neutrophils in the area. Re-exposure to the same allergen would lead to the activation of specific T cells, which subsequently
enter the bloodstream and produce visible signs of hypersensitivity at 48 to 72 hours after allergen exposure." IL, Interleukin; 7h, T helper; TNF, tumor
necrosis factor.
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containing nickel, chromium, molybdenum, cobalt, and ti-
tanium can also induce allergic reactions and may be a
cause of delayed wound healing.10

The underlying mechanism of a systemic nickel allergy is
unclear. However, because nickel leaks into the blood-
stream, it has been suggested that this may result in a type
IV hypersensitivity reaction®™’ (Figure 1). Patients may
have been previously sensitized to the allergen or this
may occur de novo. The strength of this foreign body reac-
tion is variable, and research continues into the question of
why some patients have a more excessive response than
others. Much of our understanding of nickel allergy comes
from skin exposure to nickel in which the nickel ions pene-
trate the skin and activate epithelial cells that produce
various cytokines, such as interleukin-18, interleukin-6,
and tumor necrosis factor-a.' ' *

Although the best management of allergies is to limit
exposure, this may not always be possible with some med-
ical devices. In some cases, different devices may be used
that contain a lower concentration of the offending metal
ion. In other cases, the side effects can be managed with
low doses of prednisolone and antiplatelet therapy.® Yet,
the best approach to any allergen is to remove the exposure
to it. No device, no problem.
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It appears that the understanding of cerebral blood circula-
tion has been evolving for centuries. Physicians have been
aware of blood flow to the brain since approximately
2800 BcE; however, it was not until 1762 cE that investiga-
tion into the physiology of cerebral blood flow
commenced.' Finally, in the mid-1900s, Kety and Schmidt®
reported the first quantitative measuare of cerebral blood
flow. Since then, there has been a dramatic increase in
research on cerebral blood physiology, and a number of
noninvasive measurement techmiques have been developed.
Of particular interest in recent years has been the mecha-
nism of white matter injury during neonatal and infantile
cardiac surgery.

In a thought-provoking and thorough study published in
the current issue of the Journal, Claessens and (:ollea.gues3
report that there was no correlation between cerebral
oxygenation or cerebral autoregulation and postoperative
white matter injury. There have been several methods
used as a proxy to measure cerebral autoregulation. In the
study of Claessens and colleagues,” cerebral oxygenation
was measured by near-infrared spectroscopy and correlated
with mean arterial blood pressure to give an estimation of
cerebral autoregulation. Although near-infrared spectros-
copy appears to be a useful tool in measuring cerebral
oxygenation, care must be taken in interpreting results,
because several factors may affect measorements. First,
near-infrared spectroscopy will represent a mixed oxygen
saturation, of which 75% is determined by venous satura-
tion,” and thus it may be affected in cyanotic heart condi-
tions. In addition, factors as simple as sensor placement
or fluid retention may also alter results.* Although no direct
correlation has been demonstrated in this prospective study,
it is an important step in our understanding of perioperative
white matter injury.

It appears that neonatal cerebral vascalature and autore-
gulatory systems are underdeveloped, and even more so in
necnates with congenital heart defects.”® In some
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There is no direct correlation between cerebral
oxygenafion or autoregulation and white matter
injury after congenital cardiac surgery.

See Article page XXX.

patients, autoregulatory systems may not be functioning,
and passive cerebral perfusion is not uncommon.” Although
studies have shown new white matter injury in 30% to 60%
of neonates undergoing cardiac surgery,5 it is important to
recognize that 20% to 40% of injury may cccur preopera-
tively.s’g’g The direct correlation of white matter injury with
cardiac surgery thus remains elusive.

Although this prospective study of Claessens and col-
leagues” failed to find any correlation, it did not fail in its
purpose. We would like to sum up with a famous statement
that often is attributed to Thomas A. Edison, “I have not
failed. I have just found 10,000 ways that won’t
work.” Indeed, once again we see no clear correlation be-
tween cerebral oxygenation or cerebral autoregulation and
white matter damage after cardiac surgery.
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Abstract

OBJECTIVES: Complete vascular rings are rare and cause tracheoesophageal compression. Following surgical division, some patients have
persisting tracheomalacia. We aim to assess the long-term outcomes of complete vascular ring division.

METHODS: All patients {(n = 132) who underwent surgical division of a complete vascular ring between 1978 and 2014 were identified
from the hospital database and retrospectively reviewed.

RESULTS: Complete vascular rings consisted of a double aortic arch (n = 80), right aortic arch with an aberrant subclavian artery and left
ligamentum arteriosum (n=150), right aortic arch with mirror image branching and left ligamentum arteriosum (n=1), and a left aortic
arch with right descending aorta and right ligamentum arteriosum (n=1). Kommerell's diverticulum was identified in 10 patients.
Preoperative tracheomalacia was identified via bronchoscopy in 25 patients. Concomitant tracheal reconstruction was not performed in
any patient. Kommerell's diverticulum was resected in 1 patient. The hospital mortality rate was 1.5% (2/132). There were no late deaths.
The overall survival rate was 98.3 = 1.2% (95% Cl: 93.4, 99.6) at 20 years. Postoperatively, persistent tracheal compression was reported in 3
patients, and tracheomalacia in 16 patients. The rate of freedom from reoperation was 88.6 = 4.0% (95% Cl: 77.9, 94.3) at 20 years. No
patient required tracheal surgery during the follow-up period. Follow-up was 92% (121/132) complete, with a median follow-up of 11.4
years {range 44 days to 36 years). At the last follow-up, 7 patients had mild tracheomalacia.

CONCLUSIONS: Outcomes of division of a complete vascular ring are excellent. Tracheomalacia often improves following division of the
vascular ring. Respiratory symptoms following complete vascular ring division are uncommon.

Keywords: Complete vascular ring « Surgery « Congenital heart disease

INTRODUCTION discharge. All other deaths, complications and reoperations were

considered late. Complete vascular rings are of three types: (i)
A complete vascular ring is a rare congenital cardiovascular anomaly double aortic arch, (ii) right aortic arch with left ligamentum arter-
which endircles the trachea and oesophagus, compressing them. The iosum with or without aberrant left SCA and (iii) left aortic arch
two most common types of complete vascular rings are a double with right ligamentum arteriosum with or without aberrant right
aortic arch, and a right aortic arch with aberrant left subclavian artery SCA. Tracheomalacia is defined as weakness of the trachea result-
(SCA) and left ligamentum arteriosum, which together account for ing in an airway that is more susceptible to collapse [2]. Severity of
85-95% of cases [1]. Due to compression of the trachea, there may tracheomalacia is subjective, but has been described as mild if the
be ongoing morbidity related to persisting tracheomalacia. We obstruction during expiration is to one half of the lumen, moder-
therefore aimed to assess the long-term outcomes of children who ate if it reaches three quarters of the lumen and severe if the pos-
underwent division of complete vascular rings. terior wall touches the anterior wall [3].
MATERIALS AND METHODS

Patients

Definitions

The institutional Human Research Ethics Committee at the Royal
Early mortality, complication and reoperation were defined as Children’s Hospital (RCH) approved the present study. Between
those occurring within 30 days of surgery or prior to hospital 1978 and 2014, 132 patients underwent complete vascular ring

The Author 2016. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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division at RCH. Vascular rings consisted of a double aortic arch
(n=80); right aortic arch with aberrant left SCA and left ligamen-
tum arteriosum (n=>50); right aortic arch with mirror image
branching and left ligamentum arteriosum (n=1); and left aortic
arch with right-sided descending aorta and right ligamentum
arteriosum (n=1). Kommerell's diverticulum was identified in 10
patients. Data were obtained by review of medical records from
initial admission until the last follow-up. This included inpatient
notes, surgical reports and outpatient letters.

Data analysis

Data was analysed using Stata version 12 (StataCorp LP, College
Station, TX, USA). Descriptive statistics for continuous data are
expressed as means + standard deviations (range), whilst skewed
continuous data are expressed as medians (interquartile range).

Table 1: Patient characteristics

Variable Total (n=132)

Median age at repair 1year (range 5 days to
15.7 years)

Median weight at repair 8.7 kg (range 0.9-76 kg)

Type of complete vascular ring

DAA 60.6% (80/132)

RAA and left ligamentum arteriosum 37.8% (50/132)
Kommerell's diverticulum 20% (10/50)
RAA with mirror-image branching, 0.8% (1/132)

and left ligamentum arteriosum
LAA with right-sided descending aorta, 0.8% (1/132)
and right ligamentum arteriosum
Concomitant cardiovascular anomalies
Tetralogy of fallot
Atrial septal defect 45% (6/132
Patent ductus arteriosus
Ventricular septal defect
Double-outlet right ventricle 1.5% (2/132
Hypertrophic obstructive
cardiomyopathy
Single coranary artery (right coronary
artery from the left coronary artery)

0.8% (1/132)

DAA: double aortic arch; LAA: left aortic arch; RAA: right aortic arch.

Categorical data are summarized as frequencies and percentages.
Risk factors for binary outcomes were determined by univariable
and multivariable logistic regression analysis. Linear regression
analysis was used for continuous variables where appropriate.
Kaplan-Meier actuarial survival curves were used to analyse and
plot time-related endpoints. Statistical significance was set at
P<0.05.

RESULTS
Clinical presentation and diagnosis

Patient characteristics are outlined in Table 1. In this study, 123
patients underwent repair at less than 5 years of age, including 66
patients who were younger than 1 year. Only 5 patients who
underwent repair were 10 years of age or older. Concomitant car-
diovascular anomalies were present in 17.4% (23/132) of patients.
All patients were symptomatic at presentation. Most patients
(95%, 125/132) presented with respiratory symptoms due to com-
pression of the trachea. Respiratory symptoms were stridor in
77.3% (102/132) of patients; cough in 35.6% (47/132) of patients;
or recurrent respiratory tract infections in 19.7% (26/132) of
patients. Dysphagia was an uncommon presentation, present in
only 15.9% (21/132) of patients.

The trend of imaging modalities is depicted in Fig. 1. An echo-
cardiogram was obtained in all patients. Early in the study period,
the diagnosis was often made by a combination of echocardiog-
raphy, cardiac catheterization and barium swallow test. Since the
1990s magnetic resonance imaging (MRI) and computed tomog-
raphy (CT) became readily available, with CT being the preferred
imaging modality as the anatomy can often be clearly delineated
(Fig. 1). Thirty-eight patients underwent bronchoscopy prior to
surgical intervention.

Operative management

Patients with a double aortic arch underwent repair at a younger
age than those with a right aortic arch and left ligamentum
(1.3+1.6 years vs 2.6+3.6 years, P=0004). Surgery was per-
formed via a left thoracotomy (n=114), median sternctomy
(n=15) or right thoracotomy {n=3). The operative technique is
outlined in Fig. 2. Concomitant repair of other cardiovascular
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Figure 1: Frequency of imaging modalities over the 4 decades.
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Figure 2: Double aortic arch repair. Double aortic arch (A). Repair of the double aortic arch is undertaken through division of the smaller arch and division of the liga-
mentum arteriosum (B and C). The distal remnant of the divided arch or diverticulum of Kommerell is oversutured. The oversutured stump or the base of the [eft sub-

clavian artery is sutured to the chest wall (D).

anomalies was undertaken in 16 patients, in 14 of them with car-
diopulmonary bypass.

In patients with a double aortic arch, the smaller of the two
arches was divided—this was the left arch in 64 patients (80%, 64/
80), and the right arch in 16 patients (20%, 16/80). Some patients
had equal-sized aortic arches and the division of the arch was at
the surgeon’s discretion. Eight patients underwent arteriopexy fol-
lowing division of the arch. Following division, the innominate
artery was suspended from the anterior chest wall in seven patients
and the left SCAwas suspended to the chest wall in one patient.

In patients with a right aortic arch and left ligamentum arterio-
sum, the ligamentum was divided, which relieved trachecesopha-
geal compression. Twenty patients underwent arteriopexy in
which a suture was placed through the divided ligamentum arter-
iosum or adventitia of the divided arch and suspended from the
vertebral column or chest wall (Fig. 2D). The aortic end of the
divided ligamentum arteriosum was sutured to the vertebral
column in 4 patients; the descending aorta was suspended from
the chest wall in 4 patients; and the left SCA was suspended from
the posterior chest wall in 12 patients, including 8 patients with
Kommerell's diverticulum. Of the 10 patients with Kommerell's di-
verticulum, only 1 patient—the oldest patient in this series (15.7
years)—underwent resection of the diverticulum, and reimplanta-
tion of the left SCA onto the descending aorta with a 10 mm
Gore-Tex tube. This patient is currently well after 2 years of
follow-up. We have not encountered any recurrent tracheal or oe-
sophageal compression in patients with Kommerell's diverticulum.
Once the smaller or rudimentary arch is divided, the remnant of
the aortic arch that comes from the distal arch or Kommerell's di-
verticulum is sutured over. Thus, no diverticulum, either that of

Kommerell or of divided aortic arch, persists. Arteriopexy (Fig. 2D)
of the oversutured diverticulum or the left SCA, can provide suffi-
cient space in the chest to avoid compression.

One patient with a left aortic arch, right-sided descending aorta
and right ligamentum arteriosum underwent repair via a right
thoracotomy with division of the ligamentum and suspension of
the descending aorta to the posterior chest wall. One patient with
the right aortic arch with mirror image branching and left liga-
mentum arteriosum underwent repair via a left thoracotomy with
division of the left ligamentum and suspension of the descending
aorta to the posterior chest wall.

Mortality and morbidity

Postoperative complications are summarized in Table 2. The hos-
pital mortality rate was 1.5% (2/132). Two patients with Noonan's
syndrome died in 1987 and 2009 of progressive hypertrophic car-
diomyopathy. Of these two early deaths, one patient had a double
aortic arch, while the other patient had a right aortic arch and left
ligamentum. There were no late deaths. The overall survival rate
was 98.3+1.2% (95% Cl: 93.4, 99.6) at 20 years. There were no
identifiable risk factors for mortality on multivariable analysis.

Management of tracheomalacia

Tracheomalacia was identified in 25 patients preoperatively
via bronchoscopy. There was no concomitant tracheal reconstruc-
tion during complete vascular ring division in any patient.
Postoperatively, tracheomalacia was identified via bronchoscopy in
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Table 2: Frequency of postoperative morbidity

DAA RAA and left ligamentum Other vascular rings Total

{n=280) (n=>50) (n=2) (n=132)
Persistent tracheomalacia 12.5% (10/30) 10% (5/50) 50% (1/2) 12.1% (16/132)
Respiratory infection 7.5% (6/30) 6% (3/50) 0% 6.8% (9/132)
Chylothorax 3.8% (2/80) 8% (4/50) 0% 5.3% (7/132)
Recurrent laryngeal nerve palsy 6.3% (5/30) 2% (1/50) 0% 4.5% (6/132)
Haorner's syndrome 2.5% (2/80) 2% (1/50) 0% 2.3% (3/132)
Persistent tracheal compression 2.5%(2/80) 2% (1/50) 0% 2.3% (3/132)
Pneumothorax 2.5%(2/80) 0% 0% 1.5% (2/132)
Pleural effusion 1.3% (1/80) 0% 0% 0.8% (1/132)

DAA: double aortic arch; RAA: right aortic arch.

16 patients, which included 10 patients who had preoperative tra-
cheomalacia, and 6 patients with newly identified tracheomalacia
after surgery. A single patient was unable to be extubated due to
severe tracheomalacia and underwent a tracheostomy for long-
term continuous positive airway pressure which was removed 14
months later. The patient is currently well with only mild tracheo-
malacia after 4 years of follow-up.

A total of seven patients had persisting tracheomalacia at the
last follow-up. Of patients with preoperative tracheomalacia, 5
patients had ongoing tracheomalacia at the last follow-up, while 2
patients had intermittent wheeze, and 18 patients were asymp-
tomatic. Two patients with newly identified postoperative tracheo-
malacia had persisting tracheomalacia at the last follow-up. There
were no tracheal reconstructions during the follow-up period.

Following division of complete vascular rings, persistent tracheal
compression from external (extra-tracheal) vascular structures oc-
curred in two patients, while one patient had a discrete, short-
segment tracheal stenosis. The first patient who underwent double
aortic arch division had ongoing compression from residual ductal
tissue which was subsequently resected. The second patient with a
right aortic arch and left ligamentum had ongoing compression
from the aortic arch. The left SCA was suspended to the posterior
chest wall. This patient did not have Kommerell's diverticulum. The
third patient had a short-segment tracheal stenosis identified on
bronchogram and the patient was asymptomatic, therefore no clin-
ical intervention was undertaken. These three patients did not have
evidence of tracheomalacia, and are currently asymptomatic at 1,
36 and 13 years of follow-up, respectively.

Reoperation

Nine patients underwent reoperations. Three patients required
reoperation due to their vascular ring. Two patients required reo-
peration after identification of ongoing tracheal compression as
described above. One patient was unable to be extubated and
required a trachecstomy. The rate of freedom from reoperation
due to the vascular ring was 96.9+1.8% (95% Cl: 90.1, 99.0). All
other reoperations were due to concomitant cardiovascular
anomalies, namely a ventricular septal defect repair (n=3), right
ventricular outflow tract resection (n=2), branch pulmonary
artery reconstruction (n = 1), Blalock-Taussig shunt division (n=1),
right ventricle to pulmonary artery conduit insertion (n=1) and
subaortic stenosis resection (n=1). The rate of freedom from any
reoperation was 88.6 + 4.0 (95% Cl: 77.9, 94.3) at 20 years.

Long-term outcomes

Follow-up was 92% (121/132) complete. The median follow-up
time was 11.4 years (mean 11.2 years, range 44 days to 36 years).
There was no persistent tracheal compression in children with
Kommerell's diverticulum. At the last follow-up, 17 patients had
mild respiratory symptoms, attributed to mild asthma in 10
patients and mild tracheomalacia in 7 patients.

DISCUSSION

Division of a double aortic arch and other forms of complete vas-
cular rings were described in the mid-1940s by Gross [4, 5]. There
have been several retrospective studies [1, 6-13] analysing the out-
comes of division of complete vascular rings. However, only a few
of them reported a long-term follow-up [6-9]. Surgical division of
complete vascular rings is performed safely with excellent results
[1, 6=13]. In our study, there were no late deaths and only 2 early
deaths due to progressive hypertrophic cardiomyopathy in
patients with Noonan's syndrome. This is similar to other centres
who reported mortality rates in the range of 0-5%[1, 6-13].

In our experience, tracheomalacia often improves. We have not
performed any tracheal reconstruction in patients with complete
vascular rings. Of the 38 patients who underwent preoperative
bronchoscopy, tracheomalacia was found in 25 patients and was
confirmed to have resolved via bronchoscopy in 10 patients, while
an additional 10 patients were asymptomatic and thus were not
investigated. New mild tracheomalacia was identified in 2 patients
at the last follow-up, and both have intermittent stridor with exer-
cise. It is likely that patients with new postoperative tracheomala-
cia had preoperative tracheomalacia; however, these two patients
did not have precperative bronchoscopy. It is not common prac-
tice to perform bronchoscopy preoperatively or postoperatively in
patients with complete vascular rings at our institution. We do not
believe bronchoscopy is essential in the initial diagnostic workup
of these patients as none of our patients have undergone tracheal
surgery, and we have found that following division of the vascular
ring, respiratory symptoms are often alleviated. Bronchoscopy
may be useful in the postoperative period to assess for tracheo-
malacia in patients with ongoing respiratory symptoms. As most
patients are asymptomatic following surgery, they therefore do
not require respiratory investigation. Patients with ongoing re-
spiratory symptoms can often be managed conservatively with
regular follow-up.
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Figure 3: Spectrum of complete vascular ring anomalies on computed tomography. (A) Double aortic arch with two patent arches. (B) Double zortic arch with severe-
ly hypoplastic, yet patent, left aortic arch. (C) Double aortic arch with an atretic left aortic arch—this anomaly may be misinterpreted as a right aortic arch with left liga-
mentum arteriosum. (D) Right aortic arch with an aberrant left subclavian artery and left ligamentum arteriosum.

It is uncommon to have consistency in preoperative imaging
over a large study period. Although many patients undergo a
number of imaging modalities, CT is the imaging modality of
choice at the Royal Children’s Hospital. The CT scan provides a
clear delineation of the aortic arch and adjacent anatomy (Fig. 3),
and can be achieved relatively rapidly in 10-15 s, compared to
30-45 min for a sedated MRI [6]. It is important to keep in mind
that patients with complete vascular rings have a spectrum of vas-
cular anomalies. In most patients with double aortic arch, both
arches are clearly seen with (Fig. 3A) or without (Fig. 3B) site of in-
sertion of the ligamentum arteriosum. Obliterated aortic arch
(Fig. 3C) or ligamentum arteriosum (Fig. 3D) may not be seen on
CT scan and these patients may be misinterpreted by radiologists
as not having a complete vascular ring. In the latter, the diagnosis
of a complete vascular ring is made clinically and confirmed
intraoperatively. Ligamentum arteriosum on the opposite side of
the remaining arch must always be divided. It is prudent for all
patients to undergo an echocardiogram to assess for intracardiac
anomalies. The use of barium swallow and cardiac catheterization
has decreased over time, and are now seldom performed. This
trend in imaging is consistent with other studies [6, 9].

Kommerell's diverticulum was first described in 1936 by
Burckhard F. Kommerell, who reported a patient with a left aortic
arch and aberrant origin of the right SCA from the descending
thoracic aorta [14, 15]. It has also been suggested that patients

with a Kommerell’s diverticulum should undergo primary resec-
tion during complete vascular ring division to avoid later com-
pression of the trachea [6, 16, 17]. Backer and colleagues [6, 10]
report on 18 patients on whom they have reoperated to resect the
Kommerell's diverticulum and reimplanted the left SCA onto the
left carotid artery; as well as on 20 patients who underwent resec-
tion during primary operation for their vascular ring [16]. They
reported that histological evaluation of the resected portion of
artery revealed medial necrosis, which places the patient at risk for
later aneurysm formation [16], and advocated resection of the di-
verticulum, stating that this prevented the need for late reoperation
in this subgroup of patients due to recurrent tracheal compression.
We do not commonly resect Kommerell's diverticulum. If,
intraoperatively, there appears to be ongoing compression of the
trachea or oesophagus following division of the ligamentum,
arteriopexy of the left SCA or the remnant of the divided arch to
the chest wall effectively relieves residual compression. To date,
we have not encountered recurrence of symptoms or aneurysmal
formation of the diverticulum or the remnant of the divided arch.

Limitations

This study is subject to the usual limitations of a retrospective
study. Perioperative techniques have varied during the study
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period. Statistical analysis of risk factors was limited due to a rela-
tively small number of patients and outcomes.

CONCLUSIONS

Long-term outcomes of division of a complete vascular ring are
excellent. Tracheomalacia often improves following division of the
vascular ring. Respiratory symptoms following complete vascular
ring division are uncommon.
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Anomalous left coronary artery from the pulmonary artery Central Message

(ALCAPA) is a rare congenital cardiac malformation ac- . . e
counting for approximately 1 in 300,000 live births." The :: :;:‘::;I (::S"::;aﬁ];i;:\z L::;; fl::::n::e
first reported child with ALCAPA was described by Russian right pulmonary artery. )

pathologist Alexei Ivanovich Abrikosov in 1911, when he

described postmortem “a left ventricular aneurysm with See Article page 648.

anomalous origin of the left coronary artery from pulmo-

nary artery in a 5-month old child.”? A comprehensive clin-

ical description was given in 1933 by American physicians  Thus, a typical clinical presentation is often referred to
Edward Bland, Paul Dudley White, and Joseph Garland.” today as Bland-White-Garland syndrome.

Coronary transfer and unroofing are important

Normal anatomy ALCA from MPA

Pulmo“ad

Pulmo“z‘d
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Intramural ALCA from
junction of MPA and RPA Intramural ALCA from RPA
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>
Intramural Intramural
segment segment
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FIGURE 1. Anomalous left coronary artery origin from the pulmonary artery and its relation to normal anatomy of the great arteries. A, Normal anatomy.
B, ALCA from MPA. C. Intramural ALCA from the junction of MPA and RPA. D, Intramural ALCA from RPA. Ao. Aorta; RCA. right coronary artery:
MPA, main pulmonary artery; LCA, left coronary artery: ALCA, anomalous left coronary artery; RPA, right pulmenary artery.
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Editorial Commentary

To understand the pathologic anatomy of this rare anom-
aly, one should appreciate that the normal ascending aorta
and main pulmonary artery (PA) are almost perpendicular
to one another (Figure 1, A). In ALCAPA, the left coronary
artery (LCA) most commeonly originates from the posterior
facing sinus of the PA (Figure 1, B) in close proximity to
where the normal origin of the LCA would be. Nonetheless,
the LCA can come from any part of the main PA or its
branches, albeit rarely. If the LCA comes from the junction
of the main PA and right PA (Figure 1, C) or the right PA
(Figure 1, D), it may have an intramural aortic course.
This is an exceedingly rare association. The literature is
limited to a few case reports and small series. ™ A
remarkable article by Zhang and collea.gues10 describes
10 children with intramural course of the ALCAPA arising
from the right PA. It is fascinating that 10 children with such
rare anomaly had surgery over a relatively short period of
7 years, likely owing to the fact that the report comes
from one of the largest volume institutions from Beijing,
China. Consider that in our institution only 1 of 42 children
undergoing operation for ALCAPA over a 35-year period
had intramural course of an anomalous coronary artery.'
Furthermore, our experience was similar to that of
others.*

The patients studied by Zhang and colleagues10 were
older at the time of repair compared with most modem re-
ports, which likely explains a higher proportion of children
with left ventricular aneurysms and relatively high mortal-
ity. The surgical technique of coronary artery transfer and
unroofing appears to provide reliable reperfusion of the
myocardium and resulted in improvement of the left ven-
tricular function. Coronary unroofing is, indeed, a simple
and reliable technique and could be safely used even in ne-
onates with intramural coronary arteries.'” Due to the close
resemblance to normal anatomy, the intramural course of
the coronary artery commonly remains undiagnosed on pre-
operative imaging. The intramural course should be sus-
pected in all children with ALCAPA originating from the
right PA® to avoid damage to the intramural segment. The

value of opening the main PA first to identify the origin of
the LCA cannot be overemphasized. As long as the coro-
nary artery is not allowed to kink during reimplantation,
the unroofing is easy and likely to be the best option.*
The technique described by Zhang and c:olleagues10 is a
valuable addition to armamentarium of any cardiothoracic
surgeon who deals with congenital coronary anomalies.
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Surgical Intervention for Anomalous Origin of Left
Coronary Artery From the Pulmonary Artery in
Children: A Long-Term Follow-Up
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Background. Anomalous left coronary artery from the
pulmonary artery (ALCAPA} is a rare congenital heart
defect with limited data on long-term outcomes after
surgical intervention.

Methods. We conducted a retrospective review of all
children (N = 42} who underwent surgical repair of
ALCAPA between 1980 and 2014 at the Royal Children’s
Hospital, Melbourne.

Results. Twenty-nine (69% [29 of 42]) patients under-
went coronary reimplantation, 12 (29% [12 of 42]) had
intrapulmonary baffle (Takeuchi) repair, and 1 (2% [1 of
42]) patient had ligation of the anomalous coronary ar-
tery. Nine (21%, 9 of 42) patients had concomitant mitral
valve (MV) repair at the time of ALCAPA repair. A left
ventricular assist device (LVAD) was used in 36% (15 of
42} of patients. Early mortality was 2.4% (1 of 42 patients).
Median follow-up was 14 years (mean, 13 years; range, 4
months-31 years). There were no late deaths. Survival
was 98% at 20 years. Freedom from reoperation was 81%,
81%, and 76% at 5, 10, and 20 years after operation,

nomalous left coronary artery from the pulmonary
Aartery (ALCAPA) is a rare congenital anomaly,
which if left unrepaired has a mortality rate up to 90% [1].
Left ventricular (LV) dysfunction and ischemic mitral
regurgitation (MR} secondary to mitral annular dilatation
and ischemic papillary muscle dysfunction contributes to
the morbidity and mortality in this condition.

Several surgical techniques have been described for
repair of ALCAPA, including ligation of the anomalous
artery [2], bypass grafting [3], intrapulmonary artery
baffle or Takeuchi repair [4], and coronary reimplantation
to the aorta [5]. However, the decision to repair the mitral
valve (MV) at the time of operation is controversial. After
revascularization of the anterolateral wall of the left
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respectively. Eight patients underwent late MV repair or
replacement at a median of 3 years (mean, 8 years; range,
2 months-25 years} after operation. Freedom from late
MYV repair or replacement was 86% at 5 and 10 years and
81% at 20 years after operation. Eleven (26% [11 of 42]}
patients had severe mitral regurgitation (MR) preopera-
tively. Of those 11 patients, 5 (5% [5 of 11]) had
concomitant MV repair at the time of ALCAPA repair, 3
(27% [3 of 11]) had late MV repair or replacement, and the
remaining 3 (27% [3 of 11]} patients had mild MR at last
follow-up. Thirty-six (90% [36 of 41]} patients had normal
left ventricular function and £ (10% [4 of 41]) patients had
mildly reduced left ventricular (LV) function at last
follow-up.

Conclusions. ALCAPA can be operated on with good
outcomes. Persistent MR and a moderate rate of late MV
repair warrants close follow-up.

(Ann Thorac Surg 2016;101:1842-9)
© 2016 by The Society of Thoracic Surgeons

ventricle, the MV may regain reasonable function, despite
severe preoperative MR.

Good early surgical outcomes of ALCAPA repair have
been described [6-11]. We have previously reported on
midterm outcomes of ALCAPA repair in a smaller group
of patients [6]. There are few single-institution studies on
the long-term outcomes of patients with ALCAPA,
including outcomes related to the MV. Therefore
we sought to review the surgical management of
ALCAPA repair at our institution and to evaluate the
associated MV disease, its management, and long-term
outcomes.

Patients and Methods

Patients

The Human Research Ethics Committee at the Royal
Children’s Hospital approved the study. Between 1980
and 2014, 42 children underwent repair of ALCAPA

0003-4975/$36.00
http://dx.doi.org/10.1016/j.athoracsur.2015.11.020
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Abbreviations and Acronyms
ALCAPA = anomalous left coronary artery from
the pulmonary artery

ASD = atrial septal defect

CoA = coarctation of the aorta

CPB = cardiopulmonary bypass

LA = left atrial

LCA = left coronary artery

LV = left ventricular

LVAD = left ventricular assist device

LVEDD = left ventricular end-~diastolic
diameter

MPA = main pulmonary artery

MR = mitral regurgitation

MV = mitral valve

PA = pulmonary artery

PDA = patent ductus arteriosus

at the Royal Children’s Hospital. Data were obtained
retrospectively by review of medical records from initial
admission until last cardiology follow-up.

Definitions

Early mortality was defined as death occurring within 30
days of operation or before hospital discharge. All other
deaths were considered late. Severity of MR was graded
using conventional guidelines [12].

Data Analysis

Data were analyzed using Stata, version 12 (StataCorp LP,
College Station, TX). Descriptive statistics for continuous
data are expressed as mean =+ standard deviations
(range), whereas skewed continuous data are expressed
as median (range). Categorical data are summarized as
frequencies and percentages. Kaplan-Meier actuarial
survival curves were used to analyze and plot time-
related end points. Statistical significance was set at p <
0.05.

Results

From February 1980 to March 2014, 42 children under-
went repair of ALCAPA at the Royal Children’s Hospital.
Preoperative patient characteristics are summarized in
Table 1. Median age at operation was 140 days (mean, 276
days; range, 49 days-5 years). There were 34 (81% [34 of
42]) patients less than 1 year of age. Median weight at
operation was 5.7 kg (mean, 6.7 kg; range, 2.3 -23 kg).

Repair of ALCAPA was done by reimplantation of the
anomalous artery in 29 (69% [29 of 42]) patients, an
intrapulmonary baffle (Takeuchi repair) in 12 (29% [12 of
42]) patients (Fig 1), and ligation of an anomalous left
circumflex artery arising from the pulmonary artery in 1
(2% [1 of 42]) patient.

Nine (21%, 9 of 42) patients had concomitant MV repair
at the time of the initial operation. The median age of
patients who underwent concomitant MV repair was 147
days (range, 74 days-1.8 years) compared with 141 days
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Table 1. Preoperative Patient Characteristics (n = 42)
276 d, 140 d (49 d-5 y)

Age at repair, mean,
median (range)

Weight at repair, mean,
median (range)

6.7 kg, 5.8 kg (2.3-23 kg)

Echocardiographic findings
30.0% £ 154%
17.0% + 10.0%

Ejection fraction
Fractional shortening

LVEDD 4.0 + 0.6 cm
Overall LV function
Normal 7% (3 of 42)
Reduced 31% (13 of 42)
Poor 36% (15 of 42)
Mitral valve regurgitation
Mild 33% (14 of 42)
Moderate 40% (17 of 42)
Severe 26% (11 of 42)
Concomitant anomalies 7% (3 of 42)
ASD 2% (1 of 42)
CoA 2% (1 of 42)
PDA 29% (1 of 42)
ASD — atrial septal defect; CoA — coarctation of the aorta; LYV —

left ventricular LVEDD — left ventricular end-diastolic diameter;
PDA — patent ductus arteriosus.

(range, 78 days-5 years) in those who did not undergo
such repair. There was no significant difference in age
between those who had concomitant MV repair and those
who did not (p = 0.87). Mean cardiopulmonary bypass
(CPB) time in patients who had concomitant MV repair
was 184 & 50 minutes compared with 137 & 79 minutes in
patients who did not have concomitant MV repairs (p =
0.09). Mean aortic cross-clamp time in patients who had
concomitant MV repair was 112 + 22 minutes compared
with 70 4+ 39 minutes in patients who did not have
concomitant MV repair (p = 0.006). Of the concomitant
MV repairs, 8 (89% [8 of 9]) were undertaken in patients
who had reimplantation of the anomalous artery, and 1
(11% T1 of 9]) was undertaken in a patient who had a
Takeuchi repair.

Additional concomitant repair occurred in 1 patient
(2% [1 of 42]). This patient presented with incipient LV
rupture through a transmural anterior infarction, which
was resected and reconstructed [13]. At the completion of
the operation, 15 patients (36% [15 of 42]) required a LV
assist device (LVAD). This was a centrifugal pump with
left atrial (LA) and aortic cannulation through a midline
sternotomy and an open chest. Twelve of the 15 patients
who required an LVAD were noted to have a significant
rise in LA pressure and a reduction in mean arterial
pressure after being weaned from CPB, which prompted
the use of an LVAD. The remaining 3 patients received
LVADs electively. There was no relationship between the
use of LVADs and the time of aortic cross-clamping
(LVAD, 95 + 40 minutes versus no LVAD, 79 4+ 45
minutes; p = 0.35). The LVAD was removed at a mean
of 4 + 2 days (range, 2-8 days) after the operation.
One patient was placed on extracorporeal membrane
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Fig 1. Repair of anomalous left coronary artery from pulmonary artery (PA). (A1-A3) Takeuchi repair. (A1) Opening of main pulmonary artery
(MPA) with creation of flap of anterior PA wall. (A2) Creation of aortopulmonary window and baffling of anomalous coronary artery with flap of
anterior PA wall. (A3) Pericardial patch reconstruction of MPA. (B1-B3) Reimplantation of anomalous coronary artery. (B1) Transection of MPA,
removal of anomalous coronary ostium, and creation of trapdoor on aorta. (B2) Attachment of anomalous coronary artery to aorfa and recon-

struction of MPA defect with pericardial patch. (B3) Reanastomosis of MPA.

oxygenation 1 day after ALCAPA repair because of car-
diac arrest and respiratory failure. She remained on
extracorporecal membrane oxygenation for 1 day. She re-
mains well at 8-ycar follow-up.

Mortality

Early mortality was 2.4% (1 of 42 patients). In 2008, an
11-month-old girl weighing 65 kg presented with
congestive cardiac failure and was found to have ALCAPA

with mild MR and severe LV dysfunction. She underwent
repair of ALCAPA through reimplantation. LV function
remained poor when she was weaned from CPB and she
received an LVAD. Four days postoperatively she had a
cerebral infarction secondary to thromboembolism in the
LVAD pump and died.

There were no late deaths. Overall survival was 98% &
2% (95% confidence interval [CI], 86100} at 5, 10, and 20
years.
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Management of the Mitral Valve

Preoperatively, 13 (31% [13 of 42]) patients had mild MR,
18 (43% [18 of 42]) patients had moderate MR, and 11
(26% [11 of 42]) patients had severe MR. MV outcomes are
shown in Figures 2A and 2B.

Concomitant MV repair was undertaken in 9 (21% [9 of
42]) patients—5 with severe MR and 4 with moderate MR.
Six patients underwent suture annuloplasty, 2 patients
underwent plication of part of the mitral valve, and 1
patient underwent ring annuloplasty. Two of these pa-
tients required additional MV repair at 70 days and 4.1
years, respectively. One patient has undergone 2 redo
MV repairs because of persisting MR. Freedom from MV
reoperation for those patients who underwent concomi-
tant MV repair was 71% + 18% (95% CI, 23-92) at 10 ycars
(Fig 3).

An additional 6 patients, who did not have concomitant
MYV repair, underwent 7 late MV operations at a median
of 3 years (range, 11 months-25 years) after initial
ALCAPA repair because of persisting severe MR (n = 3}
or MR worsening to a severe degree (n = 3) after
ALCAPA repair. This consisted of MV repair in 4 patients
and MV replacement in 2 patients. One patient has un-
dergone 2 MV replacements at 1.5 years and 22 years after
initial ALCAPA repair. Freedom from late MV repair or
replacement in patients who did not undergo concomi-
tant MV repair was 86% £ 6% (95% CI, 71-94} at 5 and 10

Preoperative Follow-up
mitral regurgitation period
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years and 81% — 8% (95% CI, 67-91) at 20 years. Of the
additional 6 patients who underwent late MV operation,
the initial repair was reimplantation of the anomalous
artery in 3 (50% [3 of 6]) patients, Takeuchi repair in 2
(33% [2 of 6]) patients, and ligation of the anomalous ar-
tery in 1 (17% [1 of 6]) patient.

Of the 11 patients with severe MR, 5 (45% [5 of 11]}
underwent MV repair at the time of ALCAPA repair. In
addition 2 (18% [2 of 11]) underwent late MV repair, and 1
(9% [1 of 11]) underwent late MV replacement. The
remaining 3 (27% [3 of 11]} patients had mild MR at last
follow-up. All paticnts with precoperative severe MR had
normal LV function and cither no MR (n = 2} or mild MR
(n = 9} at last follow-up.

At most recent follow-up, 16 patients were free of MR
and 24 patients had mild MR (Figs 2A, 2B).

Reoperation

Ten patients underwent a total of 11 recopcerations at a
mean of 9 years (range, 2 months—25 vears) after opera-
tion. Freedom from any reoperation was 88% L 7% (95%
Cl, 74-96) at 5 and 10 years and 76% L 8% (95% CI, 60-88)
at 20 years after operation. Reoperations included MV
repair (n = 6), MV replacement (n = 2}, and pericardial
patch augmentation of the main PA because of stenosis
(n =1} in a patient who underwent a Takeuchi procedure.

Mitral regurgitation
at last follow-up

Fig 2. Outcomes of mitral valve (MV) (A)
without and (B) with concomitant MV vepair
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Fig 3. Freedom from milral valve (MV) reoperation and lafe mitval
valve operation. Freedom from MV reoperation in patients who un-
deywent concomitant MV repair versus late MV operation in patienis
who did not undergo concomitant MV repair,

LV Function

Serial postoperative echocardiograms were available in
32 patients. In these patients, LV function—based on
ejection fraction or qualitative assessment—normalized at
a median time of 9.5 months (2.3-15.8 months). Echocar-
diographic reports were available for all 40 patients at last
follow-up; LV function was qualitatively assessed as
mildly reduced in a total of 4 patients (10% [4 of 40]),
whereas all the remaining patients had normal LV
function.

Patency of the Coronary Artery

Because all patients were asymptomatic, no routine cor-
onary angiography was performed. All patients who had
a Takeuchi repair (n = 12) were asymptomatic at a mean
follow-up of 22 years. Two patients underwent coronary
angiography at 10 and 23 ycars after operation, which
demonstrated normal coronary arterics. Both of these
patients had normal LV functon, mild MR, and a nega-
tive stress test and were asymptomatic at the time of
coronary angiography. Although 2 of these 12 patients
required late MV repair (n = 1} or replacement (n = 1),
they did not have any evidence of ischemia. After coro-
nary reimplantation (n = 28), all patients were asymp-
tomatic at a mean follow-up of 9 years. All 28 survivors
are currently asymptomatic. One asymptomatic patient
had coronary angiography at 1 vear after operation,
which demonstrated normal coronary arteries. Three
patients had stress tests at 8, 9, and 15 years after oper-
ation, respectively, which were normal. Although 5 pa-
tients had late MV repair (n = 4) or replacement (n = 1),
they did not have any evidence of ischemia. All 5 patients
underwent cchocardiography and electrocardiography
before repair. All 5 patients had normal LV function and
no regional wall motion abnormalities. None had any
ischemic changes on electrocardiography. All patients
had patency of the proximal LCA confirmed by echo-
cardiography at the most recent follow-up.

Ann Thorac Surg
2016;101:1842-9

Follow-Up

Follow-up was 100% complete for local patients. One in-
ternational patient was lost to follow-up after returning
overseas after the operation. Median follow-up was 14
years (mean, 13 years; range, 4 months—31 years}. Thirty
seven patients (93% [37 of 40]} were followed up within
the past 5 years. Although 7% (3 of 40) did not have
follow-up in the past 5 years, these patients had 7, 10, and
19 years of follow-up, respectively. Twenty-seven patients
(68% [27 of 40]) had at Icast 10 years of follow-up, and 34
patients (85% [34 of 40]) had at least 5 years of follow-up.

Comment

This study demonstrates that surgical repair of ALCAPA
can be achieved with good results. Earlier repairs at our
institution were through an intrapulmonary baffle
described by Takeuchi and associates [4], which was
shown to produce no mortality. Despite the low mortality,
some patients may experience supravalvular pulmonary
stenosis, baffle obstruction, baffle leaks, and aortic
regurgitation afterward [14-16]. Onc patient in this study
who underwent a Takeuchi repair required reoperation
7.5 years later because of stenosis of the main PA. After a
mean follow-up of 22 years in patients who underwent
Takeuchi repairs, we have not encountered any baffle
obstructions. All patients since 1995 have undergone
reimplantation of the anomalous coronary artery to the
aorta at our institution. After a mean follow-up of 9 years
in patients who underwent reimplantation, we have not
encountered stenosis of the implanted coronary artery.

Early mortality in patients with ALCAPA has been re-
ported to be from 0% to 16% |6, 8-11, 14, 17-21]. Late
mortality is rare and survival of 86% to 100% at 10 years
has been reported [8, 9, 17, 19]. Mortality from previous
studies is summarized in Table 2. An earlier report from
our center demonstrated no carly or late deaths [6]. We
had only 1 carly death in our cohort of 43 paticnts with a
median age of 140 days with no late deaths and an overall
survival of 98% at 20 vears. Edwin and associates [22]
reported 27 patients who underwent ALCAPA repair
between 1994 and 2011, with a hospital mortality of 3.7%
(1 of 27). Seven patients required an LVAD. They deter-
mined that a fractional shortening of less than 20% and a
cross-clamp time of greater than 56 minutes predicted
more than 80% LVAD use. They suggested that in pa-
tients with severe LV dysfunction preoperatively, high
mortality may result without the use of an LVAD. In our
experience, most patients (12 of 15} needed an LVAD
because of difficulty weaning from CPB, with a subse-
quent rise in LA pressure and reduction in mean arterial
pressure. In 3 patients, LVADs were used electively.
Traditionally, our center has had a low threshold for the
usc of an LVAD after ALCAPA repair.

Whether to repair the MV at initial repair remains a
contentious issue. Several studies reported that concom-
itant MV repair increases aortic cross-clamp time on an
already ischemic myocardium. Although aortic cross-
clamp time was significantly higher in paticnts who
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Table 2. Mortality of ALCAPA Repair
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underwent MV repair at ALCAPA repair, this had no
effect on the normalization of LV function or other post-
operative outcomes. Some surgeons advocate no inter-
vention on the MV at ALCAPA repair, regardless of its
severity [6, 14, 23, 24] on the basis that MR often improves
postoperatively once coronary blood flow is restored.
Kudumula and colleagues [8] described their experience
with 25 children who underwent ALCAPA repair be-
tween 1990 and 2011 with a policy of addressing only
structurally defective MVs. Nineteen patients had pre-
operative moderate or severe MR, and only 4 patients
underwent MV repair at ALCAPA repair because of a
structural problem with the MV [8]. They reported no
deaths after a median follow-up of 7.8 years, with 4 pa-
tients having moderate MR after a median follow-up of 8
vears. Conversely, Isomatsu and colleagues [7] described
their experience with 29 patients between 1982 and 2000
with a policy of MV repair in all patients with MR.
Twenty- four patients underwent MV annuloplasty. They
reported 2 early deaths in patients with severe MR, and
no late deaths after a mean follow-up of 8.3 years, with an
overall survival of 93.1% at 10 years [7]. Additionally, only
1 of the 24 patients who underwent initial MV repair
required late MV reoperation. Other centers operate on
the MV only if ischemic lesions of the papillary muscles
are evident intraoperatively [19], in patients with severe
MR particularly in older children [14], or in older children
with moderate to severe or severe MR [17].

Despite these various approaches, there are no clearly
defined indications for concomitant MV repair at the time
of ALCAPA procedures. Of the 11 patients in our study
who had severe MR, 5 patients had concomitant MV
repair. One of those 5 patients underwent MV reopera-
tion. Of the 6 patients who had severe MR and did not
have the concomitant MV repair, 3 required MV repair or
replacement during the follow-up period. Therefore 50%
(3 of 6) of those patients with untreated severe MR at the
time of repair did not require late intervention. Thus
overall, 8 of 11 (73%) patients with severe preoperative
MR underwent MV repair. Although a definitive recom-
mendation on MV repair cannot be ascertained in this
study, if MV repair is deemed to be required at ALCAPA
repair, it can be undertaken safely and with good results.
Because we did not have adverse outcomes from
concomitant MV repair and because 50% of patients with
severe MR who did not undergo concomitant MV repair
had late MV operation, it seems reasonable to perform
concomitant MV repair in those presenting with severe
MR. In patients with other degrees of MR, the MR de-
creases as the ventricular function improves; therefore
intervening in these patients does not seem justified.
However, because of relatively small numbers, we do not
have statistical data to support or refute this opinion.

Limitations

This study is subject to the usual limitations of a retro-
spective study. Perioperative techniques may have varied
during the study period. Statistical analysis of risk factors
for mortality was limited because of a relatively small
number of patients and outcomes.
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Conclusions

ALCAPA can be operated on with good outcomes.
Persistent MR and a moderate rate of late MV repair
warrants close follow-up.
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INVITED COMMENTARY

Although not the first to describe this lesion, Edward
Bland, Paul White, and Joseph Garland described an in-
fant who died at 3 months of age as a result of this coronary
anomaly [1]. For many years this condition was referred to
as Bland-Garland-White syndrome before it took on the
acronymous term ALCAPA (Anomalous Left Coronary
Artery from the Pulmonary Artery). The typical infantile
presentation of ALCAPA is characterized by heart failure,

© 2016 by The Society of Thoracic Surgeons
Published by Elsevier

a left ventricular ejection fraction of less than 20%, and at
least moderate mitral valve regurgitation—certainly not
an ideal circumstance to consider any sort of cardiac sur-
gical procedure. Despite this, the results with surgical
repair of this lesion are outstanding, and the subsequent
recovery of left ventricular function is one of the most
remarkable findings in congenital heart surgical practice.
Several controversies regarding the specifics of treatment

0003-4975/$36.00
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An aortopulmonary window (APW) is a rare congenital cardiac anomaly, which involves
communication between the ascending aorta and the main pulmonary artery. It may be an
isolated anomaly (simple APW) or associated with concomitant cardiovascular anomalies
(complex APW). Contemporary repair of simple APW has a mortality approaching zero.
Mortality is almost always due to concomitant cardiovascular anomalies. One of the most
common concomitant cardiovascular anomalies is an interrupted aortic arch. Rarely, an
APW may have a concomitant anomalous coronary artery. Herein we describe the surgical
technique to repair APW with associated interrupted aortic arch.
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Introduction

AJH gortopulmonary window (APW)] is a communication
between the ascending aorta and the main pulmonary
artery (PA) in the presence of 2 separately formed semilunar
valves. It may be located just above the semilunar valves, or
more distal, incorporating part of the right PA. It is a rare
congenital cardiac anomaly accounting for 0.1%-0.2% of all
cardiac mallormations.” ™ The natural history of an unre-
paired APW has approximately 40% mortality within the
first year of life, that often results from sequelae of congestive
cardiac failure.* Small defects may not manifest clinically.
However, APWs do not close or contract over time,
therefore, progression of disease is likely.” For most patients,
repair should be undertaken early in infancy to prevent
development of cardiac failure or irreversible pulmonary
hypertension. Closure of APW is indicated for all patients
less than 6 months of age. Patients who present later than
& month of age should undergo cardiac catheterization to
assess the degree ol pulmonary hypertension and reversi-
bility.”

An APW may be an isolated anomaly (simple APW) or, n
up to 80% of cases, patients with APW have a concomitant
cardiovascular anomaly (complex APW).”" Surgical repair of
simple APW is straight [orward and has moriality of 0% in
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Victoria, Australia

"'Url.i\'cr:'it)-' of Melboume, Melbotme, Australia
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most institutions.”™ Moartality is almost always due to
concomitant cardiovascular anomalies rvather than surgical
repair of the APW itsell, One ol the most common concomitant
cardiovascular anomalies found in association with an APW is
an interrupted aortic arch (IAA), which has a reported
incidence of approximately 20%," and is often type A TAA""
Some studies have shown that an AFW with concomitant [AA
is an independent risk lactor for monality.”” " Qccasionally,
an APW may have a concomitant anomalous coronary artery,’
Although this is a rare anomaly, delineation of the coronary
anatomy s vital for successful correction of APW. The
anomalous coronary artery is often the right coronary artery
that can arise from the main PA or the APW itsell, During
surgery, therelore, both coronary ostia must he identihed and
included on the aortic side of repair.

Currently, at the Royal Children’s Hospital, we separate
the great vessels, and perform either a direct closure or patch
closure of the aorta and PA, taking care 0 preserve normal
anatomy. The transaortic approach, or incision through the
APW itsell, allows the best visualization of the defect, as well
as the coronary ostia. We currently perform a single-staged
repair of APW and all concomitant cardiovascular anomalies
via sternotomy {Figs. 1-10).

Although surgery for simple APW is not difficult, repair of
APW associated with 1AA is much more complex and is
worth detailed technical discussion below. The technique
described should avoid surgical pitfalls in these rare patients,
particularly, those with associated anomalous origin ol
the coronary artery. A thorough understanding ol the
anatomical classification of the APW in association with
[AA is helptul in individualizing a surgical approach in each
of these patients.

370 1522-2942/5-see fromt matter Crown Copyright @€ 2016 Published by Elsevier Ine. All rights reserved.
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Figwre 1 Classification of aortopulmonary window used by the Society of Thoracic Surgeons® adapted with permission from Mori et al"~ (A)
Type I—proximal defect; (B) Type Il—distal defect; (C) Type Ill—total defect: and modified with permission from Ho et al- by adding (D)
Type IV—intermediate defect. In proximal extention of the aortopulmonary window, the ostium of the right coronary artery may come [rom
the aortopulmonary window or originate in close proximity to iL.
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Figure 2 Classification of aortopulmonary window as proposed by Richardson et al” (A) Type 1is a “typical” aortopulmonary window between
the posteromedial wall of the ascending aorta and the main pulmonary artery. (B} Type 11 located between the posterior wall of the ascending
aorta and the origin of the right pulmonary artery. (C) Type 111 defects are defined as an anomalous origin of the right pulmonary artery from
the posterolateral wall of the ascending aorta. For all practical reasons, we believe that Type 111 should only be classified as aortopulmonary
window, if there is a distinet communication between aorta and main pulmonary artery in addition to the anomalous origin of the right
pulmonary artery from aorta. 1f anomalous origin of the right pulmonary artery from aorta is an isolated anomaly, it should not be classified as
an aortopulmonary window.
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Figure 3 Aortopulmonary window with concomitant interrupted aortic arch. Appearance of aortopulmonary window (using Richardson's
classification) with concomitant types A or B interrupted aortic arch. Of our 9 patients with aortopulmonary window and interrupted aortic
arch. 8 neonates had type A, and 1 neonate had type B. Of those 8 neonates with type A, 4 had aortopulmonary window type [. In the
remaining 4 neonates, aortopulmonary window was type 11. involving the origin of the right pulmonary artery as in distal defect (n = 3) or

total defect (n = 1) by the Society of Thoracic Surgeons classification earlier. The neonate with interrupted aortic arch type B had concomitant
aortopulmonary window type 1.
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80" metal tip

Figure 4 (A) Following heparinization, the aorta is cannulated just below the origin of the innominate artery and slightly to the right lateral
wall of the aorta, so that this cannula could be introduced into the innominate artery for subsequent cerebral perfusion. Tourniquets around
the branch pulmonary arteries and the aortic arch branches are placed. Bicaval cannulation is performed, il concomitant repair of intracardiac
defects is required. (B) As these children are often small, we avoid direct cannulation of the superior vena cava, and rather place an 80°
cannula via the appendage of the right atrium into the superior vena cava. Tourniquets are placed around the venae cavae. In those without
intracardiac defects, a single venous cannula is placed into the right atrium.
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Figure 5 Tourniquets around the branch pulmonary arteries are occluded and the patient is cooled to 25°C. During cooling the descending
aorta is extensively dissected and mobilized. Antegrade cardioplegia catheter is placed into the ascending aorta. Once 25°C has been reached,
the patent ductus arteriosus is ligated, Castaneda clamp is placed onto the descending aorta and all ductal tissues are resected. Usually, 3 pairs
of intercostal vessels are divided and cauterized to allow adequate mobilization. The aortic cannula is then advanced into the inmominate
artery. tourniquets around the arch vessels are occluded. aortic cross clamp is applied, and antegrade cardioplegia is administered.
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Figure 6 Aortopulmonary window is opened and the origin of both coronary arteries are visualized. 1t is crucial at this stage to confirm the
origin of the coronary arteries, especially if the origins of the coronary arteries were not clearly demonstrated on preoperative imaging, The left
coronary artery may come [rom the right pulmonary artery. Either one or both coronary arteries may come from the pulmonary side of the
aortopulmonary window. A separate incision is then made in the aortic arch. L.CA = left coronary artery.
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Figure 7 Direct end-to-side anastomosis of the descending aorta into the ascending aorta is performed. often extending into the proximal aortic
arch. Usually, we close the aortic site of the acrtopulmenary window without a patch and perpendicular to ascending aorta to avold aortic
TATToWing,.
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Figure 8 The acrtic arch is de-aired. tourniquets are removed from the arch vessels, the aortic cannula introduced into the aortic arch and total
body cardiopulmonary bypass is restored. Intracardiac defects, il any, are then repaired. De-airing is performed and aortic cross clamp is
removed. The patient is rewarmed, During rewarming, the pulmonary artery is repaired, atrial and ventricular pacing wires, chest tubes and
peritoneal dialysis catheter are placed.
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Figure 3 In the case of aortopulmonary window associated with interrupted aortic arch type B, if the descending aorta could not be properly
mobilized for the advancement procedure as illustrated earlier, the arch incision could be extended into the aortopulmonary window and the
aortic arch could be repair with the pericardial patch {A). Should this occur, we would prefer to use a glutaraldehyde-treated homograft
pericardinm. However, we have not used any patch material to restore the aortic arch in patients with aortopulmonary window in our
hospital. Approximately half of our patients had pulmonary artery patched with autologous pericardium (B).
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Fig. 10 1[ the right coronary artery (A) comes [rom the aortopulmonary window or pulmonary artery, it is mobilized so that the lap of
autologous vascular wall could be used to ensure tension-free anastomosis to aorta. if feasible.
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Fig. 10 {continued) (B). Allernatively a patch of pericardium can be placed.
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Fig. 10 (continued) (C). The aorta is closed after ensuring that that both coronary arteries are committed to the aorta. Direct closure of the aorta
is almost always achieved. However, patches of various materials could be used to ensure that the geometry of the aortic root is not
compromised. Should the patch of the aortic arch or aortopulmonary window be required. we prefer glutaraldehyde-treated homograft
pericardium for aorta and untreated autologous pericardium for the pulmonary artery. We aim to achieve repair of the aortopulmonary
window and aortic arch without using patches in all children. The pulmonary artery is closed and aortic cross clamp is removed. The
pulmonary artery could be closed before or after aortic cross clamp removal.
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Discussion

We have previously reported on our experience with APW
repair in 43 patients between 1980 and 2013 at the Royal
Children’s Hospital, Melbourne.”" > APW was defined as
simple in 15 patients and complex in 28 patients. In our
experience, overall operative mortality was 14% (6 of 43).
Operative mortality among patients with simple APW was
6.7% (1 of 15). The single death in the simple APW occurred
early in the study period, and we have not had another
operative death in 14 consecutive patients with simple APW
since 1983. Contemporary repair of simple APW has an
operative mortality approaching 0%.>" In contrast, for
patients undergoing repair of complex APW operative
meortality is approximately 10%-20%.”""'" We reported
an operative mortality of 18% (5 of 28) in patients with
complex APW. There have been no late deaths.

In our experience, only 1 of 43 APW patients had an
anomalous right coronary artery arising from the main PA.
This patient underwent division of the APW with patch
closure of both the aorta and PA with ghutaraldehyde-treated
autologous pericardium. This patient is currently well at 10
vears after APW repair. It is pertinent that both coronary
ostia are visualized intraoperatively and are committed to
the aorta.

Of particular interest are APW patients with concomitant
[AA. We have previously Ieported7 on 9 patients (21%, 9 of
43) with APW and concomitant TAA, of whom 8 patients
(88%) had type A and 1 patent (12%) had type B. Previous
studies have reported that an APW with concomitant [AA is
an independent risk factor for operarive mortality.”
Furthermore, there is an increased risk of late deaths among
patients with APW and concomitant [AA™® In our
experience, we have had a single death in a 1.7 kg premature
neonate with type A of IAA due to severe tracheobroncho-
malacia resulting from prior repair of the tracheoesophageal
fistula. Repair of the associated TAA was not a risk
factor for mortality in our patients. Qur surviving 8 patients
who underwent repair of their APW and IAA remain
asymptomatic at a median follow-up time of 20.3
years.”?

Reoperation rate for simple APW is low.” Reoperations are
more commotl in patients with complex APW owing to their
concomitant anomalies.” We reported freedom from reopera-
tion of 953% ar 10 vears.” Other studies suggested that
reoperation for complex APW is often for recurrent aortic arch
obstruction after repair of a concomitant 1AA *' Congenital
Heart Surgeons’ Society study reported that patients with
APW and 1AA had a reoperation rate of 37% at 3 vears.””
None of our patients required reoperation following con-
comitant TAA repair. We believe this is because of our
technique of extensive mobilization of the aortic arch and

descending aorta followed by end-to-side anastomeosis, which
allows for a tension-free anastomosis.”*>*"'" However,
1 patient with APW and [AA type B underwent trans-
catheter balloon dilation due to mild aortic arch stenosis
13 vears after initial surgery.” Type B IAA is a known risk
factor for reintervention.*®

As experience with repair of these rare associated anomalies
is limited, a thorough understanding of anatomy and surgical
technique are pararmount to successful outcomes.
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A persistent fifth aortic arch is exceptionally rare. We
report a patient with a double-lumen aortic arch in as-
sociation with a perimembranous ventricular septal
defect and Cornelia de Lange syndrome. We also discuss
the morphologic consequences of persistent fifth aortic,
arch, which may not be limited to the double-lumen aorta
but in fact may be more common.
(Ann Thorac Surg 2016;101:e155-6)
© 2016 by The Society of Thoracic Surgeons

ouble-lumen aortic arch is an exceptionally rare
Danomaly with scant reports in the literature [1-4].
Herein, we report a rare case of a persistent fifth aortic
arch in the form of a double-lumen aortic arch and review
the morphologic consequences of fifth aortic arch
persistence.

A girl who had shown poor growth on her antenatal
scans was born at 31 weeks of gestational age by emer-
gency cesarean section, with a birth weight of 900 grams.
She received a postnatal diagnosis of Cornelia de Lange
syndrome. A murmur was noted at 1 week of life. An
echocardiogram demonstrated a moderate size peri-
membranous ventricular septal defect (VSD) and a
double-lumen left aortic arch. She had poor feeding,
frequent aspirations, and gastroesophageal reflux disease.
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She underwent fundoplication and percutaneous endo-
scopic gastrostomy for feeding. Computed tomographic
(CT) angiography at 3 months of age confirmed a left
aortic arch with a double-lumen aorta (Figs 1A and B).
Four vessels arose from the superior arch: the right
innominate artery, the left carotid artery, a left vertebral
artery, and the left subclavian artery. She experienced
progressive fibromuscular obstruction of the left ven-
tricular outflow tract (LVOT). At 13 months of age she
underwent VSD closure and resection of the LVOT
fibromuscular obstruction. She is doing well at 6 months
after cardiac surgical repair.

Comment

Human embryonic development reflects our phylogenetic
past, with the development of six aortic arches, thought to
be analogous to the development of gills in fish. These
arches undergo a predictable sequence of growth or
regression, resulting in the normal thoracic vascular
anatomy. In approximately half of all embryos, the fifth
aortic arches develop into rudimentary vessels that soon
degenerate, leaving no vascular derivatives. In other em-
bryos, the fifth aortic arches do not develop at all. Failure of
resorption of the fifth aortic arch is rare and can result in
formation of a double-lumen aortic arch [1-5].

The literature on the persistent fifth aortic arch is
limited to case reports. Early hypotheses on development
of the persistent fifth aortic arch came from Brown in 1913
[1] and Huntington in 1919 [2]; both described the fifth
aortic arch as a vascular channel beneath the fourth aortic
arch. In 1969, Van Praagh and Van Praagh [3] first re-
ported a persistent fifth aortic arch in a male individual
who had a double-lumen aortic arch with both arches on
the same side of the trachea. Persistence of the fifth aortic
arch had no hemodynamic significance and was diag-
nosed incidentally. Gerlis and colleagues [4] described
variations of the persistent fifth aortic arch that were
misinterpreted as patent ductus arteriosus or double
aortic arch or that were present in cases of pulmonary or
aortic atresia, describing the anomaly as a great

Fig 1. Computed tomographic views of double-
lumen aortic arch. (A) Sagiltal view. (B) Three-
dimensional reconstruction.

0003-4975/$36.00
http://dx.doi.org/10.1016/j.athoracsur.2015.10.014
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Fig 2. Interruption of fourth aortic arch with persistent fifth aortic arch. (A) Double-lumen aortic arch. Interruption of fourth aortic arch may occur
distal to left subclavian (LSA) (type A) or between left common carotid artery (CA) and LSA (type B) or between brachiocephalic artery and left
common CA (type C). (B) True bovine arch. Interruption of fourth aortic arch occurs distal to LSA. All branches of the aortic arch arise from a
common trunk. (C) False bovine arch. Interruption of fourth aortic arch occurs between left common CA and LSA. (RSA = right subclavian artery.)

pretender. Gupta and colleagues [5] reviewed worldwide
case reports of persistent fifth aortic arches and suggested
that to qualify as a persistent fifth aortic arch, the arch
must arise from the ascending aorta proximal to the
brachiocephalic artery, take a serpentine course, and
terminate in the dorsal aorta or through the sixth aortic
arch into the pulmonary artery.

Persistence of both the fourth and fifth aortic arches
results in a double-lumen aortic arch (Fig 2A). However,
being a great pretender, a persistent fifth aortic arch
associated with interruption of the fourth aortic arch may
not be so easy to recognize and may in fact be more
common. Thus, interruption of the fourth aortic arch
distal to the left subclavian artery (LSA) (type A) would
resemble the aortic arch branching pattern observed in
ruminant animals: a true bovine arch (Fig 2B), in which all
the major branches of the aortic arch arise from a single
branch of the aorta [6]. This is a variant in human aortic
arches and may not be recognized as a persistence of the
fifth aortic arch. Interruption of the fourth aortic arch
between the left carotid artery and the LSA (type B) re-
sults in a false bovine arch (Fig 2C). In this case, the right
subclavian artery and both carotid arteries arise from a
common branch of the aortic arch, whereas the LSA ari-
ses from the aortic arch separately. This is the second
most common pattern of human aortic arch and has a
common origin for the innominate and left common

carotid arteries. Thus, this pattern has erroneously been
referred to as a bovine arch [6]. Finally, should interrup-
tion of the fourth aortic arch occur between the innomi-
nate artery and the left common carotid artery (type C),
the persistent fifth aortic arch will be virtually indistin-
guishable from the normal aortic arch. Could an anom-
alous origin of innominate artery that results in
occasional anterior compression of the trachea be attrib-
uted to persistent fifth aortic arch and concomitant type C
interruption of the fourth aortic arch? Would we ever
know? One cannot cease to be amazed by a great
pretender!
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An interesting article by Brothers and colleagues’ is pub-
lished in the current issue of the Journal. The article de-
scribes the use of cardiac magnetic resonance imaging
(MRI) for virtual angioscopy {VA) to evaluate coronary
anatomy, myocardial injury, and left ventricular function
in 9 children who underwent repair of the anomalous aortic
origin of a coronary artery. The study demonstrates that
high-quality imaging, showing the surgical view of coro-
nary ostial anatomy and proximal coronary arteries, can
be achieved by MRI in children with anomalous coronary
arteries both before and after unroofing. As with advances
in any technology, this MRI technique brings to clinicians
not only new information but also an old question: “What
to do about it?” A few comments seem appropriate to bring
this important article into proper prospective.

Currently, surgical repair is recommended in all patients
with an anomalous left coronary artery from (Figure 1, A
and B) the right coronary sinus™ and in symptomatic
patients with an anomalous right coronary artery from the
left coronary sinus.>? In most cases, the stenotic orifice is
unroofed (Figure 1, €).° However, simple unroofing
does not alter the interarterial course of the coronary
artery. The latter still comes tangentially form the aorta
and could be compressed between the 2 great arteries if
not fully unroofed. A concept of pulmonary artery
translocation has been described to prevent compression
of the anomalous corenary artery.” However, pulmonary ar-
tery translocation is unlikely to achieve any meaningful sep-
aration of the great arteries below the area of the sinotubular
junction (ie, in the area where coronary compression is
likely to occur). Thus, we prefer to translocate (Figure 1,
D) the unroofed coronary artery into its natural anatomic
position.” A slight rotation may be required to prevent kink-
ing of the unroofed coronary artery. An intramural course of
the coronary artery behind the aortic valve commissure
could complicate transfer and require detachment and reat-
tachment of the commissure.” A low threshold in translocat-
ing the umroofed coronary artery comes from our
experience in dealing with intramural coronary arteries dur-
ing the arterial switch operation.” Surgeons who perform

Origin of the coronary artery from the opposite sinus
with an interarterial course

Central Message
VA using MRI is helpful in visualizafion of the
proximal coronary arteries in children.

See Article page 205.

the arterial switch operation would be comfortable translo-
cating unroofed coronary arteries. Whether the unroofed
coronary artery is translocated or not, a slit-like appearance
of the unroofed ostium is an expected finding. It is not the
shape of the unroofed coronary artery but rather its narrow-
ing that would be of concern. A slit-like appearance may not
look aesthetically pleasing, but such an appearance per se
would not warrant reoperation.

Most importantly, i the hands of Brothers and
colleagues," MRI-VA beautifully demonstrated not only
the proximal anomalous coronary arising tangentially to
the acrta with an elliptical, slit-like ostium in all patients,
which was confirmed intraoperatively, but also the position
of the ostium relative to the aortic valve commissure to
determine if the ostium was juxtacommissural. This is
important for surgical planning, because the aortic valve
commiissure may have to be taken down and reattached after
unroofing and reimplantation of the anomalous coronary
artery.™ This has certainly been our experience with an
anomalous aortic origin of a coronary artery.” In addition
to these anatomic details, the MRI technique described
can be used to provide important information regarding
the functional state of the myocardium, including
ventricular wall motion, myocardial perfusion, and the
presence of wall thinning or scar.'

Of particular value, in our opinion, is postoperative
assessment of the neo-ostium. Brothers and collcagues1
demonstrated that 2 of their 7 patients had narrowed neo-
orifices postoperatively. No reoperation was performed,
because both of these patients had an anomalous right cor-
onary artery, were asymptomatic, and had no evidence of
ischemia on stress testing. The significance of the narrow
neo-ostium in this situation is unknown. Current guidelines
recommend that patients who have undergone repair of
anomalous aortic origin of a coronary artery may return to
sport activities 3 months after repair provided they have
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FIGURE 1. Anomalous aortic origin of the left coronary artery from the right coronary artery sinus (A and B) with a narrow origin and intramural course of
the proximal interarterial portion of the coronary artery. The intramural segment of the left coronary artery is unroofed (C), and the left coronary artery is
translocated to its normal anatomic position (D). A slight rotation of the translocated coronary artery may be required to prevent kinking. LCA, Left coronary

artery; RCA, right ceronary artery.

no evidence of ischemia on stress testing. However, a sud-
den death has been reported after unroofing, despite normal
stress testing.” The combination of anatomic information on
the ostium size, shape, and location, as well as functional in-
formation on wall motion and myocardial perfusion, which
can be provided by MRI-VA, would be particularly valuable
in these paticnts.

Furthermore, it is possible that some patients have
ongoing residual narrowing of the anomalous coronary ar-
teries after unroofing or reimplantation, but this narrowing
is undetected with current postoperative evaluation, and
this concern is not limited to patients with anomalous aortic
origin of a coronary artery. Accurate knowledge of the cor-
onary anatomy also would be useful in patients with trans-
position of the great arteries, particularly when additional
complexity has been encountered in children with intramu-
ral coronary arteries.” Clearly, MRI-VA would have an
application in this setting, both preoperatively for surgical
planning and postoperatively for assessing the anatomy of
the reconstructed coronary arteries. Patients with anoma-
lous origin of the left coronary artery from the pulmenary
artery require coronary translocation'” and also likely
would benefit from postoperative evaluation of the reim-
planted coronary artery. Noninvasive MRI-VA assessment
would be beneficial to assess the long-term patency, partic-
ularly because some patients with good collaterals may
remain asymptomatic and have a normal stress test result,
despite significant ostial narrowing of the reimplanted cor-
onary artery.

The application of this technique will require skills, suf-
ficient caseload to maintain expertise, and time because itis
dependent on aceurate gating for image fidelity.' The article
by Brothers and colleagues’ is a remarkable and important

step forward. It is safe to say that MRI-VA is here to stay.
The actual application of this virtual modality will need
further refinement to be used routinely.
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Small Incisions for Small Children: @
Is Right Lateral Thoracotomy a
Right Approach in Open Heart

Surgery in Infants?

Phillip S. Naimo, MD **<, Igor E. Konstantinov, MD, PhD *><

*Royal Children's Hospital, Melbourne, Vic, Australia
"Murdech Children’s Research [nstitute, Melboumne, Vic, Australia
“University of Melbourne, Melbourne, Vic, Australia

Keywords

An interesting article by Li and colleagues (1) is published in
the current issue of Heart, Lung and Circulation that com-
pares cosmetic right lateral thoracotomy (89 patients) fo the
conventional midline sternotomy approach for ventricular
septal defect (VSD) closure (116 patients) in infants weighing
less than 5 kg. In this retrospective study, both groups of
infants were operated in Beijing Anzhen Hospital during the
same time period and the choice of incision depended on the
preference of the surgeon. The authors concluded that infants
with right thoracotomy had shorter operative time, shorter
length of incision, less drainage and transfusion. A few com-
ments seem to be appropriate to put this excellent article into
proper prospective.

Currently, repair of simple intracardiac anomalies is a
very low risk surgery and children after such surgery lead
normal life. Thus, anything less than a perfect outcome
after such surgery is not acceptable. Therefore, the enthu-
siasm in cosmetic approach has traditionally been some-
what tempered. Nonetheless, a cosmetically superior
incision that does not compromise patient’s safety is clearly
important. Thus, cosmetic incision in the axillary area is
very appealing in selected patients. The evidence accumu-
lated during the last 15 years suggests that right lateral
thoracotomy in children does not increase mortality and
morbidity [1-9] (Table 1). Li and colleagues (1) for the first
time demonstrated safety and efficacy of right lateral tho-
racotomy in small infants undergoing VSD closure. While

Minimally-invasive ¢ Surgery e Congenital

repair of the atrial septal defect (ASD} in selected patients
is routinely done through a small skin incision and partial
sternotomy (Figure 1), the approach to VSD wvia such an
incision would be difficult. Furthermore, it is not so much
the length of the incision, but rather its location that is
important. An incision in the axillary area is hidden by the
adducted arm. As the incision does not cross the anterior
axillary line, it is unlikely to interfere with normal growth
of the breast gland tissue. Although a longer follow-up is
needed to determine the impact of a right lateral thoracot-
omy incision on the development of the chest and breast
tissue, the current article by Li and colleagues (1) is, cer-
tainly, a brave and admirable step forward. Will their
experience change the surgical practise in selected patients
with simple intracardiac anomalies worldwide? Most
likely, it will. Liu and colleagues used the same approach
in 683 children (2) with excellent results.

There is great pressure to perform such a cosmetic incision.
However, the surgeon must view any perceived pressure
through the prism of objectivity. Safety is paramount. The
immediate concern that comes to mind is how the surgeon
would deal with unlikely, yet, potentially, life-threatening
situations. For example, what if the bleeding occurs from the
ductal tissue during concomitant patent ductus arteriosus
closure? The sternotomy incision can always be enlarged and
any unexpected complications can be dealt with in a
controlled fashion.

*Corresponding author at: Royal Children’s Hospital, Flemington Road, Parkville, VIC 3029, Australia. Tel.: +61 3 9345 5200; fax: +61 3 9345 6386,

Email: igor kenstantinov@rch.org.au
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It becomes clear that simple heart anomalies in children
can be repaired via right lateral thoracotomy. Are we all
prepared to use this approach?

References

111 Li G, Su J, Fan X, Li 7, Zhang J, Zhu Y, et al. Safety and efficacy of
ventricular septal defect repair using a cosmetic shorter right lateral
thoracotomy on infants weighing less than 5 kg. Heart Lung Circ 2015;
24:898-904.

[2] LiuY, Zhang H, Sun H, Li S, Yan ], Su ], Yu C. Repair of cardiac defects

through a shorter right lateral thoracotomy in children. Ann Thorac Surg

2000;70:738-41.

Pretre R, Kadner A, Dave H, Dodge-Khatami A, Bettex D, Berger F. Right

axillary incision: a cosmetically superior approach to repair a wide range

of congenital cardiac defects. ] Thorac Cardiovasc Surg 2005;130(2):277-

81.

[4] Schreiber C, Bleiziffer S, Kostolny M, Horer J, Eicken A, Holper K,
Tassani-Prell P, Lange R. Minimally invasive midaxillary muscle sparing
thoracotomy for atrial septal defect closure in prepubescent patients. Ann
Thorac Surg 2005;80:673-7.

151 Dave I1I1, Comber M, Solinger T, Bettex I, Dodge-Khatami A, Pretre R.
Mid-term results of right axillary incision for the repair of a wide range of
congenital cardiac defects. Eur | Cardiothorac Surg 2009;35(5):864-70.

[6] Wang Q, Li Q, Zhang J, Wu Z, Zhou Q, Wang DJ. Ventricular septal
defects closure using a minimal right vertical infraaxillary thoracotomy:
seven-year experience in 274 patients. Ann Thorac Surg 2010;89(2):552-5.

17] Yan L, Zhou ZC, Li HP, Lin M, Wang HT, Zhao ZW, et al. Right vertical
infraaxillary mini-incision for repair of simple congenital heart defects: a
matched-pair analysis. Eur ] Cardiothorac Surg 2013;43(1):136-41.

[8] da Silva LF, da Silva JP, Turquetto ALR, Meiken Franchi S, Cascudo CM,
Castro RM, et al. Horizontal right axillary minithoracotomy: aesthetic and

Figure 1 Small cosmetic skin incision in a child after : effective option for atrial and ventricular septal defect repair in infants

atrial septal defect closure performed at the Royal : - ;ndt tm;dleTr: Re_vI lBrasl(“ir _Can:iovasc_zo 14;29(2‘);12:1_90L —

S 7 5 5 9] Pretre R. The axillary incision to repair congenital heart defects. Eur
Children’s Hospital in Melbourne. Cardiothorac Surg 2012.

=

188



Additional manuscripts authored during candidature

A.14 Naimo PS, et al. ] Thorac Cardiovasc Surg. 2015;150(6):€99-100

Aspirin resistance in the era of personalized medicine: Should we not

take it personally?

Phillip §. Naimo, MD,™ David McGiffin, MD, FRACS," and Igor E. Kenstantinov, MD, PhD, FRACS™"*

From the *Department of Cardiothoracic Surgery, Royal Children’s Hospital, Melbourne, Australia; *Murdoch
Children’s Research Institute, Melbourne, Australia; the “University of Melbourne, Melbourne, Australia;
and the dDepartment of Cardiothoracic Surgery, The Alfred Hospital, Melbourne, Australia.

Disclosures: Authors have nothing to disclose with regard to commercial support.

Received for publication Sept 6, 2015; accepted for publication Sept 8, 2015; available ahead of print Oct 10,

2015,

Address for reprints: Igor E. Konstantinov, MD, PhD, FRACS, Royal Children’s Hospital, Flemington Rd,

Parkville, Victoria 3029, Australia (E-mail: igor.konstantinov@rch.org.au}.
J Thorac Cardiovasc Surg 2015;150:¢99-100
0022-5223/$36.00

Crown Copyright © 2015 Published by Elsevier Inc. on behalf of The American Association for Thoracic Surgery

hitp://dx.dot.org/10.1016/j.jtevs.2015.09.049

An interesting and thought-provoking article by DeNino
and colleagues' appears in the current issue of the Journal.
This article describes 2 patients with HeartMate IT (Thora-
tec Corporation, Pleasanton, Calif) left ventricular assist
device (LVAD) in whom pump thrombosis developed
despite what appeared to be an appropriate initial anticoa-
gulation regimen. Both initially received aspirin at low
dose (81 mg daily), heparin, and warfarin. The initial
responsiveness to aspirin, defined as less than 550 aspirin
reaction units (ARU), was confirmed in both patients.
Both became unresponsive to aspirin. Both appeared
noncompliant with their anticoagulation regimens. Did
both have aspirin resistance, or resistance to taking aspirin?
How can one determine the causes of diverse prothrombotic
conditions that are pulled together and called “aspirin
resistance’ ? What is this elusive aspirin resistance anyway?
The article by DeNine and colleagues' poses more
questions than it gives answers. Yet one has to begin
somewhere, and this article is an excellent beginning. It
does not provide the solution, but rather it brings attention
to a complex problem yet to be solved.

As we enter the era of personalized medicine, a few com-
ments on aspirin resistance and its relevance to cardiac
surgeons appear timely. Aspirin resistance is areal phenom-
enon and defined as the inability of aspirin to reduce platelet
production of thromboxane A, (TXA;; Figure 1) and
thereby platelet activation and aggregation.” Aspirin is a
nonselective and irreversible inhibitor of both forms of
cyclooxygenase (COX), but is weakly more selective for
COX-1. Aspirin inhibition of COX-1 is rapid and saturable
at low doses. This may leave some COX-2, which is greatly
upregulated by proinflammatory conditions, uninhibited.
Thus TXA; can be produced by activated macrophages,
monocytes, and endothelial cells through COX-2. Interest-
ingly, higher doses of aspirin cause greater inhibition of
COX-2 and dramatically lower concentration of urinary
11-dehydrothromboxane B,.** The Heart Outcomes

Schematic of aspirin impact on platelets.

Central Message

Aspirin resistance is an important problem in
patients with cardiovascular disease. Personal-
ized antiplatelet therapy is emerging.

See Article page e97.

Prevention Evaluation study5 demonstrated that patients
in the highest quattile of urinary-11-dehydrothromboxane
B levels had significantly higher risk of myocardial
infarction, stroke, or cardiovascular death compared with
patients in the lower quartile.

Laboratory diagnosis of aspirin resistance can be
established by measuring platelet TXA, production or
TXA;-dependent platelet function. The light or optical
transmittance aggregometry has been the criterion standard,
yet it is time consuming and clinically impractical. The
VerifyNow Rapid Platelet Function Test {Accumetrics,
Accriva Diagnostics, San Diego, Calif) has demonstrated
excellent correlation with optical aggregometry and the
rate of cardiovascular events.® It allows rapid bedside
analysis of blood and monitoring of not only aspirin but
also other antiplatelet agents, including thienopyridines
and [IB/ITA inhibitors. The test is performed in a sample
of whole blood by adding an agonist, arachidonic acid, to
measure platelet aggregation to fibrinogen-coated beads.
Platelet aggregation increases light transmittance, which
is recorded as ARU. Values of 550 ARU or higher indicate
persistent aggregation and thus unresponsiveness. The test
requires 2 ml. of blood and has also been used in children,
including neonates, after cardiac surgery.’

It would certainly be helpful to determine aspirin
resistance before the clinical thrombotic event occurred.
Once aspirin resistance has been determined, what should
we do about it? Simple increase of aspirin dose can be
sufficient in some patients but detrimental in others. Ideally,

The Journal of Thoeracic and Cardiovascular Surgery * Volume 150, Number 6 e99
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FIGURE 1. Schematic impact of low-dose aspirin on platelet activation
and aggregation. Aspirin in low doses may leave some COX-2, production
of which may significantly increase in inflammatory conditiens. uninhib-
ited, and result in increased platelet activation and aggregation. COX, Cy-
clooxygenase.

the cause of aspirin resistance should be identified to guide
an individualized antiplatelet therapy. The causes of aspirin
resistance, however, are numerous.”® As many as 40% of
patients with cardiovascular disease arc noncompliant
with aspirin therapy.”® Other major causes of aspirin
resistance include drug interaction, hyperglycemia,
increased serum catecholamine level, tachyphylaxis with
prolonged administration, and, in as many as 30% of
patients, genctic polymorphism >? Aspirin resistance in
anticoagulated patients becomes more complex because
of variable genotype polymorphism for both antiplatelet
and anticoagulation agcnts.m After all, a simple flu can
activate platclcts“ and change the response to aspirin. Is
it possible to individualize antiplatelet and anticoagulation
therapy in our surgical patients?

el00

The cost of sequencing the human genome has fallen so
dramatically during the last decade ' that within a few years
clinically affordable sequencing can be done in every pa-
tient. An individualized ““aspirin response genomic signa-
ture” is being identified."*'"" The time of personalized
antiplatelet and anticoagulation therapy is coming fast.”
‘We had better be ready for it.

Larly identification and stratification of nonresponders as
well as personalized therapy would bring dramatic benefits
not only to patients requiring anticoagulation for LVADs or
mechanical heart valves but also to millions of people
taking aspirin.
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In a brief article in the current issue of the Jowrnal, Said and
colleagues’ describe a teenager with persistent hemoptysis.
The patient underwent extensive evaluation, including
bronchoscopy and computed tomography, to rule out infec-
tious or hematologic causes of the hemoptysis. Referral to a
tertiary hospital was made for further management of
hypersensitivity pneumonitis and pulmonary fibrosis. This
patient had a surprisingly sinister history until echocardio-
gram demonstrated a cor triatriatum sinister (CTS). The
surgical management was then straightforward and simple.
The article emphasizes the fact that hemoptysis can be of
cardiac origin, particularly in those with pulmonary venous
drainage obstruction. A simple auscultation of the heart
should not be scorned when examining any patient with
persistent hemoptysis.

CTS is indeed a very rare anomaly, and it is even rarer in
older patients. CTS can occur in isolation (classic) or in as-
sociation with other congenital cardiac anomalies (atypical).
The atypical form occurs in 50% to 85% of all patients with
CTS,* although it is rare in adolescents and adults. Older
patients more often have an isolated type of CTS.

A previously published article from our institation®
described 28 patients with CTS seen from 1981 to 2003.
Seven patients (25%) were neonates and 8§ patients
(29%) were infants. Most patients (86%; 24/28) were
seen by 5 years of age, and all but 1 patient had been
seen by 10 years of age. To date, of 42 patients with CTS
operated on from 1981 to 2015 at the Royal Children’s
Hospital in Melbourne, only 4 patients were older than
10 years. Although this pattern may vary slightly according
to the era of diagnosis and the referral pattern,” the finding
of CTS in older patients is uncommon. Typically, older
patients with CTS do not have obstruction and thus may
remain free of symptoms until later in life. Nonetheless,
elderly patients with CTS have been described > If
patients do not have restriction of blood flow through the
membrane, their disease may be evidenced later in life as
the fibrosis or calcification of the membrane progresses,
causing obstruction of pulmonary venous blood flow.”*

Spectrum of pulmonary venous obstruction in
congenital heart disease

Central Message

Cor friatriatum sinister is rare and usually diag-
nosed early in life. Most older patients haveiso-
lated cor triatriatum sinister.

See Article page e73.

As a result, older patients may first be seen with
new-onset atrial fibrillation, syncope, shortness of breath,
and orthopnea.”™

Apart from mitral stenosis, a specttum of congenital
anomalies may result in pulmonary vencus blood flow
obstruction and have similar clinical presentations. A supra-
mitral membrane (Figure 1, A) is distinguished from the
membrane in CTS by its location below the left atrial
appendage. This is an important differentiation, because
as a result of its proximity to the mitral valve and left
circumflex coronary artery, the resection of a supramitral
membrane is more difficult than the resection of a simple
CTS membrane.”'” A supramitral membrane is often
adherent to the mitral valve leaflets. The obstruction of
CTS may occur at the membrane orifice (Figure 1, B) as
in Lam type A'' or as in type Al, also at the atrial septal
defect (Figure 1, C). In patients with CTS type A2, the ob-
structing membrane is located above the atrial septal defect,
and these patients may be seen with severe hypoxia as a
result of the combination of pulmonary venous obstruction
and intermittent right-to-left shunting (Figure 1, D). CTS
draining into the coronary sinus, Lam type B (Figure 1,
E) is a misnomer and, in fact, is not different from the intra-
cardiac type of the total anomalous pulmonary venous
drainage, unless there is a separate communication of the
pulmonary venous confluence with the left atrium.®
Obstruction in patients with total anomalous pulmonary
venous drainage (Figure 1, E and F) occurs at the atrial
septal defect or the emissary vein.
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Opening of
coronary
sinus

FIGURE 1. Spectrum of congenital supramitral obstruction of the pulmonary venous blood flow. A, A supramitral membrane (arrow) is located below the
left atrial appendage (Auriculum), attached to the base of the mitral valve (3/V) and in close proximity to the left circumflex coronary artery (LCx). B, C, and
D, The pulmonary venous confluence in cor triatriatum sinister is separated from the mitral valve by a membrane located above the left atrial appendage
(arrow) and may have an associated atrial septal defect (curved arrow in C and D runs through the defect). E and F, Pulmonary confluence in total anomalous
pulmenary venous drainage (arrow) does not have a direct connection to the left atrium but instead occurs through the emissary vein into the coronary sinus
(CS§ in E), superior vena cava (F), or inferior vena cava and can be obstructed at the level of the atrial septal defect.

Surgery in patients with CTS is performed with good
outcomes. Mortality and reoperation rate are nearly 0%
in patients with classic CTS and arc determined by the
repair of associated anomalies in atypical CTS. Because
of natural selection, congenital cardiac anomalies that pre-
sent in adolescents and adults have a more benign course.
The vast majority of older patients have an isolated CTS
membrane that could easily be removed by simple surgery.
If the anomaly is not recognized, however, the clinical pre-
sentation may indeed appear much more sinister than its
underlying cause.
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Abstract

Herein, we report a case series of patients who underwent repair of left partial anomalous pulmonary venous connection (L-PAPVC) via
anastomosing the anomalous pulmonary vein (PV) to the left atrial appendage. Fifteen children underwent repair of L-PAPVC between
1980 and 2014. The median age at surgery was 3.6 years (range: 5 days to 17.2 years). Concomitant anomalies were present in 87%
(13/15). There were no early deaths. There was 1 late death occurring 63 days following surgical repair due to pneumococcal septicaemia
in a patient with prior atrial septal defect closure and Ehlers-Danlos syndrome. The overall survival rate was 93.7% at 15 years. A single
patient (1/15, 7%) required reoperation 1 year after L-PAPVC repair for PV stenosis due to several thrombi located throughout the PV. The
rate of freedom from PV reoperation was 90% at 10 years. The follow-up was 100% complete with a median time of 11 years (range: 52
days to 20 years). To our knowledge, this is the youngest cohort of patients who have undergone surgical repair of L-PAPVC. Repair of
L-PAPVC in children can be achieved via anastomosis of the anomalous vessel to the left atrial (LA) with excellent outcomes. The rate of
anastomotic stenosis at the site of implantation on the LA is low.

Keywords: Partially anomalous pulmonary venous connection « Surgery « Congenital heart disease

Left partially anomalous pulmonary venous connection (L-PAPVC) have a left-to-right shunt and develop pulmonary hypertension or

is a rare condition, in which part or all of the left pulmonary veins right ventricular (RV) failure [1, 2].

(PVs) drain indirectly into the right atrium (Fig. 1A). Patients with Although surgical repair of L-PAPVC has been performed with

isolated L-PAPVC are often asymptomatic, although some may excellent results [3, 4], there are limited data on the outcomes of
A Innominate B

vein

Anomalous
vein

Left
lung
Anomalous
vein transferred
Auricle to LA
of LA

Figure 1: L-PAPVC before (A} and after (B) repair.

© The Author 2015. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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repair in children, particularly the rate of anastomatic stenosis fol-
lowing implantation of the anomalous vein onto the left atrial (LA)
appendage. We, therefore, sought to review the outcomes of
these rare patients at the Royal Children’s Hospital.

CASE SERIES

Between 1980 and 2014, 15 patients underwent repair of L-PAPYC
via anastomosis of the anomalous vein to the LA (Fig. 1B). Surgery
was performed via median sternotomy (n = 13) with cardiopulmon-
ary bypass (CPB) or posterolateral thoracotomy (n= 2) without CPB.
The LA was opened by an oblique indision from the LA appendage
to the posterior LA in 11 patients, and the LA appendage was
amputated in 4 patients. Anastomosis was achieved with continu-
ous Prolene suture (6/0, n=6;7/0, n=7, 8/0, n=2) in all patients.

Patient characteristics and surgical procedures are summarized
in Table 1. The median age at surgery was 1.4 years (interquartile
range: 110 days to 4.4 years) and the median weight at surgery
was 12 kg {interquartile range: 4.9 -15.1 kg). Concurrent repair of
concomitant cardiovascular anomalies was undertaken in 80%
(12/15) of patients. Postoperatively, 1 patient with concomitant
tetralogy of Fallot, left pulmonary artery sling and tracheal stenosis
required extracorporeal membrane oxygenation for 6 days due to
respiratory failure and poor cardiac function. This patient is doing
well at 18 years after surgery.

The follow-up was 100% complete with a median time of 11 years
(range: 52 days to 20 years). There were no early deaths. There was 1
late death 63 days postoperatively due to pneumococcal septicaemia
in a patient with prior ASD repair and Ehlers-Danlos syndrome. It
was noted that this patient had not had a pneumococcal vaccination.
The overall survival rate was 93 £ 7% (95% confidence interval: 59, 99)
at 15 years.

Four patients underwent a total of nine reoperations. All of these
patients had concomitant cardiovascular anomalies. Echocardio-
graphy identified anastomotic PV stenosis in 1 patient 81 days post-
operatively. Cardiac catheterization confirmed anastomotic stenosis.
However, during surgery, the anastomotic site was widely patent and
the stenosis was located at the entry of the left PVs into the confluence
of PVs, and was due to thrombi. The thrombi were removed and the
PVs were enlarged with a patch of autologous pericardium. At the last
follow-up, echocardiogram demonstrated no anastomotic stenosis in
any patient. Additionally, RV dilation had regressed in all but 1 patient,
though RV function was normal in all patients. Mild tricuspid regurgita-
fion was present in 2 patients.

DISCUSSION

To our knowledge, we describe the youngest cohort of patients
who have undergone repair of L-PAPVC. Mortality and anastomotic

stenosis following repair of L-PAPVC is low. A single patient required
reoperation for suspected anastomotic stenosis on the LA append-
age. However, during surgery, the anastomosis was patent and the
stenosis was due to thrombi in the confluence of PVs. Alsoufi et al.
[4] described 22 patients who underwent L-PAPVC repair between
1982 and 2006 with a median age of 5.3 years, with no deaths or
anastomotic stenosis, after a mean follow-up of 9.1 years. Similarly,
ElBardissi et al [3] described 27 patients who underwent L-PAPYVC
repair between 1954 and 2006 with a median age of 33 years, with
no deaths or anastomatic stenosis, after a mean follow-up of 10.6
years.

Indications for surgery in asymptomatic patients with L-PAPYVC
has been similar to that of ASD repair and the surgery was recom-
mended in patients with a pulmonary-to-systemic flow ratio
(QpQJ) 1.5 [5]. EIBardissi et af. [3] suggested that surgical repair
take place early in patients with RV dilation or mild to moderate
tricuspid regurgitation, or in early stages of pulmonary vascular
disease, to prevent pulmonary hypertension. We would agree that
the isolated L-PAPVC should be repaired when Qy:Qs >1.5 or with
clinical signs of RV dilatation as described by ElBardissi et al. [3].
However, in patients with concomitant cardiovascular anomalies
that require surgical repair, simultaneous repair of L-PAPVC can
be done safely and with excellent outcomes.

Repair of L-PAPVC in younger children can be achieved via
anastomosis of the anomalous vein to the LA appendage with ex-
cellent outcomes. The rate of anastomotic stenosis is low. Large,
multi-institutional studies are required to determine definitive
guidelines for surgical indications.

Conflict of interest: none declared.
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What is an aortopulmonary window?

Aortopulmonary window is a communication between the ascending aorta
and the main pulmonary artery in the presence of two distinct semilunar valves.
The presence of two separate semilunar valves distinguishes aortopulmonary

window from persistent truncus arteriosus.

How is the conotruncus formed embryologically?

From the 3rd week of gestation, the tubular heart elongates and develops
alternate dilations and constrictions forming the sinus venosus, an atrium, a
ventricle and the bulbus cordis. The bulbus cordis subsequently forms a common
outflow tract, the truncus arteriosus. Together, the bulbus cordis and the truncus
arteriosus form the conotruncus. The truncus arteriosus extends distally to the
margins of the pericardial cavity, where it becomes continuous with the aortic sac.
As truncal and bulbar ridges develop (Figure B.1-1A), separation of the truncus
arteriosus and the ventricles occurs and involves rotation (Figure B.1-1B) of the
truncus arteriosus relative to the ventricles (1). This rotation results in formation
of great arteries with blood flow direction in each vessel almost perpendicular to

each other (Figure B.1-1C).

Formation of the conotruncal region is complex. During the 5th week of
gestation, active proliferation of a number of mesenchymal cells causes a variety
of swellings to develop (2). Initially, a mesenchymal wedge of tissue develops
between the 4th and 6th aortic arches in the roof of the aortic sac. Additional
swellings develop in the walls of the bulbus cordis resulting in the formation of
bulbar ridges, as well as ridges in the truncus arteriosus (collectively called
conotruncal ridges). The conotruncal ridges separating the outflow tract run in a
spiral course along the walls of the bulbus cordis and truncus arteriosus rather
than running in a straight line. This is required for the right ventricle to connect to
the future pulmonary circulation and the left ventricle to connect to the systemic
circulation (2, 3). The wedge of tissue between the 4th and 6th aortic arch projects
inferiorly towards the conotruncal ridges and fuses with them (2). Following this,

fusion of the spiraled conotruncal ridges occur, commencing distally and
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progressing proximally. Once fused, this forms the aortopulmonary septum which
divides both the bulbus cordis and truncus arteriosus into two separate arterial
channels - the pulmonary trunk and the ascending aorta (1, 2). Complete
segregation of the right and left ventricles and their respective outflow tracts is
only complete when the muscular interventricular septum fuses with the

conotruncal septum and the ventricular side of the atrioventricular septum (3).

Pulmonary
@_’ ) trunk
\:——— Ascending
Truncal ridge — aorta
- /({
Aortopulmonary
septum
Bulbar ridge 1+
i . Ascending Pulmonary
U 1 — U / \ L aorta trunk

Figure B.1-1. Embryological development of the conotruncal region. A: Development and
approximation of the bulbar and truncal ridges. B: Rotational arrangement of the fused bulbar and
truncal ridges. C: Final anatomical relationship between the ascending aorta and main pulmonary

artery

As a result of the spiral course of the ridges, the left and right ventricular
outflow tracts and, eventually, the aorta and pulmonary trunk twist around each
other in a helical arrangement. The reason for this spiraling is not yet known.
Several reasons have been proposed including rotational and torsional forces on
the outflow tract generated as a consequence of cardiac looping and the forces

caused by streaming of blood from the ventricles (2-4).

The eventual fate of the embryological truncus arteriosus is that it will be
divided to form the proximal portions of the ascending aorta and the pulmonary
trunk; while the bulbus cordis will be incorporated as the infundibulum in the

right ventricle (1).

198



Book chapters authored during candidature

When partitioning of the truncus arteriosus is nearly complete, the
semilunar valves begin to develop from three swellings around the orifices of the
pulmonary artery and the ascending aorta respectively. These swellings are
reshaped to form three thin walled cusps which are completed by the 9th week of

gestation (2).

How are aortopulmonary windows classified?

Initial classification of aortopulmonary window came from Mori etal (5) in
1978, who described three distinct types of aortopulmonary window - proximal,
distal and total (Figure B.1-2A, 2B and 2C). Proximal defects were determined to
be the most common and were located a few millimeters above the sinus of
Valsalva. Distal defects were described as a communication between the
posterolateral wall of the ascending aorta and the junctional portion of the right
pulmonary artery and pulmonary trunk. Total defects involved the entire length
of the pulmonary trunk from just above the semilunar valves to the bifurcation of
the pulmonary trunk and, occasionally, included part of the right pulmonary

artery (5).

This system of classification was slightly amended by Ho et al (6) in 1994,
who included a fourth type of aortopulmonary window - an intermediate defect
(Figure B.1-2D). Additionally, they further defined each type of aortopulmonary

window as follows:

- Type I (proximal defect) - a communicating window located just above the
sinus of Valsalva (aortic sinus), a few millimeters above the semilunar
valve, with a superior rim but little inferior rim separating the
aortopulmonary window from the semilunar valve.

- Typell (distal defect) - a communicating window located in the uppermost
portion of the ascending aorta, with a well-formed inferior rim but little
superior rim.

- Type Il (total defect) - a communicating window involving the majority of

the ascending aorta, with little superior or inferior rims
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- TypelV (intermediate defect) — a communicating window similar to a total

defect but with well-formed superior and inferior rims

It is this classification system, combining works from Mori et al and Ho et al which

is currently used by The Society of Thoracic Surgeons (7).

An alternative classification system was proposed by Richardson et al (8)
in 1979, who again described three distinct types of aortopulmonary windows.
Type I of the Richardson classification was described as a ‘typical’ aortopulmonary
window between the posteromedial wall of the ascending aorta - just above the
sinus of Valsalva - and the main pulmonary artery (Figure B.1-3A). Type Il defects
were located between the posterior wall of the ascending aorta and the origin of
the right pulmonary artery (Figure B.1-3B). Thus, Types I and Il were similar in
all 3 classifications. However, Type III defects in Richardson classification were
defined as having an anomalous origin of the right pulmonary artery from the
posterolateral wall of the ascending aorta (Figure B.1-3C). This became a source
of confusion as this anomaly was often referred to as ‘hemitruncus arteriosus’. The
term ‘hemitruncus’ is a misnomer as it implies that the anomalous vessel arises
from a common arterial trunk, whereas it arises from the ascending aorta (9). We
believe that the term ‘hemitruncus’ should not be used. Instead, this anomaly
should be referred to as an anomalous origin of the right pulmonary artery from
the ascending aorta with (Figure B.1-4A) or without (Figure B.1-4B)

concomitant aortopulmonary window.

Richardson and colleagues described their type III defects as severe
unequal partitioning of the aortopulmonary trunk by severe malalignment of the
conotruncal ridges, resulting in more dorsal development of the aorta (8).
However, it has been argued that Type III defect of the Richardson classification is
not aortopulmonary window as it does not result from a defect in aortopulmonary
septation (7). Thus, for all practical reasons, to avoid confusion the
aortopulmonary should be referred to a defect between the ascending aorta and

the main pulmonary artery.
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Type lll-Total defect Intermediate defect

Figure B.1-2. Classification of aortopulmonary window used by The Society of Thoracic
Surgeons adapted after Mori et al (5). A: Type I - proximal defect; B: Type - Il being distal defect;
C: Type III - total defect and modified by Ho et al (6) by adding D: Type IV - intermediate defect.
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Figure B.1-3. Classification of aortopulmonary window as proposed by Richardson and
colleagues. A: Type I is a ‘typical’ aortopulmonary window between the posteromedial wall of the
ascending aorta and the main pulmonary artery. B: Type Il located between the posterior wall of
the ascending aorta and the origin of the right pulmonary artery. C: Type III defects are defined as
an anomalous origin of the right pulmonary artery from the posterolateral wall of the ascending

aorta. RPA, right pulmonary artery.

Figure B.1-4. Anomalous origin of right pulmonary artery from ascending aorta. A:
Anomalous origin of the right pulmonary artery from the ascending aorta with concomitant
aortopulmonary window. B: Anomalous origin of the right pulmonary artery from the ascending

aorta without concomitant aortopulmonary window
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What cardiovascular abnormalities are associated with an aortopulmonary

window?

Approximately 25 - 60% of patients with the aortopulmonary window
have at least one concomitant cardiovascular anomaly (10 - 25). The frequency of
concomitant cardiovascular anomalies described in the previous studies (10 - 25)
are summarised in Table B.1-1. Of interest, frequent association with patent
ductus arteriosus is a likely consequence of the similar frequent association with
an interrupted aortic arch. However, 6 - 25% of patients may have
aortopulmonary window with concurrent patent ductus arteriosus without an
interrupted aortic arch (11, 12, 17, 18, 22). Interestingly, Bhan and colleagues
reported aortopulmonary window and patent ductus arteriosus with an incidence
of 36% (20). We observed that aortopulmonary window was associated with
patent ductus arteriosus in 7% of patients that did not have a concomitant
interrupted aortic arch and were operated at the Royal Children’s Hospital in

Melbourne.

One of the most common anomalies for patients with aortopulmonary
window is an interrupted aortic arch, with an average prevalence of 20.8% and
range of 0 and 50% (10 - 25). Of patients with aortopulmonary window and
concomitant interrupted aortic arch, it has been shown that 85% (17/20) of
interrupted aortic arches were of type A whilst 15% (3/20) were of type B (26)
(Figure B.1-5). Interestingly, however, patients with interrupted aortic arch have

a concomitant aortopulmonary window in only 3.5 - 4.2% of cases (26 - 28).

About 20% of patients with aortopulmonary window have a concomitant
ventricular septal defect (10-25). It appears that ventricular septal defects occur
most commonly in a perimembranous location (12, 22). In our experience 20.8%
(9/43) of children with aortopulmonary window had concomitant ventricular
septal defects and 77.8% (7/9) of those were perimembranous and 22.2% (2/9)

were muscular.

Occasionally aortopulmonary window may have concomitant anomalous
coronary artery. Although this is a rare anomaly, delineation of the coronary

anatomy is vital for successful correction of aortopulmonary window. A few case
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reports (8, 15, 19, 29-45) indicate that the anomalous coronary vessel is often the
right coronary artery arising from the main pulmonary artery or from the
aortopulmonary window itself (Table B.1-2). Although this is a very rare
anomaly, the right coronary artery is most commonly involved (Figure B.1-6).
Only one of our 43 patients had an anomalous right coronary artery arising from

the main pulmonary artery (Figure B.1-6B).

Less frequent concomitant cardiovascular anomalies include tricuspid
atresia, subaortic stenosis, pulmonary artery stenosis, aberrant right or left

subclavian artery and absent left pulmonary artery (15, 16, 19. 21).

Table B.1-1. Mean incidence of concomitant cardiovascular anomalies associated with
aortopulmonary window in the literature and The Royal Children’s Hospital.

Mean reported in the Mean from The Royal

Cardiovascular Anomaly literature (n=296) (mean, Children’s Hospital (n=43)
range, %) (mean, %)

PDA 21.3(0-50) 279
IAA (nearly always type A) / CoA 20.8 (0-50) 20.9
VSD 19.4 (0-70) 20.8
ASD / PFO 19.3 (0-53) 34.9
TOF 5.0 (0 - 20) 4.7
RAA 5.0 (0 - 21.5) 4.7
Persistent LSVC 3.7(0-18) 9.3
Anomalous origin of coronary 2.0 (0-15.5) 2.3
artery
Origin of the RPA from ascending 2.0(0-18) 2.3
aorta
TGA 1.9(0-9) 0
Aortic valvular stenosis 1.7 (0 - 20) 0
Pulmonary atresia 1.6(0-9) 0
Pulmonary valvular stenosis 1.3(0-10) 4.7

ASD, atrial septal defect; CoA, coarctation of the aorta; IA4, interrupted aortic arch; LSVC, left superior
vena cava; PDA, patent ductus arteriosus; PFO, patent foramen ovale; RAA, right aortic arch; RPA, right
pulmonary artery; TGA, transposition of the great arteries; TOF, tetralogy of Fallot; VSD, ventricular

septal defect
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Type Il

Aorto-
pulmonary
window

Aortic arch
interruption

Figure B.1-5. Aortopulmonary window with concomitant interrupted aortic arch.
Appearance of aortopulmonary window (using Richardson’s classification) with concomitant

types A or B interrupted aortic arch.

/ Pulmonary
|z| LCA / trunk

Figure B.1-6. Anomalous origin of the right coronary artery from the main pulmonary artery
with (A) and without (B) aortopulmonary window. APW, aortopulmonary window; LCA, left

coronary artery; RCA, right coronary artery.
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Table B.1-2. Anomalous origin of coronary arteries in aortopulmonary window. Summary of case
reports of anomalous right and left coronary arteries with their sites of origin. Of these patients, there were

4 deaths from 25 patients (16%).

Study Year Number Coronary artery Site of Survived
of cases origin
Richardson et al (8) 1979 2 Left AP window Yes
Single coronary artery MPA Yes
Luisi et al (29) 1980 1 Right MPA Yes
Bourlon et al (30) 1981 1 Left AP window Yes
Doty et al (31) 1981 1 Left MPA No
Shore et al (32) 1983 1 Single coronary artery AP window Yes
Kutsche et al (15) 1987 1 Right MPA No
Lloyd et al (33) 1987 1 Both coronaries MPA No
Corno et al (34) 1988 1 Right AP window Yes
Brouwer et al (35) 1990 1 Right MPA Yes
Chopra et al (36) 1994 1 Left circumflex MPA Yes
D’Souza et al (37) 1996 2 Right MPA Yes
Right AP window Yes
Gruenfelder et al (38) 1999 1 Right MPA Yes
Izumoto et al (39) 1999 1 Right AP window Yes
Hew et al (25) 2001 1 Right MPA No
McMahon et al (40) 2002 1 Left RPA Yes
Bagtharia et al (19) 2004 1 Right MPA Unknown
Greenway et al (41) 2006 2 Right MPA Yes
Right MPA Yes
Gabbieri et al (42) 2008 1 Right MPA Yes
Bockeria et al (43) 2010 1 Right MPA Yes
Napoleone et al (44) 2011 2 Right MPA Yes
Right MPA Yes
McMahon et al (45) 2013 1 Left MPA Yes

AP window, aortopulmonary; MPA, main pulmonary artery; RPA, right pulmonary artery
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What extra-cardiac anomalies are associated with aortopulmonary

window?

Extracardiac anomalies may also be present. There have been associations
of aortopulmonary window to VATER complex (or VACTERL) which involves the
following features: vertebral anomalies, imperforate anus, tracheoesophageal
fistula with oesophageal atresia, cardiac anomalies, renal dysplasia, and limb
defects. The incidence of this condition in association with aortopulmonary
window varies but has been reported between 2 - 10% (15, 19, 22) and 2.3%

(1/43) in our patients.

Unlike other conotruncal malformations, aortopulmonary window does
not seem to be associated with DiGeorge syndrome and other chromosomal

defects involving chromosome 22q11 (12).

What is the epidemiology of an aortopulmonary window?

Aortopulmonary window is a rare congenital cardiac anomaly, accounting
for 0.1 - 0.2% of all cardiac malformations; with a male-to-female prevalence of

approximately 2:1 (6 - 8, 10 - 25).

What is the pathophysiology of an aortopulmonary window?

Due to the difference in pressure between the pulmonary artery and the
ascending aorta, an aortopulmonary window usually results in an unrestricted
left-to-right shunt. During the foetal period, however, there is high pulmonary
vascular resistance with equal pressures within the aorta and pulmonary artery.
Therefore, during this time there is minimal flow across the aortopulmonary

window.

Following birth, pulmonary vascular resistance decreases as the newborn
starts to breath. This drop in pulmonary arterial resistance increases the left-to-
right shunt. The sustained increase in blood flow within the pulmonary circulation

may lead to pulmonary hypertension and to significant pulmonary vascular
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changes. If not reverted early, the latter may develop into pulmonary vascular
obstructive disease. In its turn pulmonary hypertension will lead to increase work
for the right ventricle, leading to right ventricular hypertrophy and eventual
dysfunction. Similarly, due to the left-to-right shunt, to maintain adequate cardiac
output the work of the left ventricle also increases. Over time this leads to left

ventricular hypertrophy and eventual dysfunction.

What is the natural history of an aortopulmonary window?

The outcome of an unrepaired aortopulmonary window is poor with
approximately 40% mortality within the first year of life that often results from
the sequelae of congestive cardiac failure (17). Small defects may not manifest
clinically. However, aortopulmonary windows do not close or contract over time,
therefore progression of disease is likely (19). Progression of the symptoms and
the timing of patient’s deterioration depend on the size of the defect (10, 17, 19,
46) and subsequent development of cardiac failure or Eisenmenger’s syndrome

(48).

What are the symptoms of an aortopulmonary window?

The symptoms of aortopulmonary window depend on the extent of the left-
to-right shunt and the degree of cardiac failure. Patients with small
aortopulmonary windows and a small left-to-right shunt may have minimal or no
symptoms. However, the defect is often large, and patients will typically present
within the first weeks of life with symptoms consistent with congestive cardiac
failure. These include dyspnoea, diaphoresis, poor feeding and failure to thrive

(10, 17, 22). Frequent respiratory infections are common (10, 22).

What are the signs of an aortopulmonary window?

The physical signs again are determined by the size of the defect and the

magnitude of the left-to-right shunt. Physical examination usually reveals a
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tachypnoeic infant using accessory muscle to facilitate respiratory effort and chest
wall retraction. Additionally, cardiac examination may reveal an enlarged heart
with a systolic murmur best heard along the left sternal border and a loud S2 may
be heard as a result of pulmonary hypertension (10). Cyanosis is usually absent

unless there is severe pulmonary vascular disease.

What are the differential diagnoses?
The differential diagnosis of aortopulmonary window includes (46):

- Patent ductus arteriosus
- Ventricular septal defect
- Persistent truncus arteriosus

- Ruptured aneurysm of the sinus of Valsalva

What are the electrocardiographic features of aortopulmonary windows?

There are no specific findings on electrocardiogram (ECG) to suggest
aortopulmonary window. ECG findings may vary depending on the extent of
disease progression, but generally may demonstrate tachycardia, univentricular

or biventricular hypertrophy and/or signs of atrial enlargement.

What are the features of an aortopulmonary window on chest X-ray?

There are no specific findings on chest x-ray which suggest
aortopulmonary window. However, patients with aortopulmonary window may
demonstrate cardiomegaly, prominent main pulmonary artery as well as
increased pulmonary vascular markings due to increased pulmonary blood flow

(10).
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What are the echocardiographic features of an aortopulmonary window?

Foetal echocardiography has become the principal diagnostic tool for
aortopulmonary window (48). However, it is not uncommon for this anomaly to
be overlooked in the presence of other malformations or missed entirely. One
reason for this an over-reliance on Doppler imaging which can be ineffective in
foetal life as there are relatively equal pressures within the aorta and pulmonary
trunk allowing for minimal flow between the two vessels (10, 13, 48, 49). A
combination of multiple echocardiographic views including precordial, subcostal
and suprasternal can help to confirm the diagnosis and minimise inter-technician
errors. Diagnosis of aortopulmonary window relies upon recognition of a
deficiency between the adjacent walls of the aorta and pulmonary trunk through

cross-sectional imaging of the area (Figure 7).
Other common findings on echocardiography include (48, 49):

- Enlargement of the left and/or right heart chambers
- Increased pulmonary venous return

- Increased flow across the mitral and aortic valves

- Enlarged pulmonary arteries

- Reversal of diastolic flow in the descending aorta

- Prominent pulsatility of the thoracic aorta

The distance between the semi-lunar valves and coronary arteries from the
proximal end of the defect should be ascertained, as well as the distance between

the branch pulmonary artery and the distal end of the aortopulmonary window.
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Figure B.1-7. Echocardiogram of 5-month-old child with aortopulmonary window

demonstrating communication between ascending aorta and main pulmonary artery with

left-to-right shunt.

Are other imaging modalities of value in assessing aortopulmonary

window?

Alternative methods for diagnosis include computed tomography (CT)
which has a better ability to delineate the great arteries and coronary anatomy
than echocardiography (50). This does provide clear delineation of the anatomy
in the chest. However, CT scan is not required in diagnosis of aortopulmonary

window and usually performed to assess other concomitant anomalies.

Is cardiac catheterisation required in patients with an aortopulmonary

window?

Cardiac catheterisation is not often performed in cases of aortopulmonary
window. However, in patients older than 6 months, some reports recommended

cardiac catheterisation to evaluate the degree of pulmonary hypertension (10,
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51). If significant pulmonary hypertension is present, a trial of pulmonary
vasodilators can used to demonstrate reversibility (51). In the past, cardiac
catheterisation was performed to confirm diagnoses and further delineate

adjacent anatomy. Today, cardiac catheterisation is rarely required.

What are the therapeutic options for a patient with an aortopulmonary

window?

Closure of aortopulmonary window is indicated for all patients. For most
patients, repair should be undertaken early in infancy when the diagnosis is made

to prevent development of heart failure or irreversible pulmonary hypertension.

Patients often present with congestive cardiac failure which may require
stabilisation with diuretics, inotropes and other anti-failure medications (10). All
efforts are aimed at improving systemic circulation and limiting pulmonary blood
flow. Intubation may be used as mechanical ventilation allows for a degree of
hypercapnoea, which will increase the pulmonary vascular resistance thereby
decreasing the left-to-right shunt and improving systemic circulation (10).
Additionally, for patients with a concomitant interrupted aortic arch,
prostaglandin infusion may be required to maintain patency of the ductus

arteriosus.

These measures should ensure adequate systemic circulation and
oxygenation prior to prompt closure of the defect. The defect is nearly always
closed by surgical intervention. Rarely, the defect may be closed via a trans-

catheter approach.

What are the contraindications to closure?

The only contraindication to surgical closure of an aortopulmonary

window is demonstrated irreversible pulmonary hypertension.
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What are the risk factors for operative mortality?

Surgical repair of simple aortopulmonary window has a very good outcome
with mortality rates approaching zero (10). Operative mortality is often due to
repair of concomitant anomalies or general poor preoperative state, rather than
repair of the aortopulmonary window per se. Interrupted aortic arch has been
reported to be an independent risk factor for mortality in patients undergoing
repair of aortopulmonary window (18, 19, 25, 26) with mortality rates from 0%
to 15% (26). Though, a recent review of 5 patients with aortopulmonary window

and interrupted aortic arch from our centre had mortality of 0% (52).

What are the surgical approaches to aortopulmonary window?

Aortopulmonary windows are approached through a median sternotomy
and cardiopulmonary bypass with a subsequent incision through the pulmonary
trunk, ascending aorta or the aortopulmonary window itself. It seems logical to
open aorta first and properly assess the location of the aortopulmonary window
and coronary orifices. If only one coronary orifice is found, then inspection of the
pulmonary artery is performed either via the aortopulmonary window or a

separate incision.

What structures are at risk during repair?

The most important structures at risk during repair of aortopulmonary
window are the coronary arteries - particularly for proximal aortopulmonary
defects (Figure B.1-8). Anomalous coronary artery arising from the pulmonary
artery in association with aortopulmonary window often does not pose a problem
pre-operatively due to the pulmonary pressures being high enough to allow
adequate perfusion (43). Post-operatively, if the coronary artery remains on the
pulmonary side of repair, sudden decreases in perfusion pressure may lead to
myocardial ischaemia (44). Additionally, normal coronary arteries may also be at
risk from direct suturing of proximal defects if tension from suturing disrupts the

course of the coronary arteries.
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Further structures at risk during repair of aortopulmonary windows
include the pulmonary and aortic valve leaflets as well as the right and left
pulmonary arteries. Other structures at risk are dependent on the concomitant
malformations undergoing single-staged repair. For example, patients undergoing
concurrent aortic arch repair are at risk of damage to the thoracic duct, phrenic

nerve or the recurrent laryngeal nerve.

Figure 10. Proximity of coronary orifice to aortopulmonary window. Aortopulmonary
window in close proximity to either left (A) or right (B) coronary artery orifice must be identified
prior to closure of the window to ensure that the coronary blood flow is not compromised
following the repair. APW, aortopulmonary window; LCA4, left coronary artery; RCA, right coronary

artery.

What are the principles of surgery of an aortopulmonary window?

In general, division of the aortopulmonary window and subsequent closure
of the aorta and pulmonary artery is performed. Defects in the aorta and
pulmonary artery are closed either by directly suturing the defect, or by patch
repair when appropriate. Recent studies have shown little to no mortality with
transaortic patch closure of the aortopulmonary window (11). In patients with
concurrent cardiovascular anomalies, single-stage repair of all defects should be

performed as this has been shown to reduce overall mortality (10, 11, 14, 26).
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Closure of the defect is performed via median sternotomy with
cardiopulmonary bypass. In preparation, an aortic cannula should be inserted as
distally as possible from the defect in the ascending aorta so that cross-clamping
of the aorta does not interfere with repair. The pulmonary arteries are occluded
with tourniquets and occluded when cardiopulmonary bypass commences.
Cardioplegic solution is infused while the pulmonary arteries are snared, and the
procedure performed under mild hypothermia. The defect can be repaired via an
incision through the window itself, through the aorta, or through the pulmonary
artery. Most importantly, whatever approach is undertaken, it must provide good
visualisation and assessment of the origin of both coronary arteries and the right
pulmonary artery. We believe that ligation of aortopulmonary window is obsolete

and should not be performed.

The defects in the aorta and pulmonary artery are closed with a patch or
directly to ensure that the closure do not compromise coronary arteries or

semilunar valves.

If the coronary artery originates from the pulmonary artery or
aortopulmonary window, repair should include the coronary artery on the aortic
side of repair. If this is via patch repair, placement should be such that the
coronary artery is included on the aortic side of the patch, provided that the patch
would not obstruct pulmonary blood flow. Alternatively, the coronary artery can

be re-implanted directly to aorta (Figure B.1-9).

What are the principles of device closure?

In rare selected patients, the aortopulmonary window can be closed using
a trans-catheter approach (53 - 58). The procedure is limited by a number of
factors that include the large size of the defect, the small size of the femoral vessels
for access, associated cardiovascular anomalies and the fact that the coronary
anatomy may be difficult to appreciate prior to closure based solely on

echocardiography (53 - 58).

In a few carefully selected patients, the aortopulmonary windows has been

successfully using double umbrella occluder system, button device closure or
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Amplatzer device closure (53 - 58). Echocardiography was used in all of these
patients to size the defects prior to intervention. The defects mostly ranged in size
between 3 - 6mm in diameter (53 - 58), while one particularly large window of
8.7mm (58). Though these defects were successfully closed with no residual leaks,

there was limited follow-up beyond 12 months.

Coronary artery
transposed

Figure B.1-9. Surgical correction of the anomalous origin of the coronary artery from
aortopulmonary window (A) or pulmonary artery (B). The patched on the aorta is fashioned
to ensure unobstructed blood flow into the coronary artery. Ao, aorta; AP window, aortopulmonary

window; LCA, left coronary artery; PA, pulmonary artery; RCA, right coronary artery.

What are the complications of surgery following repair of an

aortopulmonary window?

Specific complications following surgical repair of aortopulmonary
window are mostly centred on a residual defect following repair or disruption of

normal coronary blood flow. Residual lesions may cause a similar picture to first
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presentation in which symptoms of pulmonary hypertension and congestive
cardiac failure are prominent. Management for such situations after identification

of the residual lesion often prompts early reintervention for these patients.

If there is distortion to the coronary arteries, either due to tension imposed
by local suturing or due to its misplacement on the pulmonary side of the patch,
the patient may undergo myocardial ischaemia. This can be life threatening. Thus,
the importance of the intra-operative visualization of the coronary anatomy

cannot be over-emphasised.

Additionally, direct suturing of the defect in the aorta or pulmonary artery
may lead to aortic or pulmonary artery stenosis, respectively. Long term follow up
of patients is required to monitor for development of branch pulmonary artery

stenosis (10).

What are the long-term outcomes of surgery?

Currently, anumber of studies report no early or late deaths, if intervention
were to take place in infancy and with isolated aortopulmonary window repair

(10 - 14, 16, 17, 19, 20, 22).

Mortality of approximately 10 - 15% was reported (10 - 25) for patients
with concomitant cardiovascular anomalies, particularly, interrupted aortic arch,

which increased mortality to 15% (26).

Over time, mortality after repair of aortopulmonary window and
concomitant cardiovascular anomalies has decreased. Prior to 2000 the average
mortality was approximately 14% with a range of 0 - 54% (11, 13,15,17 - 19, 21,
23 - 25), while after 2000 average mortality decreased to approximately 8% with
range of 0 - 20% (10 - 12, 16, 22). Earlier studies demonstrated higher mortality
rates — some as high as 54% (15) - mainly due to interventions taking place later
in infancy and, thus, often in patients with irreversible pulmonary hypertension

or congestive cardiac failure (15, 18).

Late mortality is generally excellent with most studies reporting no late

deaths after median follow-up of 2 to 11 years (11 - 14, 16 - 23). Isolated reports
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of late mortality have occurred in the setting of persistent pulmonary
hypertension (11, 19). Patients with concomitant interrupted aortic arch have
increased long term mortality with survival of 91%, 86% and 84% at 1, 5, and 10
years respectively (26). Interestingly, review of patients with aortopulmonary
window and concomitant interrupted aortic arch at our centre yielded no late

deaths (52).

A number of studies reported no reinterventions for simple
aortopulmonary window after a median follow-up of up to 7 years with range of 3

months to 25 years (11, 13, 14, 16 - 20, 22).

Patients with concomitant cardiovascular anomalies have higher rates of
reintervention between 15 - 20%, when compared to simple aortopulmonary
window (12, 14, 17, 18, 25, 26). Often these are for aortic arch reinterventions
following concurrent repair of an interrupted aortic arch. About 57% of patients
with concurrent interrupted aortic arch may require reintervention at 5 years
(26). Of these, 51% required aortic arch reintervention, 6% had pulmonary artery
reintervention, and only 43% were alive without any reintervention (26).
Experience at our centre with these patients has required only 1 reintervention

from 5 patients after follow-up of 3 to 24 years (52).
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Commentary: Ozaki valve
reconstruction in children: Is it stll
a valve replacement?

Igor E. Konstantinov, MD, PhD, FRACS, >
Phillip §. Naimo, MD,>>° and
Edward Buratto, MBBS, PhD*"*

An interesting article in the current issue of the Journal by
Baird and colleagues' describes their short-term results
with aortic valve reconstruction with neocuspidization
(Ozaki technique) in children and young adults. They
reported freedom from moderate or greater aortic valve
regurgitation of 88% at 2 years, freedom from moderate
or greater aortic stenosis of 88% at 2 years, and freedom
from reoperation of 91% at 1.5 years, although the number
of patients at each time point is unknown. There were no
operative deaths and 2 late deaths after discharge. It seems
important to emphasize a few points to put this fascinating
article into a proper perspective. Because it is always
difficult to speculate on whether others would or would
not be willing to apply the Ozaki technique to children
and young adults, we choose to view the results of Ozaki
technique in these patients through the prism of objectivity
reflecting on our current practice in Melbourne.

First, it should be noted that all but 1 of their 57 patients
were aged more than 1 year. It also should be emphasized
that children aged more than 1 year are naturally selected
to have an aortic valve morphology best suited for repair.
In Melbourne, we aim to repair the aortic valve as our first
priority. In children aged more than 1 year, freedom from
aortic valve reoperation is 90% at 5 years and 74% at
10 years when the valve is of sufficient quality to be
repaired without any patch material {(Figure 1, A). In
children aged more than 1 year, freedom from aortic valve
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Freedom from reoperation after aertic valve repair
or Ross operation in children > 1 year.

CENTRAL MESSAGE

It is unknown whether the Gzaki
technique for aortic valve
reconstruction in children and
young adults will provide cut-
comes similar to those of aortic
valve repair or the Ross
operation.

recperation is 85% at 5 years and 68% at 10 years, when
the valve had to be repaired with patch material (Figure 1,
B). Additionally, operative mortality for aortic valve repair
combined (with and without a patch) was 0.4% (1/238).
When the valve is deemed not repairable, in children aged
more than 1 year, we perform the Ross operation with a
freedom from autograft reoperation of 98% at 5 years and
91% at 10 years {Figure 1, C), and freedom from all
reoperations of 92% at 5 years and 78% at 10 years
(Figure 1, D), notably, with 0% operative mortality. Thus,
would we be inclined to use the Ozaki reconstruction in
all our patients aged more than 1 year? Not yet. At this point
in time, it is difficult to imagine that the Ozaki reconstruc-
tion would provide better results in a growing child.
Second, 16% (9/57) were young adults and 30% (17/57)
were adolescents aged 13 to 17 years. With 26% (15/57) of
patients weighing more than 60 kg, the outcomes in
approximately one-quarter of their patients would be
expected to be similar to the results achieved in adults
and reported by Ozaki and colleagues.® Ogzaki and
colleagues” recently reported their midterm results in 850
patients who underwent Ozaki aortic valve reconstruction
with a mean follow-up time of 53 months. With 15 patients
reaching 9 years of follow-up, Ozaki and colleagues® re-
ported an overall survival of 85%, a cumulative incidence
of reoperation of 4.2%, and a cumulative incidence of
moderate or greater aortic regurgitation of 7.3%. Likewise,
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FIGURE 1. Freedom from reoperation after aortic valve repair or Ross operation performed in children aged more than 1 year at The Royal Children’s
Hospital in Melbourne. A, Freedom from aortic valve reoperation after aortic valve repair without the use of a patch. B, Freedom from aortic valve
reoperation affer aortic valve repair with a patch. C, Freedom from autograft reoperation after Ross operation. D, Overall freedom from reoperation after
Ross operation (autograft and homograft). Shaded area represents 95% confidence interval.

Wiggins and colleagues” used the Ozaki reconstruction in
58 young adults and children with aortic valve disease
with a median age of 14.8 years and median follow-up of
14 months. They reported 1 late death.” One-quarter of their
patients had greater than moderate aortic regurgitation,
and 12% of patients required aortic valve reoperation
at 3 years.® Thus, would we be inclined to use Ozaki
reconstruction in fulfy grown adolescents and young adults?
No, definitely not at this stage. It would be prudent to await
longer-term outcomes, particularly because it must be
remembered that the long-term outcomes of the Ross
operation in adults are supcrb.s"5 In Melbourne, survival
after the Ross operation in 392 adults was 98% at 10 years
and 95% at 20 years,” and the freedom from autograft
reoperation was 96% at 18 years.”®

Third, 7% {4/57) of their patients had truncus arteriosus
and 3.5% (2/57) had quadricuspid valve. Clearly, the Ross
operation is not feasible in patients with truncus arteriosus.

The durability of the truncal valve repair has been poor.” We
have previously shown that most patients with moderate or
greater truncal valve msufficiency and a quadricuspid valve
are likely to require truncal valve surgery7’9 However, often
the diameter of the truncal valve annulus is large, which
provides an excellent substrate for tricuspidization of the
truncal valve and reduction of the annulus.® We have
recently reported freedom from truncal valve reoperation
of 64% at 10 years after tricuspidization of the quadricuspid
truncal valve.'” In fact, freedom from truncal valve reoper-
ation after tricuspidization was superior to truncal valve
replacement in children aged less than 6 years, in whom
an adult-sized mechanical prosthesis may not be
feasible.>'? Thus, would we be inclined to use Ozaki
reconstruction in children who require truncal valve repair?
Perhaps we would, provided that the long-term results of
Ozaki reconstruction in children with truncus arteriosus
will be better than those after truncal valve replacement.
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Finally, bovine pericardium was used in 65% {37/37),
and autologous pericardium treated with glutaraldehyde
was used in 33% (20/57). Thus, the Ozaki reconstruction
is still a valve replacement, although with autologous tissue
in some patients, with no growth capacity. Therefore, one
would not expect that Ozaki valve replacement would
give better results compared with other bioclogical tissue
valve replacements in a growing child.

We must remain pragmatic when approaching the aortic
or truncal valve repair. It is fascinating and somewhat
bewildering to think that autologous tissue with the ability
to regenerate may become available in the future."* If Ozaki
valve replacement could be modified using autologous
tissue with preserved growth capacity and preserved
regenerative ability to ensure resistance to calcification, it
may prove to be an extremely valuable technique in selected
patients. Until then, it will remain a valve replacement with
the expected outcomes similar to those of biological
prostheses or homografts.
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Ross Operation in Children: 23-Year R) ook for s
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Background. Data on the long-term outcomes in chil-
dren after the Ross operation are limited. This study
aimed to assess the long-term outcomes in children who
underwent the Ross operation at a single institution.

Methods. The study reviewed all children (n = 140} who
underwent the Ross operation at the Royal Children’s
Hospital in Melbourne, Australia between 1995 and 2018.

Results. Mean follow-up time was 8.9 years. Median
age at operation was 7.4 years. The root replacement (n =
120, Ross-Konno; n = 38}, root inclusion (n = 17), and
subcoronary implantation (n = 3) techniques were used.
Operative mortality was 5.0% (7 of 140; 3 neonates and 4
infants). There were 6 late deaths. Overall survival at 10
years was 96.2% in children older than 1 year of age and
78.9% in children younger than 1 year of age at operation
(P = .003). Freedom from autograft reoperation was
86.0% at 10 years. Age younger than I-year at operation
was a risk factor for autograft reoperation (P = .02). Pa-
tients younger than 1 year of age at operation experienced

ongenital aortic stenosis is an often lifelong condition
C accounting for approximately 6% of congenital heart
disease." It frequently necessitates repeated intervention
and, in severe cases, aortic valve (AV) replacement.
Replacement of the AV with a pulmonary autograft (the
Ross operation) was first described in 1967.> The Ross
operation has proved to be a robust AV replacement op-
tion in children; however, high operative mortality in
young children, progressive dilatation of the neoaortic root
leading to aortic insufficiency (Al), and reoperation on the
left ventricular outflow tract (LVOT) and right ventricular
outflow tract (RVOT) remain key concerns.”® At our cen-
ter, prevention of neoaortic root dilatation was attempted
through reinforcement of the autograft by using a poly-
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a higher incidence of moderate or greater aortic insuffi-
ciency compared with patients who were older than 1
year of age (P = .006). In patients who had a poly-(p-
dioxanone)-filament band placed around the sinotubular
junction, freedom from moderate or greater aortic insuf-
ficiency at 10 years was 100%, compared with 83.1% in
patients with no band (P = .09).

Conclusions. In children older than 1 year of age, the
Ross operation has excellent outcomes with no operative
mortality and a low incidence of aortic insufficiency. In
children younger than 1 year of age, the Ross operation is
associated with higher operative mortality and a higher
incidence of aortic insufficiency. Where possible, the
Ross operation should be delayed beyond infancy. Poly-
(p-dioxanone}-filament banding may reduce the inci-
dence of aortic insufficiency after the Ross operation.

(Ann Thorac Surg 2020;109:1251-9)
© 2020 by The Society of Thoracic Surgeons

(p-dioxanone)-filament {PDS) band. Here we describe the
long-term results of the Ross operation in children.

Patients and Methods

Patients

This study was approved by the Human Research Ethics
Committee at the Royal Children’s Hospital in Melbourne,
Australia. All patients who underwent the Ross operation
at the Roval Children’s Hospital between 1995 and 2018
were included in this study. Medical records were retro-
spectively reviewed until last cardiology follow-up.

Definitions
Early mortality was defined as death occurring within 30

days of the Ross operation or before hospital discharge.
All other deaths were considered late.

Dr d'Udekem discloses a financial relationship with
Actelion and MSD.

0003-4975/%$36.00
https://doi.org/10.1016/j.athoracsur.2019.10.070
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Abbreviations and Acronyms

Al = aortic insufficiency

AV = aortic valve

BAV = balloon aortic valvotomy

CI = confidence interval

HR = hazard ratio

IQR = interquartile range

LVOT = left ventricular outflow tract
MV = mitral valve

PDS = poly-{p-dioxanone)-filament
RVOT = right ventricular outflow tract

RV-PA = right ventricle—to—pulmonary artery
ST = sinotubular

QOperative Techniques

All patients underwent surgery through a median ster-
notomy with standard cardiopulmonary bypass. The
median cardiopulmonary bypass time was 216 minutes
(interquartile range [IQR], 180 to 269 minutes), and the
median aortic cross-clamp time was 157 minutes (IQR,
131 to 189 minutes). Circulatory arrest was used for 1
patient for 12 minutes. The root replacement {n = 120,
Ross-Konno; n = 38), root inclusion (n = 17), and sub-
coronary implantation {n = 3) techniques were used. The
Ross-Konno operation was performed if widening of the
LVOT was required. Right ventricle—to-pulmonary artery
(RV-PA) continuity was established using a homograft
(pulmonary, n = 75; aortic, n = 20), a Contegra conduit
(n = 41) (Medtronic, Minneapolis, MN), or a Freestyle
conduit (n = 4) (Medtronic). The median conduit size was
20 mm (IQR, 17 to 22 mm). A total of 26 patients had an
absorbable PDS band applied to the sinotubular (ST)-
junction with the aim of preventing aortic root dilatation
and progressive Al In these cases, the ST junction was
banded to the same diameter as the aortic annulus. PDS
band application was at the operating surgeon’s discre-
tion and was not randomized.

Data Analysis

Data were analyzed using Stata software version 13
(StataCorp, College Station, TX). Descriptive statistics for
continuous data are expressed as means + SDs (range),
whereas skewed continuous data are expressed as me-
dians (IQR). Categorical data are summarized as fre-
quencies and percentages. Kaplan-Meier actuarial
survival curves were used to analyze and plot time-
related end points. Univariable and multivariable logis-
tic regression and Cox proportional hazard modeling
were used to determine risk factors for mortality and
reoperation. The log-rank test was used to compare sur-
vivor functions. Statistical significance was set at P < .05.

Results

Patient Characteristics

Patient characteristics, AV morphology, and concomitant
cardiovascular anomalies are described in Table 1. A total
of 92 patients (66%; 92 of 140) underwent 108 interventions

Ann Thorac Surg
2020;109:1251-9

Table 1. Aortic Vaive Morphology and Concomitant
Anomalies of Children Undergoing the Ross Operation
Variable Value
Sex
Male 66.4 (93/140)
Female 33.6 (47/140
Median age 74 vy {IQR, 1.6-13.4 y)
Median weight 23.6 kg {IQR, 11.6-48.5 kg)
Age group
Neonate 3.6 (5/140)
Infant 17.9 (25/140)
Child 78.5 (110/140)

Aortic valve morphology

Tricuspid 48.6 (68/140)
Bicuspid 47.1 (66/140)
Unicuspid 4.3 (6/140)

Concomitant anomalies
Coarctation of the aorta
Ventricular septal defect

12.1 (17/140)
7.9 (11/140)

Interrupted aortic arch 2.9 (4/140)
Endocardial fibroelastosis 2.1 (3/140)
Transposition of the great arteries 1.4 (2/140)
Rheumatic heart disease 1.4 (2/140)
Atrial septal defect 0.7 (1/140)

Values are % (n/N) unless otherwise indicated.

IQR, interquartile range.

on their AV before the Ross operation, including balloon
aortic valvotomy (BAV) (28.6%; 40 of 140) and AV repair
(48.6%; 68 of 140). A total of 16 patients underwent both
BAV and AV repair (11.4%; 16 of 140). The median time
between BAV and the Ross operation was 3.9 years (IQR,
0.6 to 7.7 years). There was no significant difference in age
at Ross operation between children who underwent pre-
vious BAV and those who did not (P = .53). The median
time between AV repair and the Ross operation was 4.4
vears (IQR, 0.9 to 9.7 years). There was no significant dif-
ference in age at Ross operation between children who
underwent previous AV repair and those who did not (P =
.11). Previous intervention on the AV did not affect mor-
tality or reoperation after the Ross operation. Previous
interventions for concomitant anomalies were aortic arch
repair in 24 patients (17.1%; 24 of 140), ventricular septal
defect closure in 10 patients (7.1%; 10 of 140), and the
arterial switch operation in 2 patients (1.4%; 2 of 140).

Indications for the Ross operation were aortic stenosis
(27.9%; 39 of 140), Al (19%; 27 of 140), combined aortic
stenosis and Al (44%; 63 of 140), and endocarditis (7.9%;
11 of 140).

Concomitant procedures were performed in 30 pa-
tients, including 1 or more of the following: mitral valve
(MV) repair (n = 10), subaortic membrane resection (n =
6), aortic arch repair (n = 6), patent ductus arteriosus
ligation (n = 2), MV replacement (n = 2), patent foramen
ovale closure (n = 2), ventricular septal defect closure
(n = 1), left atrial aneurysm repair (n = 1), septal myec-
tomy (n = 1), atrial septal defect closure (n = 1) resection
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of endocardial fibroelastosis (n = 1), and resection of
paravalvular abscess {n = 1).

Mean follow-up was 8.9 & 6.7 years (range, 1 week to 22
years). Among patients surviving hospital discharge, 119
(90%; 119 of 133) had at least 1 year of follow-up. Of the
surviving patients, 124 were followed up within the last 5
years (98%; 124 of 127).

Mortality

The causes of death are summarized in Table 2. Early
mortality was 5.0% (7 of 140), with 3 deaths occurring in
neonates (60%; 3 of 5) and 4 deaths occurring in infants
(16%; 4 of 35). There were 6 late deaths, which all occurred
in children older than 1 year of age at surgery. Overall
survival was 93.7 + 0.1% (95% confidence interval [CI],
87.7 to 96.8) at 5 years, 92.5 &+ 0.1% (95% CI, 86.0 to 96.1) at
10 years, and 86.6 & 0.1% {(95% CI, 76.3 to 92.7) at 15 years
(Figure 1A). Of the 30 patients younger than 1 year of age
at surgery, early mortality was 23.3% (7 of 30). Overall
survival in children younger than 1 year of age at surgery
was 78.9 + 0.1% (95% CI, 58.9 to 89.9) at 10 years compared
with 96.2 + 0.1% (95% CI, 88.8 to 98.8) in children older
than 1 -year of age (P = .003) (Figure 1B). Risk factors for
early mortality identified on univariable analysis included
the Ross-Konno operation (P = .02; odds ratio [OR], 7.5
95% CI, 1.4 to 40.9), and concomitant MV repair (P = .005;
OR, 10.3; 95% CI, 2.0 to 53.4). Risk factors for late mortality
identified on univariable analysis included concomitant
MYV repair (P = .01; HR, 9.5; 95% (I, 1.7 to 52.1). The small
number of deaths prevented a multivariable analysis.

Reoperation

A total of 39 patients required reoperation. Freedom from
any reoperation was 82.6 + .1% (95% CI, 73.9 to 88.6) at 5
years, 66.6 £ 0.1% (95% CI, 55.5 to 75.6) at 10 years, and
48.6 + 0.1% (95% CI, 34.9 to 60.9) at 15 years.

Autograft reoperation was required in 14 patients
(10.5%; 14 of /133). A total of 11 patients underwent
autograft reoperation because of neoaortic root dilatation
and moderate or greater Al Other indications for auto-
graft reoperation included the following: 1 patient with
necaortic dilatation, mild Al and global systolic
dysfunction; 1 patient with stenosis of the ascending
aorta; and 1 patient with subaortic stenosis. Mean time to
autograft reoperation was 7.5 & 3.3 years (range, 2.2 to
13.5 years). Freedom from autograft reoperation was 95.9
+ 0.1% (95% C1, 89.4 to 98.4) at 5 years, 86.0 + 0.1% (95%
CL 75.9 to 92.1) at 10 years, and 79.5 & 0.1% (95% CI, 66.9
to 87.7) at 15 years (Figure 2A).

Risk factors for autograft reoperation identified on
univariable analysis were age younger than 1 year at time
of surgery (P = .02; HR, 3.7, 95% CI, 1.2 to 11.1) and
autogratt size (P = .009; HR, 0.8;, 95% CI, 0.7 to 1.0). The
small number of autograft reoperations prevented a
multivariable analysis. Freedom from autograft reopera-
tion was significantly lower (P = .03) in those (n = 23)
children, who underwent Ross operations as neonates or
infants, compared with older children (n = 110). Namely,
freedom from autograft reoperation was 84.4 = 0.1% (95%
CI, 50.4 to 95.9) at 5 years and 61.6 & 0.2% (95% CI, 255 to
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84.2) at 10 and 15 years for neonates and infants and 97.6
+ 0.02% (95% CI, 90.7 to 99.4) at 5 years, 89.7 + 0.04% (95%
Cl, 79.4 to 95.0) at 10 years, and 82.5 = 0.05% (95% (I, 69.1
to 90.5) at 15 years for older children.

Replacement of the RV-PA conduit was required in 32
patients (24.1%; 32 of 133). Freedom from RVOT reoper-
ation was 87.7 £ 0.1% (95% CL, 79.7 to 92.7) at 5 years, 74 +
0.1% (95% CI, 63.1 to 82.2) at 10 years, and 545 £+ 0.1%
(95% (I, 40.4 to 66.6) at 15 years (Figure 2B). The risk
factor for RVOT reoperation on univariable analysis was
age younger than 1 year at time of surgery (P < .001; HR,
4.9; 95% (1, 2.4 to 10.1). Risk factors for RVOT reoperation
identified on multivariable analysis were homograft size
(P < .001; HR, 0.7; 95% CI, 0.7 to 0.8) and postoperative
endocarditis (P < .001; HR, 11.0; 95% CI, 3.0 to 39.9).

Aortic Insufficiency

In 16 patients (12.0%; 16 of 133) moderate or greater Al
developed after the Ross operation. Freedom from mod-
erate or greater Al was 91.5 + 0.1% (95% CI, 84.2 to 95.5) at
5 years, 85.8 + 0.1% (95% CI, 76.5 to 91.7) at 10 years, and
83.4 £ 0.1% (95% CI, 72.6 to 90.2) at 15 years. There were 6
(26.1%; 6 of 23) patients in whom moderate or greater Al
developed and who were younger than 1 year of age at
surgery, and 10 (9.1%; 10 of 110) patients who were older
than 1 vear of age (P = .02). Freedom from moderate or
greater Al in patients younger than 1 year of age at sur-
gery was 53.2 & 0.2% (95% CI, 22.2 to 76.8) at 10 years,
compared with 91.7 + 0.1% (95% CI, 83.3 to 96.1) in pa-
tients older than 1 year of age at surgery (P = .006)
(Figure 3). On univariable analysis, age younger than 1
year at the time of the Ross operation was a risk factor for
moderate or greater Al (P = .01; HR, 3.8; 95% (L, 1.4 to
10.6). The small incidence of Al prevented a multivariable
analysis. A total of 11 patients with Al after the Ross
operation underwent autograft reoperation. Of these pa-
tients, 7 had no Al or trivial Al, and 2 patients had mild AI
at last follow-up. One patient died of cardiogenic shock
secondary to a thrombosed mechanical AV. One patient
died after attempted autograft replacement, RV-PA
conduit replacement, and tricuspid valve annuloplasty
in the context of severe heart failure. At last follow-up,
there was no Al or trivial Al in 88 patients (69.3%; 88 of
127), mild Al in 35 patients (27.6%; 35 of 127), and mod-
erate or severe Al in 4 patients (3.1%; 4 of 127).

A total of 26 patients had a PDS band applied to the ST
junction with the aim of preventing aortic root dilatation
and progressive Al Freedom from moderate or greater Al
in patients with PDS banding was 100% at 5 and 10 years,
compared with §9.8 + 0.1% (95% CI, 81.3 to 94.6) at 5 years
and 83.3 £ 0.1% (95% CI, 72.3 to 90.0) at 10 years in pa-
tients with no PDS band (P = .09) (Figure 4).

Comment

The Ross operation has proved to be an excellent long-
term intervention for AV disease in adults,® and it is
now extensively used in the pediatric population. Here
we report a 23-year experience at a single institution us-
ing the Ross operation in children.
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Table 2. Description of Deaths After the Ross Operation

Cardiac Previous Concomitant
Age Year of Operation Weight, kg Comorbidities Interventions Operation Death {y)  Cause of Death
19d 2001 25 VSD Nil Aortic arch repair  Early Failure to wean off
Aortic arch VSD closure bypass; ECMO
hypoplasia PDA division declined
ASD closure
16 d 2003 3.6 Mitral regurgitation Surgical aortic MV repair Early Sepsis and
Endocardial valvotomy multiorgan
fibroelastosis failure
1y 2003 11 Endocarditis Nil Nil Early Cardiac arrest,
Aortic root abscess origin unclear
Preoperative
cardiac arrest
1 mo 2008 27 Trisomy 21 Nil Reconstruction of  Early Sepsis and
Endocarditis fibrous skeleton multiorgan
Aortic root abscess of heart failure
4 mo 2010 44 Shone complex MV repair Nil Early Low cardiac output
AV repair after chest
Supraaortic closure after
stenosis repair multiple
Hypoplastic aortic reoperations
arch repair
4d 2010 3.3 Endocardial Surgical aortic Aortic arch repair  Early Failure to wean off
fibroelastosis valvotomy Resection of ECMO and
LVAD fibroelastosis stroke; decision
ECMO to withdraw
treatment
3 mo 2014 3.3 Shone complex Coarctation repair MYV replacement  Early Sepsis
PDA ligation
5y 1996 14 Endocarditis Resection of Nil Late {2002) Accidental
subaortic stenosis traumatic injury
Surgical aortic
valvotomy
11y 1996 38 Shone complex Coarctation repair  Aortic arch repair  Late {2007) Stroke at
BAV reoperation on
LVOT sterotic aortic
reconstruction arch and RV-PA
Resection of conduit
subaortic stenosis replacement
3y 1997 14 Endocardial BAV Nil Late {2011) Cardiac failure,
fibroelastosis with total
artificial heart
replacement after
RV-PA conduit
and aortic root
replacement
17 y 2003 56 Rheumatic heart MV repair MV repair Late {2007) Thrombosed
disease mechanical AV
18y 2003 61 Nil BAV Nil Late {2016) Severe AL left and
right ventricular
dysfunction,
cardiac arrest
from arrhythmia
12y 2004 38 Rheumatic heart MV repair MV repair Late {2006) Urnknown origin

disease

Al aortic insufficiency; ASD, atrial septal defect; AV, aortic valve; BAV, balloon aortic valvotomy; ECMO, extracorporeal membrane oxygenation; LVAD,
left ventricular assist device; LVOT, left ventricular outflow tract; MV, mitral valve; PDA, patent ductus arteriosus; RV-PA, right ventricle—to-pulmonary
artery; V5D, ventricular septal defect.

Mortality

In this study, we observed an early mortality of 5% (7 of
140), but all early death occurred in children vounger
than 1 year of age. Early mortality in patients younger
than 1 year of age was 23.3% (7 of 30). High rates of early

mortality in neonates and infants are commonly reported

(Table 3).>'** Brancaccio and colleagues® reported on
55 patients from 1993 to 2012 with an early mortality rate
of 13% (7 of 55), with most deaths (86%; 6 of 7) occurring
in children younger than 1 year of age. Mookhoek and
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Survival after the Ross operation. (A) Overall survival curve after the Ross operation. (B) Survival curve comparing children younger

than 1 year of age vs older than 1 year of age at surgery. (Cl, confidence inlerval.)

colleagues' reported on 76 infants from 1990 to 2013 with
an early mortality rate of 17.1% (13 of 76). A systematic
review and meta-analysis conducted by Etnel and col-
leagues® in 2018 reported an early mortality range of 0.9%
to 15.6% across 24 pediatric studies from 2000 to 2017,
with a pooled early mortality rate of 4.2%, consistent with
our result. In an earlier analysis involving only neonatal
and infant studies, Etnel and colleagues’' reported a
pooled early mortality of 16.9%, a much higher rate when
compared with the entire pediatric age range. We believe
that most AVs in neonates and infants are repairable.
Although such neonatal AV repair may not be durable in
the long term, it buys some time to allow somatic growth.
Thus, our approach to patients younger than 1 year of age
consists of undertaking AV repair and postponing the
Ross operation. Since 1995, the number of patch and
nonpatch AV repairs performed at the Royal Children’s
Hospital has increased over time (Figure 5), and we
reserve the Ross operation for patients unsuitable for AV
repair. Thus, only patients unsuitable for AV repair, or

Freedom from autograft reoperation
100

80 —\_L\_\_‘—\_

(A]

those in whom previous AV repair failed, underwent the
Ross operation in infancy. This may explain higher
mortality for infants undergoing the Ross operation at our
institution. Ideally, the Ross operation should be per-
formed in late adolescence or adulthood when the aortic
root can be stabilized with excellent results.””

In this study, we had 6 late deaths and a 10-year sur-
vival of 92.5%, which are consistent with results of pre-
vious studies.'™"” Of the late deaths, 2 were caused by
complications after reoperation, 1 was a result of cardiac
arrest in the context of cardiac failure, 1 was a result of
inadequate anticoagulation after mechanical valve
replacement, 1 was of unknown cause, and 1 was a result
of accidental trauma. Among long-term pediatric studies,
rates of late mortality after the Ross operation range from
0% to 7.4% (Table 3).>*'*'%'7 Etnel and colleagues” re-
ported a pooled late mortality rate of 0.64% per year
across the entire pediatric age range and a rate of 0.76%
per year in the infant and neonatal group. In our study,
overall survival of children older than 1 year of age at the
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Figure 2. Autograft and right ventricular outflow tract (RVOT) reoperation after the Ross operation. (A) Freedom from autograft reoperation after

the Ross operation. (B} Freedom from RVOT reoperation after the Ross operation. (Cl, confidence interval.}
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Figure 3. Freedom from moderaie or greater
aortic insufficiency after the Ross operation in
children older than 1 year of age vs children 100
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Freedom from moderate or greater
aortic insufficiency age >1 y.o. vs age <1 y.o.
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time of the Ross operation was superior to survival in
those younger than 1 year of age (P = .003).

Left Ventricular Outflow Tract Reoperation and Aortic
Insufficiency

Reoperation because of neoaortic dilatation and Al re-
mains a concern after the Ross operation in children. A
solution for protecting the autograft and simultancously

Figure 4. Treedom from moderale or greater
aorlic insufficiency after the Ross operalion in

children with a poly-(p-dioxanone)-filament 100

permitting somatic growth has yet to be found. In our
study, autograft reoperation was required in 14 patients
(10.5%; 14 of 133). We report a 10-year freedom from
autograft reoperation of 86%. Multiple long-term studies
have also reported promising results for autograft dura-
bility in the first decade after the Ross operation.”™'>"%2%%3
However, results of 2 long-term studies indicated that in
autograft reoperation, rates may increase after the first

Freedom from moderate or greater
aortic insufficiency PDS vs non-PDS

{PDS) band vs children with no band. 2
g
g 80
2
£
2
£ 60
L
t
8
£ 40
2
E 2]
k-]
8
I " p=0.09
0 5 10 15
Number at risk Years since Ross operation
At risk no PDS: 108 66 47 27
Atrisk PDS: 25 14 6 2

= PDS ——= No PDS

233



Additional manuscripts co-authored during candidature

Ann Thorac Surg DONALD ET AL 1257
2020,109:1251-9 ROSS OPERATION IN CHILDREN
Table 3. Studies of the Ross Operation in Children
10-y
Freedom
Early 10-y Freedom From
Early Late Mortality 10-y From Autograft  Mean
Year of Patients Mortality Mortality age <1y Survival Reoperation Reoperation Follow-
Study Publication Study Period  (n) (%) (%) %) (%) (%) (%) up (v)
Matsuzaki® 2019 1996-2016 43 23 (1/43) 24 (1/42) NR NR NR 91.9 13.5
Sames- 2018 2008-2017 44 7 (3/44) 2 (1/41) 7 (3/44) 90.5 284 NR 5.9
Dolzer™

Logers’ 2018 2001-2009 49 0 6.1 (3/49) 0(/6) 91.9y) NR NR 4.6
Tran' 2017 1998-2012 75 0 NR NR NR 92 52"
Brown'' 2016  1993-2015 115 0.9 (1/115) 3.5 (4/114) NR 94 NR NR 7.8
Kallio™? 2015 1994-2009 51 10 (5/51) 6 (3/46) 30.8 (4/13) 94 76 9% 11.5°
Mookhoek™ 2015 1990-2013 76 17 (13/76) 9 (5/63) 17.1(13/76) NR NR 9% 3.6°
Nelson® 2015 1991-2013 240 4.2 (10/240) 7.4 (17/230) 18.2 (8/44) 89 NR 75 10.7°
Brancaccio™ 2014 1993-2012 55 13 (7/55) NR 46.2 (6/13) 84.9 NR 737 5.5"
Ruzmetov'” 2014 1993-2011 78 4 (3/78) 53 (475) 222(2/9) 91(15y) 58 (15 y) 65 (15 y) 9.9
Luciani'® 2014 1990-2012 305 3.3 (10/305) 4.1 (12/295) 21.6 (8/37) 93 76 86 8.7"
Elder'” 2013 1991-2010 34 12 (4/34) 12 (3/25) 88.2 NR 95.5 10.6"
Tan Tanny’ 2013 1995-2012 100 6 (6/100) 4.3 (4/94) 31.6 (6/19) 90.8 65.8 85.6 7.0
Charitos'” 2012 1988-2011 263 3.4 (9/263) NR NR 95 (12y) 76 (12 y) 95 (12y) 6.9
Alsoufi'” 2010 1991-2004 227 3.1 (7/227) 1.4 (3/220) NR NR NR 82 (15y) 7.8
Horer™ 2010  1988-2006 152 2.6 (4/152) 4.7 (7/148) NR 90.4 77.5 95.5 6.1
“Infant- or neonate-only studies;  "Median.

NR, not reported.

decade.”"" In a large single-center study, Nelson and
colleagues® reported on 240 children between 1991 and
2013 with a 15-year freedom from autograft reinterven-
tion rate of 59%. Ruzmetov and colleagues'” reported on
78 patients between 1993 and 2011 with a 15-year freedom

from autograft reoperation of 65%. We report a 15-year
freedom from autograft reoperation of 79.5%. Etnel and
colleagues® reported a pooled 15-year freedom from
LVOT reintervention of 77.3% in children after Ross
operation. In multiple studies, high durability of the

Aortic valve surgery at RCH Figure 5. Frequency of aortic valve surgery
60 performed at the Royal Children’s Hospital
in Melbourne, Australia (RCH) from 1995 to
2014. Primary Ross operation refers to chil-
dren with no previous aortic valve surgery.
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pulmonary autograft has been observed in younger
children and infants, a finding suggesting that the auto-
graft may be able to better adapt to systemic pressures
when it is transplanted at a young age.>*" In our cohort,
however, univariable analysis revealed that age younger
than 1 year at the time of operation was a risk factor for
LVOT reoperation, although multivariable analysis was
not possible because of the low number of autograft
reoperations. Additionally, at our institution, we found
that patients who underwent surgery when they were
older than 1 year of age had a lower rate of development
of Al and superior freedom from autograft reoperation.

Dilatation of the neoaortic root commonly occurs at the
aortic sinus and ST junction.** We aimed to ameliorate
this issue through placement of a PDS band around the
ST junction. Previously, we found a reduction in the
incidence of Al in those patients with a PDS band
applied.” In the current study, freedom from moderate or
greater Al in patients with a PDS band applied was 100%
at 10 years, compared with 83.3% in patients with no PDS
band (P = .09). These results are promising and may
translate to fewer autograft reoperations in PDS band
recipients in the future.

Right Ventricular Outflow Tract Reoperation

Children undergoing the Ross operation at a young age
will invariably outgrow their RV-PA conduits inserted at
time of surgery and will require reoperation. In our study,
32 patients required RVOT reoperation, and freedom
from RVOT reoperation at 10 years was at 74.0%.
Considerable heterogeneity exists in the literature
regarding RVOT reoperation rates. Luciani and col-
leagues'® reported on 305 patients from 1990 to 2012 with
an estimated a 15-year freedom from RVOT reinterven-
tion of 82%. Nelson and colleagues’ reported on 240 pa-
tients between 1991 and 2013 with a 15-year freedom from
homograft reintervention of 53%. Etnel and colleagues®
calculated a freedom from RVOT reintervention of 67.4%
at 15 years. Risk factors for RVOT reoperation consis-
tently reported in the literature include younger age,
lower body weight, and small RVOT conduit size at time
of operation.”>'**" On univariable analysis, we were able
to identify age younger than 1 year as a risk factor for
homograft reoperation, and on multivariable analysis,
smaller homograft size and postoperative infective
endocarditis were found to be risk factors for RVOT
reoperation. The burden of RVOT reoperation represents
a drawback of the Ross operation.

Study Limitafions
This study is retrospective and is limited by its design.
Over the study period, surgical and perioperative tech-
niques may have varied among patients. The selection of
patients who underwent PDS banding was not prospec-
tively randomized.

Conclusion

In children older than 1 year of age, the Ross operation
has excellent outcomes with no operative mortality, a low
incidence of Al, and a low autograft reoperation rate. In

Ann Thorac Surg
2020;109:1251-9

children younger than 1 year of age, the Ross operation is
associated with a higher operative mortality and a higher
incidence Al. Where possible, the Ross operation should
be delayed beyond infancy. PDS banding may reduce the
incidence of Al after the Ross operation.

References

1. Hoffman JI, Kaplan S. The incidence of congenital heart
disease. | Am Coll Cardiol. 2002;39:1890~1900.

2. Ross DN. Replacement of aortic and mitral valves with a
pulmonary autograft. Lancet. 1967,2:956~958.

3. Tan Tanny SP, Yong MS, d Udekem Y, et al. Ross procedure
in children: 17~year experience at a single institution. J Am
Heart Assoc. 2013,;2:e000153.

4. Etnel JRG, Grashuis P, Huygens SA, et al. The Ross pro~
cedure: a systematic review, meta~analysis, and micro~
simulation. Cire Cardiovase Qual Outcomes. 2018;11:e004748.

5. Nelson JS, Pasquali SK, Pratt CN, et al. Long-term survival
and reintervention after the Ross procedure across the pe~
diatric age spectrum. Ann Thorac Surg. 2015;99:2086-2094,

6. Skillington PD, Mokhles MM, Takkenberg JJ, et al. The Ross
procedure using autologous support of the pulmonary
autograft: techniques and late vesults. [ Thorac Cardiovasc
Surg. 2015;14Ksuppl):546-552.

7. Sames-Dolzer E, Wickenhauser E, Kreuzer M, et al. The
Ross-Konno procedure in neonates and infants less than 3
months of age. Eur J Cardiothorac Surg. 2018;54:71-77.

8. Matsuzaki Y, Hiramatsu T, Agematsu K, et al. Long-term
outcomes of Ross and Ross-Konno operations in patients
under 15 years of age. Gen Thorac Cardiovasc Surg. 2019;67:
420~426.

9. Logers A, Rosser B, Seifert B, et al. Do surgical modifica~
tions at the annular level during the Ross procedure nega-
tively influence the structural and functional durability of
the autograft? Interact Cardiovasc Thorac Surg. 2018;27:642~
649.

10. Tran PK, Tsang VT, Cornejo PR, et al. Midterm results of the
Ross procedure in children: an appraisal of the subannular
implantation with interrupted sutures technique. Eur J Car-
diothorac Surg. 2017;52:798-804.

11. Brown JW, Patel PM, Ivy Lin JH, Habib AS, Rodefeld MD,
Turrentine MW, Ross versus non-Ross aortic valve replace~
ment in children: a 22~year single institution comparison of
outcomes., Ann Thorac Surg. 2016;101:1804~1810.

12. Kallio M, Pihkala J, Sairanen H, Mattila I. Long-term results
of the Ross procedure in a population-based follow-up. Eur J
Cardiothorac Surg. 2015;47:e164-e170.

13. Mookhoek A, Charitos EI, Hazekamp MG, et al. Ross pro~
cedure in neonates and infants: a European multicenter
experience. Ann Thorac Surg. 2015;100:2278-2284.

14. Brancaccio G, Polito A, Hoxha S, et al. The Ross procedure in
patients aged less than 18 years: the midterm results. | Thorac
Cardiovasc Surg. 2014;147:383-388.

15. Ruzmetov M, Welke KF, Geiss DM, Buckley K, Fortuna RS.
Failed autograft after the Ross procedure in children: man-~
agement and outcome. Ann Thorac Surg. 2014;98:112-118.

16. Lucani GB, Lucchese G, Carotti A, et al. Two decades of
experience with the Ross operation in neonates, infants and
children from the Italian Paediatric Ross Registry. Heart.
2014;100:1954-1959,

17. Elder RW, Quaegebeur JM, Bacha EA, Chen JM, Bourlon F,
Williams IA. Outcomes of the infant Ross procedure for
congenital aortic stenosis followed into adolescence. J Thorac
Cardicvasc Surg. 2013;145:1504~1511.

18. Charitos EI, Takkenberg J], Hanke T, et al. Reoperations on
the pulmonary autograft and pulmonary homograft after the
Ross procedure: an update on the German Dutch Ross
Registry. ] Thorac Cardiovasc Surg. 2012;144:813~821.

19. Alsoufi B, Manlhiot C, Fadel B, et al. The Ross procedure in
children: preoperative haemodynamic manifestation has

235



Additional manuscripts co-authored during candidature

Ann Thorac Surg
2020;,109:1251-9

20.

21.

22,

significant effect on late autograft re-operation. Eur | Car-
diothorac Surg. 2010;38:547-555,

Horer J, Stierle U, Bogers AJ, et al. Re-interventions on the
autograft and the homograft after the Ross operation in
children. Eur | Cardiothorac Surg, 2010;37:1008-1014.

Etnel JR, Elmont LC, Ertekin E, et al. Outcome after aortic
valve replacement in children: a systematic review and meta-
analysis. | Thorac Candiovase Surg. 2016;151:143-152.
Skillington PD, Mokhles MM, Wilson W, et al. Inclusion
cylinder method for aortic valve replacement utilising the
Ross operation in adults with predominant aortic stenosis -

23.

24,

25,

DONALD ET AL 1259

ROSS OPERATION IN CHILDREN

99% freedom from re-operation on the aortic valve at 15
years. Glob Cardiol Sci Pract. 2013;4:383-394,

Shinkawa T, Bove EL, Hirsch JC, Devaney EJ, Ohye RG. In~
termediate-term results of the Ross procedure in neonates
and infants, Ann Thorac Surg. 2010;89:1827-1832.

Bansal N, Kumar SR, Baker ], Lemus R, Wells W],
Starnes VA. Age-related outcomes of the Ross procedure
over 20 years, Amin Thorac Surg. 2015;99:2077-2083.

David T, Omran A, Ivanov J, et al. Dilatation of the pulmo-
nary autograft after the ross procedure. J Thorac Cardiovase
Surg. 2000;119:210-220.

236



Additional manuscripts co-authored during candidature

C3

Konstantinov IE, et al. ] Thorac Cardiovasc Surg. 2019;157:710-1

CONGENITAL: TRUNCUS ARTERIOSUS: SURGICAL TECHNIQUE
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Repair of a severely regurgitant truncal valve in a newborn
infant is challenging. Herein we describe a surgical
approach to repair a quadricuspid troncal valve in a neonate
with concomitant ostial stenosis and intramural course of
the left coronary artery (LCA). We performed a tricuspid-
ization of the truncal valve with resection of the
rudimentary cusp, reduction of the annulus and unroofing
of the LCA, followed by ventricular septal defect patch
closure and reconstruction of the right ventricular outflow
tract.

CLINICAL SUMMARY

A newbom girl weighing 2.8 kg with type I truncus
arteriosus and severe truncal valve insufficiency was referred
to our institution with heart failure. The repair was undertaken
at age 4 days through a standard midline sternotomy with
hypothermic cardiopulmonary bypass (30°C) and intermittent
antegrade cold blood cardioplegia (Video 1). The truncal
artery was transected and the branch pulmonary arteries
were separated from the aorta. The LCA had a high take-off
with stenotic ostium located immediately above the posterior
commissure of the quadricuspid truncal valve and an intramu-
ral course (Figure 1, A). All 4 cusps of the truncal valve ap-
peared thickened. The cusp adjacent to the LCA was
rudimentary and prolapsing. The intramural segment of the
LCA was unroofed. The corresponding sinus  was
longitudinally opened and the prolapsing cusp was partially

Small -
leaflst

Intramural
section of LCA

Neanatal quadricuspid truncal valve and ostial steno-
sis of intramural left coronary artery.

Central Message

Truncal valve tricuspidization with left coro-
nary artery unroofing resulted in excellent
repair in a newhom infant with truncus arterio-
sus and severe truncal valve insufficiency.

See Editorial Commentary page 712.

resected together with the wall of its sinus. The cusp to the
left of the resected cusp was mobilized by commissural
detachment (Figure 1, B). The truncal root was reduced
from the annulus to the sinotubular junction with a continuous
8-0 polypropylene suture (Figure 1, C), effectively decreasing
the diameter of the neoaortic root. The same 8-0 poly-
propylene suture was continued to the cusp tissues to
reconstruct a mew left coronmary cusp by suturing the
remaining portion of the rudimentary cusp to the mobilized

VIDEO 1. Intraoperative technique for the repair of common arterial trunk
with severely regurgitant quadricuspid truncal valve and intramural left
cofonary artery in a neonate. Video available at: hitps:/fwww.jtcvs.org/
article/S0022-5223(18)32550-9/fulltext.
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FIGURE 1. A, Quadricuspid anatomy of the truncal valve, position of the rudimentary cusp and the coronary arteries (A). B, Technique of repair with
excision of the rudimentary cusp and sinus, unroofing, and detachment of the left coronary artery (LCA). C and C1, reconstruction of the root and the valve

with plication of the annulus. RCA, Right coronary artery.

posterior cusp (Figure 1, CI} to achieve a normal
trileaflet neoaortic valve anatomy. A right ventriculotomy
was performed. The neoaorta was reconstructed primarily
with end-to-end anastomosis. The ventricular septal
defect was closed through the right ventriculotomy
with glutaraldehyde-treated autologous pericardium using 6-
0 pledgeted continuous polypropylene suture. A 10-mm poly-
tetraflucroethylene graft was placed from the right ventricle to
the confluent pulmonary arteries. Following de-airing, the
aortic crossclamp was removed. Normal sinus rhythm was
restored. The patient was separated from cardiopulmonary
bypass. Epicardial echocardiography showed a tricuspid trun-
cal valve with trivial regurgitation. Cardiopulmonary bypass
time was 206 minutes. Aortic crossclamp time was 154 mi-
nutes. The chest was closed on the following day. The patient
was extubated on postoperative day 2 and discharged from the
hospital on postoperative day 11. At 6 months of age, the pa-
tient was asymptomatic, had normal feeding and weight gain,
and only trivial truncal valve insufficiency.

DISCUSSION

We have previously demonstrated that anomalous
coronary anatomy was arisk factor for death after truncus ar-
teriosus repair.’ Although the intramural course of the LCA
is rare, the influence of this anatomy on surgical planning is
important and, if not appreciated, may contribute to signifi-
cant morbidity and mortality.' ® The preoperative diagnosis
of an intramural course of the LCA is difficult.” It is rarely

associated with quadricuspid aortic valve, the latter is often
insufficient. We have also recently demonstrated that most
patients with moderate or greater truncal valve insufficiency
and a quadricuspid valve will require truncal valve surgery.”
Although successful repair of truncal valve can be achieved
in neonates,™ concomitant intramural course of the LCA
and quadricuspid valvular anatomy, requiring unroofing of
the coronary artery with partial valvular resection and
reduction of the annulus, is challenging. This report
illustrates that successful repair of the truncal valve can be
achieved in a neonate despite quadricuspid anatomy and
concomitant intramural course of the LCA. Unroofing of
the intramural coronary artery combined with the partial
resection of the prolapsing cusp with adjacent vascular
wall permitted effective reduction of the neoaortic root and
provided an excellent early result in our patient.
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Background Studies of long-term outcomes of discrete subaortic stenosis are rare. Therefore, we reviewed the long-term

outcomes of fibromuscular resection in children with subaortic stenosis over 26 years from a single institution.

Methods We conducted a retrospective review of all children (n=72) who underwent resection of subaortic obstruction
for discrete subaortic stenosis between 198% and 2015.

Results Median age at surgery was 5.0 years (2.7-7.6 years). There were no operative deaths but three late deaths
(4.2%, 3/72). Overall Kaplan-Meier survival at 10 years was 93.0 £ 3.9% (95% CL 79.6, 97.7).
Peak instantaneous left ventricular outflow tract Doppler gradient decreased from 74.2 + 36.7 mmHg
(16.0-242.0 mmHg) preoperatively to 12.8 + 7.4 mmHg (2.6-36.0 mmHg) postoperatively {p<0.001). Mean
left ventricular outflow tract Doppler gradient decreased from 42.4 £+ 17.2 mmHg (12.0-98.0) preopera-
tively to 7.5 £ 2.7 mmHg (1.4-19.3 mmHg) postoperatively {p<0.001). However, over the mean follow-up
period of 7.8 £ 6.1 years (0.1-25.2 years), 29.0% (20/69) of patients had recurrence and 18.8% (13/69)
required reoperation at median time of 4.8 years (3.1-9.1 years) after the initial repair. Freedom from
reoperation at 10 years was 71.1 & 7.1% (95% CI: 54.6, 82.3). Risk factors for reoperation were age less than
five years at initial repair (p=0.036) and extension of the membrane to the aortic valve {(p=0.001). Aortic
insufficiency was present in 54.2% (3%/72) of patients preoperatively. Progression of aortic insufficiency
occurred in 38.9% (28/72). Involvement of the aortic valve at initial repair was associated with need for

y. Recurrence and reopera-
tion rates are high and progression of aortic insufficiency following subaortic resection is common. Therefore,
these patients warrant close follow-up into adult life.

Keywords Subaortic stenosis ¢ Congenital heart disease ¢ Surgery

Abbreviations: Al, aortic insufficiency; ASD, atrial septal defect; AV, atrioventricular; CI, confidence interval; CoA, coarctation of aorta; HOCM, hypertrophic
obstructive cardiomyopathy;, LVOT, left ventricular cutflow tract obstruction; OR, odds ratio; PDA, patent ductus arteriosus; RCH, Royal Children’s Hospital;
RVOT, right ventricular outtlow tract obstruction; SAS, subaortic stenosis; VSD, ventricular septal defect
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Introduction

Discrete subaortic stenosis (SAS) is an often progressive
disease due to membranous or fibromuscular obstruction
in the left ventricular outflow tract (LVOT). Subaortic steno-
sis accounts for 8-30% of LVOT obstruction in children [1-4].
If untreated, severe SAS has a high morbidity and mortality
[5,6]. Subacrtic stenosis may also cause aortic insufficiency
(Al) through turbulent blood flow resulting in scarring and
prolapse of the valve, or alternatively, direct extension of
subaortic tissue onto the valve. Although surgical repair of
SAS has excellent short-term outcomes, it is associated with
an up to 8% chance of an iatrogenic ventricular septal defect
(VSD) [7,8], up to 14% chance of complete atrioventricular
(AV) block [8,9], and a recurrence rate of 5-27% [1-3,9,10].

Subaortic stenosis is commonly found in conjunction with
other cardiac abnormalities, such as ventricular septal defects
(VSDs) and aortic arch abnormalities. The majority of studies
on surgical outcomes of SAS are mixed series, including
patients with complex cardiac abnormalities. Studies of dis-
crete SAS are rare. We therefore sought to review the long-
term outcomes of surgical resection of discrete SAS over the
last 26 years in a cohort with similar LVOT morphology and
an intact ventricular septum.

Materials and Methods

Patients

The institutional Human Research Ethics Committee at the
Royal Children’s Hospital (RCH) approved this retrospective
study. Between 1989 and 2015, 72 patients underwent

Subaortic
ring excised

released

Commissures

tissue excised

fibromuscular resection of discrete SAS at the RCH. Indica-
tions for surgery were peak instantaneous LVOT Deppler
gradient >30 mmHg and /or progressive AL Medical records
were retrospectively reviewed until last cardiology follow-
up. This included inpatient notes, surgical reports and out-
patient letters.

Definitions

Discrete SAS was defined as isolated SAS with otherwise
normal cardiac anatomy. Patients with major concomitant
intracardiac anomalies were excluded from analysis. We
included only minor associated anomalies that would not
alter the primary diagnosis of ‘discrete SAS’. Patients with
concomitant valvular abnormalities, patent ductus arteriosus
(PDA), cortriatriatum, or coarctation of aorta (CoA) were
included in our study. Patients with narrow LVOT obstruc-
tion, who required Konno-type LVOT enlargement were
excluded, as were patients who required aortic valve replace-
ment during initial repair. Early mortality was defined as
death occurring within 30 days of surgery or prior to hospital
discharge. All other deaths were considered late. Recurrence
of SAS was defined as peak instantaneous LVOT Doppler
gradient 40 mmHg at any time after the first postoperative
month [9]. Involvement of the valves included both removal
of the SAS membrane from the valve and other valve repair.
Progression of Al was defined as worsening of preoperative
Al new Al developing postoperatively, or aortic valve repair
or replacement occurring postoperatively.

Operative Technique
The LVOT was accessed via an aortotomy, allowing for resec-
tion of the fibromuscular subaortic membrane (Figure 1A).

Fibrous

Figure 1 Resection of discrete subaortic stenosis (n=72) (A) and aortic valve repair (n=16); commissurotomy (B) and

resectien of nodular dysplasia (C).
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Where necessary, the membrane was removed from aortic
and/or mitral valves and accessory papillary muscle attach-
ments were resected. Septal myectomy was performed if
required. Subaortic stenosis has a spectrum of severity, with
or without septal myocardial hypertrophy. If removing of
discrete subaortic membrane was sufficient and there was
no septal hypertrophy obstructing the LVOT, no septal myec-
tomy was performed.

Data Analysis

Data was analysed using Stata version 13 (StataCorp LP,
College Station, TX). Descriptive statistics for continuous
data are expressed as means + standard deviations (range),
whilst skewed continuous data are expressed as medians
(interquartile range). Categorical data are summarised as
frequencies and percentages. Univariable and multivariable
logistic regression and Cox-proportional hazard modelling
were used to determine risk factors for mortality, recurrence
and reoperation. Fisher exact test was used to compare
groups. Kaplan-Meier actuarial survival curves were used
to analyse and plot time-related endpoints. Statistical signifi-
cance was set at p < 0.05.

Results

Patient Characteristics

Of the 72 patients, 37 were male (51.4%, 37/72). Median age
at surgery was 5.0 years (2.7-7.6 years) and median weight at
surgery was 18.9 kg (13.1-27.6 kg). Three patients had their
initial SAS resection performed at other centres and under-
went their second procedure (two patients) or third proce-
dure (one patient) at the RCH. These patients were excluded
from calculation of recurrence and reoperation rates. Con-
comitant cardiovascular anomalies are described in Table 1.
Eleven patients underwent cardiac surgery prior to develop-
ing SAS. These were CoA repair (n=8), aortic valve repair
(n=1), cortriatriatum repair (n=1) and PDA ligation (n=1). 5ix
patients underwent cardiac catheter interventions prior to
developing SAS. These were balloon aortic valvotomy (n=2),
PDA device closure (n=2), balloon dilatation of the pulmo-
nary valve (n=1) and CoA balloon angioplasty (n=1).

All patients underwent resection of subaortic membrane
(Figure 1A). Mean cardiopulmonary bypass duration was
77 £ 43 minutes (24-220 minutes). Mean aortic cross clamp
duration was 53 & 32 minutes (16-154 minutes). Repair of
concomitant cardiovascular anomalies were undertaken in
4% (32/72) of patients. The SAS membrane was adherent to
the aortic valve in 20 patients (27.8%, 20/72). There were a
further 13 patients who underwent aortic valve repair
(Figure 1B and C) but did not have the membrane adherent
to the valve. The SAS membrane was adherent to the mitral
valve in 18 patients (25%, 18/72). A further eight patients
underwent mitral valve repair but did not have the mem-
brane adherent to the valve. Other concomitant procedures
were PDA ligation (n=6), atrial septal defect (ASD) closure
(n=3}, CoA repair (n=3), pulmonary valve repair (n=3), and

Table T Concomitant cardiovascular anomalies

Proportion {%)

CoA 181 (13/72)
Aortic valve

15.3 (11/72)

Bicuspid aortic valve

Aortic stenosis 11.1 (8/72)
PDA 125 (9/72)
Pulmonary valve stenosis 42 (3/72)
Mitral valve

Mitral regurgitation 6.9 (5/72)

Mitral valve stenosis 56 {(4/72)

Cleft mitral valve 28(2/72)

Parachute mitral valve 28 (2/72)
ASD 4.2 (3/72)
HOCM 14 (1/72)
Cortriatriatum 14 (1/72)
Syndromes

Shone’s 42 {3/72)

Down's 14 {1/72)

ASD, atrial septal defect; CoA, coarctation of the aorta; HOCM, hyper-
trophic obstructive cardiomyopathy; PI3A, patent ductus arteriosus.

right ventricular outflow tract (RVOT) resection (n=2). Over-
all, 27 patients (37.5%, 27/72) underwent resection of SAS
with no involvement of either the aortic or mitral valves
(Figure 2A), 19 patients (26.4%, 19/72) had involvement of
the aortic valve only at time of initial repair (Figure 2B), 12
patients (16.7%, 12/72) had involvement of the mitral valve
only, and 14 patients (19.4%, 14/72) had involvement of both
valves (Figure 2C).

Mean follow-up was 7.8 & 6.1 years (median 6.5 years;
range 0.1-25.2 years). Follow-up was 99% (71/72) complete.
One patient was lost to follow-up. Sixty-eight patients (93%,
68/73) were followed up within the last five years.

Mortality

There was no operative mortality. Late mortality was 4.2%
(3/72). The three late deaths all occurred in children that
were less than one year of age at time of operation. [n 2006, a
nine-month-old girl weighing 7.7 kg underwent SAS resec-
tion, pulmonary wvalve repair and RVOT resection due to
hypertrophic obstructive cardiomyopathy (HOCM). The
patient died four years postoperatively after developing a
severe viral pneumonia on the background of severe diastolic
biventricular failure, for which the patient was awaiting
heart transplantation. In 2007, a four-day-old girl weighing
1.8 kg underwent SAS resection. She later developed mitral
valve stenosis, requiring one mitral valve repair and two
mitral valve replacements. The patient died 5.3 years after
the initial SAS resection from end-stage cardiomyopathy. In
2006, a seven-month-old boy weighing 7.0 kg underwent
SAS resection with concomitant CoA, aortic and mitral valve
repair. The patient died 5.6 years after SAS resection 146 due
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Figure 2 Schematic illustration of discrete subaortic stenosis (A), with involvement of the aortic valve (B), and mitral

valve (C).
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Figure 3 Kaplan-Meier survival curve after resection of
subaortic stenosis.

to severe lobar pneumonia and sepsis. There were no identi-
fiable risk factors for late mortality. Kaplan-Meier overall
survival was 93.0 =3.9% (95% confidence interval (CI):
79.6,97.7) at 10 and 15 years (Figure 3).

Surgical Outcomes

The mean LVOT Doppler gradient decreased from
424 1L 17.2mmHg  (12.0-98.0 mmHg) preoperatively to
75+ 27mmHg (1.4-19.3 mmHg) postoperatively (p<0.001).
The peak instantaneous LVOT Doppler gradient decreased
from 74.2 L 36.7 mmHg (16.0-242.0 mmHg) preoperatively
to 128 £74mmHg (2.6-36.0) postoperatively (p<0.001)
(Table 2). At latest follow-up, the peak gradient was
184 + 19.0 (1.4-96.0) mmHg.

Recurrence of SAS oceurred in 20 patients who underwent
primary SAS operation at RCH (29.0%, 20/69). Risk factors for
SAS recurrence on multivariable analysis were postoperative
peak instantaneous LVOT Doppler gradient >15 mmHg
(odds ratio (OR) 9.40, 95% CI: 2.48, 35.70; p=0.001) and exten-
ston of the SAS membrane onto the aortic valve (OR 5.48, 95%
Cl: 1.45, 20.70; p=0.012). Thirteen patients {18.8%, 13/69)
required reoperation for SAS recurrence at a median time
of 48 years (3.1-9.1 years) after the initial repair. Three
patients (4.3%, 3/69) required a second SAS reoperation. Risk
factors for SAS reoperation on multivariable analysis were age
at initial surgery less than five years (OR 6.87, 95% CI: 1.14,
41.41; p=0.036) and extension of the SAS membrane onto the
aortic valve (OR 20.94, 95% CI: 3.7, 118.43; p=0.001). Freedom

Table 2 LVOT gradient and degree of aortic insufficiency before and after surgery

Variable Preoperative
Peak inslantaneous L.VOT gradient (mmlHg) 74.2 + 36.7
Aortic insufficiency

None/ trivial 33

Mild 32

Moderate 6

Severe 1

Postoperative Last follow-up

12.8 + 7.4 (p<0.001") 18.4 4 19.0 (p<0.001%)

44 31

28 27
0 13
0 1

LVOT, left ventricular outflow tract. preoperative versus early (in hospital) postoperative *preoperative versus last follow-up
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Figure 4 Kaplan-Meier freedom from reoperation curve
after resection of subaortic stenosis. Note that reopera-
tion rates were based on the 69 patients who underwent
primary surgical resection of SAS at the Royal Children’s
Hospital, Melbourne.

from all reoperation was 71.1 =71% (95% CL 54.6, 82.3)
at 10 years and 42.5 £ 11.0% (95% CL: 21.1, 62.4) at 15 years
(Figure 4). Other reoperations were aortic valve replacement
(n=7), aortic valve repair (n=6), mitral valve repair (n=3),
mitral valve replacement (n=2), CoA repair (n=1), and RVOT
resection (n=1).

One patient (1.4%, 1/72) had an iatrogenic VSD following
SAS repair that required surgical closure five days later.
Additionally, two patients (2.8%, 2/72) had complete AV
block following SAS reoperation; both required insertion
of a permanent pacemaker.

Aortic Insufficiency

Thirty-nine patients (54.2%, 39/72) had Al preoperatively
with mild Al in 32 patients, moderate Al in six patients,
and severe Al in one patient. Postoperatively, 28 patients
(38.9%, 28 /72) had mild Al. There was no moderate or severe
AL At latest follow-up 41 patients (56.9%, 41/72) had Al
mild Alin 27 patients, moderate Alin 13 patients and severe

Table 3 Studies of discrete SAS

Al in one patient. Progression of Al occurred in 38.9%
(28/72). This included five patients who had worsening of
their preoperative AI(12.8%, 5/39), 16 patients who had new
AT develop postoperatively (48.5%, 16/33) and scven
patients who required aortic valve replacement (of whom
four had preoperative Al). There were three mechanical
aortic valve replacements, three Ross procedures, and one
Bentall-Konno procedure. Six patients with progression of Al
required aortic valve repair on reoperation. Risk factors for
Al progression on multivariable analysis were age less than
five years at operation (OR 3.41, 95% CI: 1.14, 10.25, p=0.028)
and any reoperation {OR 5.94, 95% CI: 1.82, 19.35, p=0.003).
Patients with aortic valve involvement at primary repair
{membrane extension to the aortic valve or other aortic valve
repair) mere commenly required subsequent aortic valve
repair or replacement compared to those who did not have
aortic valve involvement at primary repair (p<0.001). Five of
the aortic valve repairs (83%, 5/6) and six of the aortic valve
replacements (86%, 6/7) occurred in children with initial
aortic valve involvement.

Discussion

Surgical resection of SAS was first attempted in 1956 by Brock
and Fleming [11]. Most studies of SAS surgical outcomes are
mixed series, including concomitant repairs such as VSD
closures and aortic valve replacements [2,9,12-14]. We chose
to exclude these patients for two reasons. Firstly, V5Ds have
been shown to be associated with altered LVOT morphology,
namely, a deviated ventricular septum, resulting in abnormal
flow through the LVOT [15]. This could trigger development
of SAS and increase the likelihood of SAS recurrence [16].
Secondly, complex concomitant repairs such as aortic valve
replacement and Ross procedures will affect mortality and
reoperation rates. By excluding these patients, we focussed
on a patient cohort with similar LVOT morphelogy under-
going a relatively similar surgical procedure. There are only a
few studies of discrete SAS in patients with an intact ventric-
ular septum (Table 3).

Recurrence Reoperation  Progression ~ Mean
(%) (%) of AT (%) follow-up
(median,

range, years)

Study Study Surgical Early Late
Period patients mortality  mortality
(n) (%) (%)
Lampros et al. [17]  1982-1996 36 0(0/36) 0(0/36)
Serraf et al. [3] 1980-1997 160 3.1 (B/160) 2.6 (4/155)
Rohlicek et al. [7] 1985-1998 42 0(0/42) 2.4 (1/42)
Talwar et al. [18] 1990-1998 45 0(0/45) 0 (0/45)
Babaoglu et al. [4]  1990-2004 24 00/290) 0(0/29)
Drolet et al. [1] 1985-2005 49 0(0/49) 0 (0/49)

36.1 (13/36)  27.7 (10/36) NR 7.4 (NR, 0.3-21)

27.0 (42/155) 129 (20/155) 14.4 (23/160) NR (13.3, NR}
NR 19.0 (8/42) 357 (15/42) 3.7 (NR, NR)
8.9 (4/45) 0(0/45) 6.7 (3/45) 5.6 (NR, 1.5-9.4)
16.7 (4/24) 83 (2/24) 333 (8/24) 4.5 (5, 0.2-14)
NR 204 (10/49)  39.2(29/49) 6.2 (NR,NR)

NR, not reported. Al aortic insufficiency.
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Mortality

Surgical resection of SAS has generally excellent short-term
outcomes, with low mortality. There was no operative mor-
tality in our cohort, consistent with other studies of discrete
SAS reporting an operative mortality rate close to 0%
[1,4,7,17,18]. Rohlicek and colleagues studied 42 patients
who underwent SAS resection between 1985 and 1998 with
no operative mortality and 2.4% (1/42) late mortality [7].
Serraf and colleagues, however, in their study of 160 patients
between 1980 and 1997, reported operative mortality of 3%
(5/160) [3]. They found that tunnel SAS, concomitant mitral
stenosis, CoA and hypoplastic aortic annulus were risk fac-
tors for overall mortality. In a mixed series that included VSD
closures, aortic and mitral valve replacements, Ruzmetov
and colleagues described their outcomes of SAS repair in
190 children between 1960 and 2005 [19]. They also reported a
higher operative mortality rate of 4% (7/190) and higher rate
of reoperations in those with tunnel-type SAS (16%, 3/50)
compared to those without tunnel-type SAS 221 (3%, 4/130).
In our cohort, only one patient had tunnel SAS on initial
procedure. Three patients developed tunnel SAS postopera-
tively, all requiring reoperation. There were three late deaths
in our cohort — specifically, one patient with HOCM who
developed biventricular failure, one patient who developed a
severe dilated cardiomyopathy and one patient who devel-
oped a severe pneumonia complicated by sepsis.

Recurrence and Reoperation
Despite successful resection of SAS, recurrence and reopera-
tion rates remain high. In our study, recurrence occurred in
20 patients (29.0%, 20/69), over a mean follow-up period of
7.8 years, with 13 patients (18.8%, 13/69) requiring reopera-
tion. This rate of reoperation is 2.4% per year, which is similar
to other studies. Drolet and colleagues conducted a study of
92 patients diagnosed with SAS between 1985 and 1998 [1].
Forty-nine patients required surgery at a mean of 3.3 years
after diagnosis and 10 patients (20%, 10/49) required reop-
eration during a mean follow-up period of 6.2 years. This is
equivalent to a reoperation rate of 3.3% per year. Two
patients (4.1%, 2/49) required a second reoperation for rectr-
rent SAS and two (4.1%, 2/49) required aortic valve replace-
ments on reoperation. Babaoglu and colleagues conducted a
similar study, reporting a reoperation rate of 8.3% (2/24)
over a follow-up period of 4.8 years, equivalent to 1.7% per
year [4]. A further four patients (16.7%, 4/24) had recurrence,
but did not require reoperation during the study period.
Similarly, in a mixed study, Ruzmetov and associates also
reported a high reoperation rate in their study of 190 patients
[19]. Over the follow-up period of 9.6 years, 26.3% (50/190) of
patients required reoperation for recurrent SAS, equivalent
to 2.7% per year. Reoperation occurred more commonly in
tunnel SAS (70%, 35/50) compared to non-tunnel SAS (11%,
15/140).

A few risk factors for SAS recurrence and reoperation have
been reported in the literature [3,7,9,13]. Of particular signif-
icance is the peak instantaneous LVOT Doppler gradient,

which appears to be an indicator for poor outcomes when
greater than 50 mmIHg, whether at diagnosis, preoperatively
or postoperatively. Rohlicek and colleagues found reopera-
tion to be associated with a higher peak instantaneous LVOT
Doppler gradient at diagnosis, with those requiring reopera-
tion having a mean peak gradient of 66 mmHg compared to
those who did not require reoperation, with a mean peak
gradient of 34 mmHg [7]. Mixed studies have reported simi-
lar findings — Geva and colleagues, who reported a reoper-
ation rate of 1.7% per year in their study of 111 children,
found that preoperative peak instantaneous LVOT Doppler
gradient >60 mmHg was an independent predictor of earlier
time to reoperation [9]. Hirata and colleagues, in their mixed
study of 106 children, also found the preoperative peak
instantaneous LVOT Doppler gradient significant in predict-
ing SAS recurrence [13]. Serraf and associates found postop-
erative peak instantaneous LVOT Doppler gradient to be a
predictor of recurrence and reoperation [3]. In our cohort, we
did not find any association between preoperative peak
instantaneous LVOT Doppler gradient and risk of recurrence
or reoperation. We did, however, find that a postoperative
peak instantaneous LVOT Doppler gradient >15 mmHg pre-
dicted SAS recurrence, highlighting the importance of com-
plete removal of all pathological subaortic tissue and the use
of intraoperative echocardiography.

Other reported risk factors for recurrence and reoperation
include concomitant cardiovascular defects such as CoA
[3,13] and younger age at operation [9]. Serraf and colleagues,
and Hirata and colleagues in their studies found CoA to be a
risk factor for recurrence and reoperation, suggesting that
children with CoA be regularly assessed for SAS [3,13]. In our
study, we did not find any association between minor con-
comitant cardiovascular anomalies and SAS recurrence or
reoperation. In our cohort, patients with SAS and concomi-
tant CoA had good outcomes. Of the 13 patients in this group,
there was one late death due to severe pneumonia and sepsis
and only three patients had SAS recurrence at last follow-up.
Two of these patients (15.4%, 2/13} have required reopera-
tion for SAS. We did, however, find younger age to increase
risk of SAS reoperation. Geva and colleagues reported that
younger age at initial surgery predicted earlier reoperations,
and suggested that children diagnosed earlier have more
aggressive underlying pathology [9]. Our study similarly
found age <5 years at SAS repair to be an independent
predictor of SAS reoperation. As LVOT obstruction appears
to gradually increase at a rate of 1 to 3 mmHg per year, it is
logical that disease beginning at an earlier age would lead to
increased risk of reoperation [19,20].

Impact of Fibrous Extension to the
Valves

Extension of the SAS membrane onto the aortic or mitral
valve has also been associated with poor outcomes [9].
We found that extension of the membrane onto the aortic
valve (Figure 2B) was a significant risk factor for SAS recur-
rence and reoperation. Furthermore, patients with aortic
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valve involvement at initial SAS resection, whether extension
of the membrane onto the aortic valve or other aortic valve
repair (Figure 1B and C), required more aortic valve surgery
in the follow-up period, compared to those who did not.
Geva and colleagues similarly found that the need for intra-
operative peeling of the SAS membrane from the aortic or
mitral valves (Figure 2C) to be associated with a shorter time
to reoperation [9]. Hirata and associates stressed the impor-
tance of complete removal of all abnormal tissue from the
LVOT, as residual tissue on the anterior mitral valve leaflet
causes it to stay drawn towards the LVOT and septum [13].
Patients with SAS, in whom fibrous fissue extend onto aortic
or mitral valves have more severe disease, and therefore
warrant closer follow-up, well into adulthood.

Aortic Insufficiency
Aortic insufficiency is a known complication of SAS, thought
to be due to turbulent blood flow causing damage, scarring
and prolapse of the aortic valve, or alternatively, direct
extension of the subaortic tissue onto the aortic valve [2,4].
Our study showed that although Al was improved immedi-
ately postoperatively, at long-term follow-up the severity of
Al was variable, with improved or unchanged AI in 30
patients, worsened AI in five patients and aortic valve
replacement required in seven patients. Of the patients with
no preoperative Al 48.5% (16/33) went on to develop some
degree of AL This is consistent with previous studies [2,4,7].
Babaoglu and colleagues found that 91% of patients had Al
preoperatively, and 4.1 years later, all patients had some
degree of AI [4]. Although they believed Al to be related
to the severity of SAS, they concluded that progression of Al
may continue even after removal of the obstruction. Simi-
larly, Rohlicek and associates found Al to progress in both
patients who underwent surgery during the study period
(from 34% at diagnosis to 76% at latest follow-up) and
patients who did not (from 14% at diagnosis to 40% at latest
follow-up) [7]. They concluded that surgery had little bene-
ficial effect on severity of postoperative Al or the develop-
ment of new Al postoperatively. This is in contrast to other
studies recommending early ‘prophylactic’ SAS resection to
prevent the development of moderate-severe Al [21,22]. Our
results suggestthat Al may progress despite resection of SAS.
Many studies have reported higher preoperative LVOT
gradient to be a risk factor for development and progression
of AI [12,23]. Babaoglu and colleagues found that patients
with progressive Al postoperatively had a significantly
higher preoperative LVOT gradient than patients with
non-progressive Al [4]. Our study did not find this. Risk
factors for progression of Al were age <5 years at operation
and the need for reoperation, which suggests a more aggres-
sive underlying pathology. We also found that children who
had aortic valve involvement at the time of initial repair were
more likely to require further aortic valve intervention. Of the
six aortic valve repairs that oceurred in our cohort, five of
them (83%, 5/6) occurred in the 33 patients who had
some degree of aortic valve involvement at initial SAS resec-
tion. Likewise, six out of the seven aortic valve replacements

(86%, 6/7) that occurred in the follow-up period were in
children with initial aortic valve involvement. These children
require close monitoring of their aortic valve function.

Other Surgical Complications

Previous studies of outcomes of SAS resection have found a
high number of patients developing complete AV block and
iatrogenic V5Ds [1,8]. In a mixed series of 37 patients con-
ducted by Parry and colleagues, all patients underwent an
aggressive circumferential resection of fibromuscular SAS
[8]. Although they showed no recurrence of SAS at two years
postoperatively, some patients had complete AV block (14%,
5/37) and iatrogenic VSD (8%, 3/37). Drolet and colleagues
found the rate of AV block to be similarly high, at 6% (3/49),
with all requiring a permanent pacemaker [1]. In contrast,
there were no patients in our study who had complete AV
block following their primary SAS procedure. However, two
patients (2.8%, 2/72) developed complete AV block follow-
ing reoperation for recurrence of SAS. These patients subse-
quently went on to have a permanent pacemaker inserted.
Other mixed series have shown a rate of complete AV block
of 3-5% [2,3,9]. In our study, iatrogenic VSD occurred in only
one patient (1.4%,1/72), who required surgical repair shortly
after. This rate is also consistent with other studies [7,9].

Limitations

This study is subject to the usual limitations of a retrospective
study. Statistical analyses were limited due to the relatively
small number of patients and outcomes. Perioperative tech-
niques have varied during the study period.

Conclusion

Resection of SAS provides safe and effective relief of LVOT
obstruction in children, with low mortality. Nevertheless,
recurrence and reoperation rates remain high, and these
patients warrant close long-term follow-up.
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Intramural ventricular septal defects occur when
blood flows undemeath the trabeculations.

Crown Copyright €@ 2016 Published by Elsevier Inc. on behalf of The American Association for Thoracic Surgery

hitp://cx.doi.org/10.1016/.jtcvs.2016.04.064

Patel et al' present an interesting article on intraoperative
transesophageal echocardiography (TEE) to identify intra-
mural ventricular septal defect (VSD) following the repair
of conotruncal anomalies. The article raises a very impor-
tant issue regarding the sensitivity of a well-established
imaging techmique to detect a rare, yet potentially life-
threatening, complication.

Intramural VSD is defined as a tunnel-like communica-
tion that may occur when the VSD patch is not sutured to
the edge of the VSD proper, but rather to right ventricular
(RV) trabeculations, so that blood can flow from the left
ventricle around the trabecunlations into the RV cavity
(Figure 1). Intramural VSD often has multiple exit points
through intertrabecular spaces into the RV free wall. Intra-
mural VSD was originally described in children with cono-
truncal anomalies undergoing subaortic VSD closure.” It
should be emphasized that similar VSDs may occur
following closure of any VSD, provided that it is, at least,
partially surrounded by trabeculations so that a residual
VSD occurs underneath trabeculations with an exit point
into the free wall of the RV. VSDs with additional exit
points through the free wall of the RV are notoricusly diffi-
cult to close and can be associated with increased morbidity
and mortality.” Furthermore, although residual intramural
VSD may not appear hemodynamically significant immedi-
ately after surgery, the interventricular shunting may in-
crease with regression of RV hypertrophy.>*

Given the clinical importance of intramural VSDs, it is
essential that surgeons have a high index of suspicion in
all cases of contruncal defects where VSD margins are in
proximity to trabeculae. The best way to resolve the prob-
lem would be to preventit. Thus, preoperative echocardiog-
raphy in those children with conotruncal anomalies would
alert a surgeon of higher risk of postoperative intramural
VSD. Once intramural VSD occurs, it would be extremely
helpful to visualize its location intraoperatively. This can
be achieved by thorough intraoperative TEE assessmient.
However, intraoperative TEE is not without flaws. Thus,

Central Message
Precise echocardiographic evaluation is essen-
tial for successful closure of intramural ventric-
ular septal defect.

See Article page 688.

Patel et al' excluded 22.7% of patients (105 out of 462)
because they did not have adequate imaging. Most impor-
tantly, the excluded children were younger and had lower
weight. These children also had higher early mortality. It
is these patients who would benefit most from intraopera-
tive identification of intramural VSD. Unfortunately, per-
formance of TEE in detecting intramural VSD—and even
peripatch VSD—in older children was not perfect either.
It was described by the authors as modest, with sensitivities
of 56% for intramural VSD, which was not much different
from that of 63% for peripatch VSD."'

Moreover, patients with correct identification of intramu-
ral VSD made by TEE were more likely to be older than age
30 days and have higher body weight at operation. Thus,
again, smaller children were disadvantaged. In nearly half
of the children with missed intramural VSD, a subsequent
transthoracic echocardiogram demonstrated residual intra-
mural VSD > 2 mm. Is there a better altemative to TEE in-
traoperatively? Epicardial echocardiography is sensitive for
the detection of residual VSDs.>®

At the Royal Children’s Hospital in Melboume, surgeons
routinely perform epicardial echocardiograms on children
with conotruncal anomalies after VSD closure, particularly
in those with trabeculations obscuring the edge of the VSD
and those with multiple VSDs.” In our experience epicardial
echocardiograms give superb imaging quality and are per-
fect for assessment of residual VSDs. This is of particular
importance in small children. Clearly, a randomized
controlled trial between TEE and epicardial echocardiogra-
phy will not be feasible in neonates and smaller children. A
surgeon with immediate knowledge of intraoperative
anatomy is ideally suited to perform epicardial
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RV free wall

Inlet VSD

RV free wall

A

Subaortic VSD
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Blood tunnels between
trabeculae into RV

FIGURE 1. A, Intramural ventricular septal defect (VSD) may occur when the edge of the VSD is partially covered by trabeculations. It was originally
described in subaortic area, but may occur in inlet or anteroapical septum. if the patch is sutured to right ventricular (RV) wabeculations rather than a
true septal margin of the VSD. B, The defining feature of intramural VSI) is a tunnel underneath the trabeculations that persists with often multiple exit
points at the free wall of RV. Ao, Aorta; PA. pulmonary artery; LV, left ventricle.

cchocardiograms. The importance of proficient acquisition
of high-quality epicardial echocardiographic imaging by
cardiac surgeons during nconatal surgery cannot be over-
emphasized. Once the residual VSD is identified, the shunt
is quantificd by intraoperative asscssment of Qp:Qs. Even if
the residual VSD appears small on imaging, it is worth
determining Qp:Qs to avoid any postoperative surprises.

Once a significant intramural VSD is identified, it should
be closed, because simple pulmonary artery banding may
not be a safe option in the presence of large residual VSD
and would likely put a child on a rocky postoperative
course.” If the large residual VSD is not closed, the echocar-
diogram, albeit with modest sensitivity, may simply docu-
ment a very sensitive surgical failure. For successful
closure, one must close the entry point into the VSD
because the outlets can be multiple.

TRANSATRIAL APPROACH

In the transatrial approach, a VSD patch should be at least
partially removed, the edges of the VSD recassessed, and
adjacent trabeculations resected if necessary so that the
entry point into the VSD can be closed. Any attempt to close
the often multiple exit points from this approach would be
notoriously imprecise, and would likely fail. Suturing trabe-
culations together® may open yet another exit point.

TRANSAORTIC APPROACH

"T'o overcome the above problem, a transaortic approach
has been proposed for classical intramural VSD,” so that
the entry point is closed through the aortic valve. This
approach is not foolproof because the entry point into the
intramural tunnel may not be easy to visualize.

TRANSAPICAL APPROACH

For defects in the apical region of the septum a small inci-
sion in the apex of either ventricle may be performed, allow-
ing the VSD to be closed from the left ventricular side.
Whereas this approach provides excellent visualization of

the VSD, an incision in the left ventricular apex is morc
likely to cause ventricular dysfunction.’” Thus, we prefer
to open the right ventricle to avoid risk of left ventricle
dysfunction and aneurysm formation.

Regardless of the approach, precise echocardiographic
guidance would dramatically facilitate surgery. Praemoni-
tus praemunitus! After all, failure to close intramural
VSD occurs when surgeons do not realize how close they
were to success when they gave up.
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Currently, the extracardiac Fontan operation is a procedure of cheice in patients undergeing a staged
palliatien for univeniricular hearts. However, it is not always easy to prevent the right pulmonary artery
twisting after implantation of the extracardiac conduit. Herein, we described a simple modification, which
we referred to as T-Fontan procedure, to prevent right pulmonary artery stenosis after extracardiac Fontan

operation,

Keywords

The outcomes for patients with univentricular palliation
have improved significantly in our unit with the introduc-
tion of the extracardiac Fontan operation [1,2]. We have
previously described our technique for extracardiac Fontan
operation that ensures a long-term patency of the fenestra-
tion [3]. Although an early failure of the Fontan circulation
has become exceedingly rare in our unit [1], some patients
may require takedown of the Fontan circulation [4]. How-
ever, large ongoing chest drain losses that persist beyond
10 days after Fontan operation is an indication for cardiac
catheterisation in our unit, to ensure that there is no
obstruction to the Fontan circulation that is amenable to
surgical intervention. Cardiac catheterisation may reveal
twisting of the right pulmonary artery (RPA) that may not
be apparent in sagittal view (Figure 1, A1), but becomes
obvious with slight rotation (Figure 1, A2). We found that
such twisting of the RPA is not always easy to appreciate
intraoperatively. Thus we introduced a modification to the

Fontan operation ¢ Pulmonary artery stenosis

extracardiac Fontan operation that we refer to as T-Fontan
operation.

Technique

As the RPA stenosis appears to occur after the heart is fully
filled and the special geometry of the conduit and RPA
changed (Figure 1A and 2A), it is not always easy to foresee
and prevent the RPA narrowing intraoperatively. Thus, place
the Gore-Tex patch made of the same conduit onto the under-
surface of the pulmonary arteries and opposite to the previ-
ously placed bidirectional cavo-pulmenary shunt. This patch
extends from the hilum of one lung to the hilum of another to
ensure optimal augmentation of the pulmonary arteries. The
18 mm Gore-Tex conduitis anastomosed to this patch in end-
to-side fashion resembling a T-shaped connection (Figure 1B
and Figure 2B).

*Corresponding author at: Cardiac Surgery Unit, Royal Children’s Tlospital, Parkville, Victoria 3052, Australia. Tel.: +61 03 9345 5200; fax: +61 03 6386,

Email: igor.konstantinov@rch.org.au

Crown Copyright © 2015 Published by Elsevier Inc on behalf of Australian and New Zealand Society of Cardiac and Thoracic Surgeons (ANZSCTS) and the Cardiac Society of Australia

and New Zealand (CSANZ). All rights reserved.

249



Additional manuscripts co-authored during candidature

406 LE. Konstantinov ef al.

Figure 1 Catheterisation after standard extracardiac Fontan operation demonstrates an unobstructed connection (A1),
however, the right pulmonary artery obstruction becomes obvious with rotation (A2). Injection into the left superior vena

cava (B1), right superior vena cava (B2) and the conduit (B3) demonstrates unobstructed cavo-pulmonary connections in a
patient with T-Fontan operation.

RPAs LPAs

Extracardiac
conduit

Figure 2 Right pulmonary artery narrowing that may occur in standard extracardiac Fontan operation (A). Modification of
end-to-side connection of the conduit in T-Fontan operation (B).

Since September 2013, we have used this technique in 11 improved long-term outcomes. Circulation 2007;116(1)(11 Suppl):
% i ¥ P : 1157-64.
patients. It is very simple, reproducible and could add to the : 4
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Background. Intramural coronary arteries may compli-
cate coronary artery transfer during the arterial switch
operation. We sought to determine the long-term outcomes
of 28 patients with intramural coronary arteries who un-
derwent an arterial switch operation at a single institution.

Methods. All patients who had intramural coronary
arteries and underwent an arterial switch operation were
identified from the hospital database and retrospectively
reviewed.

Results. From 1983 to 2009, 720 patients underwent an
arterial switch operation at our institution. Twenty-eight
(3.9%, 28 of 720) had intramural coronary arteries.
Patients with intramural coronary arteries had trans-
position of the great arteries (96%, n = 27) or Taussig-
Bing anomaly (4%, n = 1). There were no deaths.
Follow-up was 100% complete. Mean follow-up was
16.3 years (median, 15.5 years; range, 5.6 to 26.9 years). No
patient required reoperation or catheter reintervention

he arterial switch operation (ASQ) has excellent early

outcomes with low mortality and morbidity rates in
the modern era [1-5]. Intramural coronary arteries
(IMCAs) may complicate coronary transfer and
contribute to a mortality of up to 28% in such patients (6).
A metaanalysis of 1,942 children demonstrated that an
IMCA was associated with a 6.5-fold increased risk of
mortality following ASQ [7]. Recent studies on the out-
comes of children with IMCAs who undergo the ASCO
demonstrated variable results [3, 6, 8] (Table 1). We have
previously reported that the IMCA was not a risk factor
for mortality in 618 children who underwent an ASO for
transposition of the great arteries (TGA) over a 25-year
period at our institution (2). Herein we describe the sur-
gical management of IMCA and the long-term outcomes
for this subgroup of patients.
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on the coronary arteries. Freedom from reoperation was
93% at 10 years. No patient had more than mild aortic
regurgitation at last follow-up. Nine (32%, 9 of 28) pa-
tients had coronary angiograms at median 16 months
(range, 14 months to 17 years} after arterial switch oper-
ation. All patients were asymptomatic at the time of
angiogram. One patient had mild stenosis of the
circumnflex coronary artery demonstrated on a routine
coronary angiogram 14 months postoperatively. All 28
patients were asymptomatic and in New York Heart As-
sociation functional class I at last follow-up.

Conclusions. Patients with intramural coronary arteries
are not at increased risk of death or coronary reinter-
ventions and have excellent late outcomes after the arte-
rial switch operation.

(Ann Thorac Surg 2016;101:725-9)
© 2016 by The Society of Thoracic Surgeons

Material and Methods

Patients

The study was approved by the Royal Children’s Hospital
Human Research Ethics Committee. Between May 1983
and January 2009, a total of 720 patients underwent an
ASO at the Royal Children’s Hospital. An ASO was per-
formed for TGA (n = 618), Taussig-Bing anomaly (TBA;
n = 57), congenitally corrected TGA (n = 21), for atrial to
ASQO conversion (n = 15) and TGA with univentricular
physiology (n = 9). All operation reports were reviewed
and all patients with IMCA were identified. There were 28
(3.9%, 28 of 720) patients with IMCA. Twenty-seven (96%,
27 of 28) patients had TGA and 1 (4%, 1 of 28) patient had
TBA. Twenty (74%, 20 of 27) of the patients with TGA had
an intact interventricular septum (TGA-IVS).

Definitions
An IMCA was defined as any coronary pattern in which
at least one coronary artery coursed through the aortic
wall for a variable distance.

Early death or reoperation was defined as death or
reoperation occurring prior to hospital discharge or within

0003-4975/$36.00
http:/fdx.doi.org/10.1016/].athoracsur.2015.08.090
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Table 1. Current Studies on Outcomes of Children with Intramural Coronaries After the Arterial Switch Operation

Mortality

FRICKE ET AL

OUTCOMES OF ASO IN PATIENTS WITH INTRAMURAL CORONARY ARTERIES

IMCA

Non~IMCA

No. of IMCA
Patients, No. (%)

Total No.

Follow-Up

Late Overall Early Late Overall

Early

of Patients

Study Period

Author

3.9% 24% 5.7% 28% Mean, 8.3 y
(11 of 46) (2 of 35) (13 of 46)

NR

919 46 (5.0) NR

19872008

Metton et al [6]

NR 5.6% 0% 5.6% Median, 6.8 v
(1 of 18) {0 of 16) {1 of 18)

215 18 (8.4) 3.0% NR
(6 of 197)

1996-2006

Thrupp et al [3]

1.0% 3.7% 0% 0% 0% Mearn, 10 y
(22 of 590) {0 of 27) (0 of 27) (0 of 27)

(5 of 536)

618 28 (4.5) 2.9%
(17 of 590)

1983-2009

Fricke et al [2]

4.1% 8.9% 0% 0% 0% Mear, 1.6 y
(14 of 158) (0 of 12) {0 of 12) {0 of 12)

(4 of 98)

12 (7.1) 6.3%
{10 of 158)

168

1999-2005

Qamar et al [5]

0% 4.4% 14% 0% 14% Mear, 29y
(3 of 68) (1of 7) (0 of 6) (1of 7)

(0 of 65)

7 (8.9) 44%
(3 of 68)

75

2008-2012

Chen [8]

NR = not reported.

IMCA = intramural coronary arteries;

Ann Thorac Surg
2016;101:725-9

30 days of ASO. Late death or reoperation was defined
as any death or reoperation that occurred after discharge
and more than 30 days after ASO. Reoperation was
defined as an operation on the heart or great vessels
performed after the ASQO excluding exploration for
bleeding, wound debridement, mechanical circulatory
support and pacemaker replacement. Reintervention
encompassed reoperation and catheter reintervention
performed after ASO.

Functional status was described according to the New
York Heart Association (NYHA) classification.

Stafistical Analysis

Data were analyzed using Stata Version 10 (Stata Corp,
College Station, Texas). Continuous variables were re-
ported as a mean or median with an accompanying range.
Kaplan-Meier curves were constructed to display
freedom from the study’s outcomes.

Results

Early Outcomes

The intramural course involved the left main coronary
artery in 24 (86%, 24 of 28) patients, the left anterior
descending artery in 2 (7%, 2 of 28) patients, the right
coronary artery in 1 (3.5%, 1 of 28) patient, and both left
and right coronary arteries in 1 (3.5%, 1 of 28) patient
(Fig 1). Our approach to the IMCA (Fig 2A) was detach-
ment of the posterior commissure of the aortic (neo-
pulmonary) valve in 25 (89%, 25 of 28; Fig 2B) patients and
unroofing of the IMCA (Fig 2C) in 16 (57%, 16 of 28) pa-
tients. Then the coronary arteries were detached and
transferred either as a single button (Fig 2D) facilitated
with a pericardial hood (Fig 2, D1-D3) in the first 3 (11%,
3 of 28) patients or as 2 separate buttons (Fig 2E) using
the trapdoor technique (Fig 2, E1-E2) in the next 25
(89%, 25 of 28) patients. In all patients the pulmonary
artery was reconstructed with a single autologous peri-
cardial patch and the posterior neopulmonary commis-
sure was reattached to it.

Median age at operation was 9 days (mean, 15 days;
range, 2 to 81 days) and median weight at operation was
3.5 kg (mean, 3.8 kg; range, 2.6 to 10 kg). Mean cardio-
pulmonary bypass time was 158 min (median, 143 min;
range, 93 to 275 min) and mean aortic cross clamp time
was 89 min (median, 83 min; range, 49 to 149 min). Cir-
culatory arrest was used in 50% of the patients with a
mean circulatory arrest time of 9 min (median, 8 min;
range, 5 to 54 min).

There were no early deaths or early reinterventions for
the IMCA. There was no mechanical circulatory support
in patients with IMCA before ASO. Two patients (7.4%, 2
of 28) with IMCA had TGA-IVS with poor preoperative
left ventricular function and were supported with Med-
tronic BioMedicus (Eden Prairie, Minnesota) centrifugal
left ventricular assist device. The first patient was a 5-day-
old boy operated in 1994. The second patient was a 44-
day-old girl operated in 2004. Both were weaned off of
the lett ventricular assist device in 2 days. In comparison,
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n=1

Fig 1. (A-F) Intramural course of the left coronary arfery (LCA) was most common (n — 27} and in tost patients (n — 17) the intramural LCA
carnie from sinus 2 (A and D). Intramural right coronary artery (RCA) was encountered in 2 children (E and G). (Ao — aoria; LAD = left anterior
descending coronary artery; LCx = left circumflex coronary artery; PA = pulmonary artery.)

of the remaining 647 patients, with simple TGA (n = 591}
and TBA (n = 56), 4.3% (28 of 647} required mechanical
circulatory support postoperatively. There were no peri-
operative morbidities related to the IMCA. One patient
with IMCA had congenital left pulmonary artery stenosis
that required carly pericardial repair of the left pulmo-
nary artery (Table 2).

Late Quicomes

Follow-up was obtained for all patients. Mean follow-up
was 16.3 vears (median, 155 years; range, 5.6 to 26.9
vears). There were no late deaths. All patients were in
NYHA functional class I at last follow-up.

LATE REINTERVENTION. There were 12 reinterventions in 5
patients that occurred at a mean 3 years after ASO (range,
1 day to 22 years). There were no reoperations or catheter
reinterventions on the coronary arteries. Four (14%, 4
of 28) patients required reintervention including 7 reop-
erations and 4 catheter reinterventions. Freedom from
reintervention was 89% at 5 and 10 years postoperatively
and 84% at 15 and 20 years postoperatively. Freedom
from reoperation was 93% at 5 and 10 years post-
opcratively and 88% at 15 and 20 years postopcratively
(Fig 3). Reinterventions are listed in Table 2. One patient
had 2 reoperations for supraaortic stenosis and an aortic-
to-pulmonary artery fistula, 1 patient had mitral valve
repair, and 1 patient had four reoperations for repair of
left pulmonary artery stenosis.

CORONARY SURVEILLANCE. No patients required reoperation
or catheter reintervention on the coronary arteries. Thir-
teen (46%, 13 of 28) patients had exercise electrocardio-
grams (ECGs). Exercise ECGs were normal in 9 (69%, 9 of
13} patients and abnormal in 4 (31%, 4 of 13) patients. Two
patients with positive exercise ECGs were followed up
with normal myocardial perfusion scans and normal
coronary angiograms. In one patient minor ST segment
depression in the inferior leads was demonstrated. The
patient was otherwise asymptomatic and required no
further follow-up. One patient with a positive exercise
ECCG was scheduled for repeat testing.

Four (14%, 4 of 28) patients had myocardial perfusion
scans at a median 11.5 years (mean, 11 years; range, 7 to
16 years) after ASO. All scans were negative for inducible
ischemia. Myocardial perfusion scans were performed in
2 patients as part of routine follow-up, in 1 patient after
ischemic changes on exercise ECG, and in the 1 patient
with a mild stenosis of the circumflex coronary artery.

Nine (32%, 9 of 28) patients had 10 coronary angio-
grams at median 16 months (mean, 3.8 years; range, 14
months to 17 years) after ASO. Eight of the coronary
angiograms were performed as part of routine follow-up
and 2 coronary angiograms were performed because of
ischemic changes on exercise ECG. All patients were
asymptomatic and had normal coronaries on angiogram
except 1 patient who had mild stenosis of the circum-
flex coronary artery. This patent had an angiogram
14 months postoperatively and remained asymptomatic
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RCA

Intramural course —
of artery unroofed

,—Button v § .
detached 2 . '1 m
X ! |

Single pericardial = Resuspension of
patch valve commissure

Buttons
detached

Resuspension of
valve commissure

Single pericardial —/
patch

Fig 2. Surgical technique of intramural coronary artery transfer. Following identification of (A} the intramural segment, the detachment of the

posterior commissure of (B) the aortic (neopulmonary) valve was performed in most patients (n = 25). The unroofing of the (C) inframural coronary
artery was done in 16 patients. Then the coronary arteries were detached and transferred either as (D) a single hutfon facilitated with a pericardial
hood (Dy-Dy) in the first 3 patients or as (E} two separate buttons using the trapdoor technique (E;~E,) in the next 25 consecutive patients. In all
patients the pulmonary artery was reconstructed with a single autologous pericardial patch and the posterior neopulmonary valve commissure was
reattached to it. (Ao = aorta; LAD = left anterior descending coronary artery; LCx = left circumflex coronary artery; RCA = right coronary artery.)

with a myocardial perfusion scan negative for inducible ~ VALVULAR FUNCTION AND ARRHYTHMIA. Table 3 lists valvular

ischemia and a CT coronary angiogram demonstrating ~ function at last follow-up. Mild neoaortic regurgitation
patent coronarics at 16 and 22 ycars postoperatively, ~ was reported in 9 (32%, 9 of 28) patients. No patients

respectively. had more than mild aortic regurgitation. Sinus rhythm
was present in all patients (n = 22) who had ECGs
Table 2. Reinterventions Following ASO at last follow-up. No patients required pacemaker
implantation.
Time Since
Patient Reintervention Type ASO (years)
1 Supravalvular aortic stenosis repair 21 Comment
Closure of aorta to RPA fistula 14.1
2 Mitral valve repair 134 Coronary transfer during the ASO in patients with
3 Lengthen LPA pericardial tube 1 day IMCAs presents a surgical challenge. Few studies in the
ReCoAECELPA 15 MPA 3 days literature have looked specifically at the outcomes of this
Canialhas 10 subgroup. A meta-analysis of 1,942 patients by Pasquali
. . ' and colleagues |7] demonstrated that an IMCA had a 6.5-
LPA stenosis repair 27 . i p
; fold increased risk of mortality as compared to normal
Balloon angioplasty LPA 3.3 . .
tFA stunt £ coronary anatomy. Mctton and associates 6] reviewed 46
’ v patients with IMCAs out of a cohort of 919 patients who
Ballson aitgioplasty LEA 153 underwent ASO between 1987 and 2008. They reported a
4 Coiling of aortopulmonary collateral 12 mortality of 28%, including 11 deaths before discharge
ASO = arterial switch operation; LPA — left pulmonary artery; ~ and 2 deaths at 51 and 105 days. Nine of the 11 deaths
MPA  main pulmonary artery; ~ RPA  right pulmonary artery. were deemed secondary to coronary complications.
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Fig 3. Freedom from reoperation.

Conversely, Thrupp and colleagues [3] reported 1 death
(5.6%) in 18 paticnts with IMCAs out of 215 patients who
underwent ASO between 1994 and 2006. They found that
an IMCA was not a risk factor for mortality in their cohort
of 215 patients and all survivors were asymptomatic after
a median follow-up of 6.8 years. One death (14%) was
reported in a smaller cohort of 7 IMCA patients operated
by Chen and colleagues [8].

The results of our study demonstrate excellent early
and late outcomes for patients with IMCAs who undergo
an ASQ. We report no deaths in 28 asymptomatic patients
with a follow-up of more than 15 years. The first 3 patients
in our series had a pericardial hood reconstruction of the
coronaries and the next 25 underwent transfer using the
trapdoor technique. The trapdoor technique for coronary
transfer was first described by Brawn and Mee [9] at our
institution and the modification of this technique for
translocating IMCAs was first described at our institution
by Asou and colleagues [10]. Our technique involves
detaching the posterior commissure of the neopulmonary
valve if the coronaries arise in close proximity, unroofing
the IMCA if the ostium is stenotic and transferring the
excised coronary button to a medially based trapdoor. We
believe that a combination of wide unroofing and transfer
of the IMCA using trapdoor technique is a key to suc-
cessful outcomes. Thus, we advocate the use of this
technique in patients with IMCAs who undergo the ASO
because of its simplicity, reproducibility, and excellent
long-term outcomes. Qur results suggest that routine
coronary angiograms in these patients during follow-up
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Table 3. Valvular Function on Echocardiography at Last
Follow-Up

Mild Moderate Severe

Neoaortic valve regurgitation 9 (32) 0 () 0 ()
Neoaortic valve stenosis 0 (0) I (0) 0 ({0}
7 (25) 0 (0) 00
Neopulmonary valve regurgitation 12 (43) 2 (7.1) 00
1(3.6) 0() 0 (0}
6 (21) () [1X(V)]

Pulmonary valve stenosis

Mitral valve regurgitation
Tricuspid valve stenosis

Values are n (%).

in childhood is unlikely to be useful in asymptomatic
survivors.

Patients with intramural coronary arteries are not at
increased risk of death or coronary reinterventions and
have excellent late outcomes after the arterial switch
operation.
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of the feeding artery [5]. Meanwhile, systemic artery-to-
pulmonary vein fistulae without lung sequestration are
rare and are usually diagnosed at an early age [5].
Aberrant vessels originating from the aortic arch and
descending aorta have not been reported in adult
patients, to our knowledge. Systemic artery-to-
pulmonary vein fistulae could be treated with ligation
or percutaneous closure of the fistulous tract. Because
the two aorta-to-pulmonary vein fistulae in our patient
were narrow and tortuous enough to enable the per-
formance of percutaneous procedures, we successfully
occluded the fistulae by performing coil embolization.

The diagnosis of multiple systemic artery-to-
pulmonary vein fistulae is difficult, and developing a
therapeutic strategy is important. Multimodality imaging
is crucial for diagnosing multiple fistulae. CT or magnetic
resonance imaging is useful in determining the entire
course of the tract, the morphologic size and complexities
of the fistula, and the presence of associated lung
sequestration. The treatment plan for multiple aorta-to-
pulmonary vein fistulae should be reasonable and
tailored for patient-specific conditions. As a result of the
mutual exchange of opinions between the cardiologist,
cardiac surgeon, and radiologist, the sequential treatment
of the multiple systemic artery-to-pulmonary vein fistulae
in our patient was successful.
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Anomalous Aortic Origin of the
Left Coronary Artery From the
Right Coronary Sinus: Diagnosis
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Anomalous aortic origin of the left coronary artery from
the right coronary sinus is a rare congenital anomaly that
may cause sudden death. Direct translocation of the left
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AAOC OF LCA FROM RIGHT CORONARY SINUS

coronary artery could be difficult due to its intramural
course and proximity to the aortic valve. We described the
surgical management of a child after sudden hemody-
namic collapse and the coronary translocation technique
that prevented distortion of the aortic root and allowed
successful translocation of the abnormal coronary artery
despite its intramural course immediately behind the
aortic valve commissure.
(Ann Thorac Surg 2015;100:2357-9)
© 2015 by The Society of Thoracic Surgeons

nomalous aortic origin of a coronary artery

(AAOCA) is a rare anomaly that accounts for
approximately 0.2% of cardiac malformations [1] and may
result in sudden cardiac death [2, 3]. A large proportion
of AAOCA also have an interarterial or intramural
course, or both [2]. Although an anomalous right CA from
the left coronary sinus has been described more often,
an anomalous left CA (LCA) from the right coronary
sinus has a much greater risk of sudden death [3].

A healthy 10-year-old girl collapsed suddenly while
running. She was resuscitated at a peripheral hospital,
had ST depression in the inferolateral leads, mode-
rately reduced left ventricular (LV) systolic function
and increased lactate (6.3 mmol/L). She was urgently
transferred to the intensive care unit of the Royal
Children’s Hospital with stable vital signs on adrenalin
(0.15 pg/kg/min) and O, at 4 L/min. Her electrocar-
diogram showed frequent premature ventricular con-
tractions, short runs of nonsustained ventricular
tachycardia, and persistent ischemic changes. A trans-
thoracic echocardiogram demonstrated minimal LV
dilatation and preserved systolic function with no
obvious wall motion abnormality.

She had cardiac arrest and was emergently placed
onto extracorporeal membrane oxygenation support.
Cardiac catheterization was performed, right ventricular
(RV) biopsy specimen was normal, and the initial coro-
nary angiogram appeared normal, with good flow in all
coronary arteries. Owing to elevated troponin and a high
index of suspicion of a coronary anomaly, a focused
transthoracic echocardiogram was performed on extra-
corporeal membrane oxygenation and demonstrated the
anomalous origin of LCA from the right coronary sinus
with an interarterial course. This was confirmed on a
cardiac computed tomography angiogram (Fig 1). The
intramural segment of the left main CA was too short
for unroofing in a way that a neoostium could be
created far enough into the left coronary sinus to allow
commissural resuspension.

Intraoperatively, the intramural LCA was exposed by
detaching the aortic valve commissure (Fig 2A and B).
The aortic wall of the neoleft coronary sinus was

Accepted for publication Feb 12, 2015.

Address correspondence to Dr Konstantinov, Royal Children’s Hos-
pital, Flemington Rd, Parkville, Victoria 3029, Australia; e-mail: igor.
konstantinov@rch.org.au.

0003~4975/$36.00
http://dx.doi.org/10.1016/j.athoracsur.2015.02.107

256



Additional manuscripts co-authored during candidature

2358 CASE REPORT  JADHAV ET AL

AAOC OF LCA FROM RIGHT CORONARY SINUS

Ann Thorac Surg
2015;100:2357-9

Fig 1. Computed tomography shows (A and B) left coronary artery origin from the right coronary sinus and its proximal interarterial course and
(C and D} its intramural course in relation to aortic the valve. (A and B) The venous cannula is in the right atrium,

partially resected and reimplanted into the right coronary
sinus after the LCA transfer, and the aortic valve was
rcattached so that the normal anatomy of the aortic root
was preserved (Fig 2C and D). The ostium of the LCA

(A]

Fig 2. (A) Nlustration shows the
origin and course of the anomalous
left coronary artery (LCA) from.
the right coronary sinus. (B)
Intraoperatively, the aorlic valve
cusp was detached, exposing a
refrovalvular inframural course
of the LCA. (C) This maneuver
allowed unroofing of the intra-
mural LCA. (C and D) The LCA
button was then rotated approxi-
mately 60 degrees clockwise and
was transposed Lo the left coronary
sinus. (RCA = right coronary
artery.)

LCA—

Cusp detatched
from aortic wall

was enlarged, and the button was rotated to prevent
kinking of the LCA.

An intraoperative cpicardial cchocardiogram con-
firmed good flow into the LCA after translocation. Owing

Intramural
course
~_—of LCA

RCA

Ostium enlarged

Pulmonary

valve Button rotated

to prevent kinking

Patch transposed
from left to right
coronary sinus

LCA transposed

from right to left
coronary sinus Cusp

reattached

RCA
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to poor LV function, she was supported with extracor-
poreal membrane oxygenation, which was weaned off
in 2 days after normalization of the LV function. The
patient has normal aortic valve function, no aortic insuf-
ficiency, is asymptomatic, and after normal results on an
exercise test and Holter electrocardiogram monitoring,
is involved in competitive swimming at 1 year after
the operation.

Comment

The first manifestation of the AAOCA may be sudden
death, although many patients may remain asymptomatic
[2-4]. Several factors have been proposed to contribute
to sudden death, including the intramural course, acute
angle of take-off, systolic stretching, and compression
of the anomalous CA between the great arteries during
exercise [3, 4].

The electrocardiogram is often normal in asymptomatic
patients, whereas in only 50% of symptomatic patients
it is abnormal [3, 5]. The diagnosis can be made by careful
transthoracic echocardiogram, yet is not always easy. A
color Doppler examination improves the evaluation by
identifying flow within the anomalous CA [6]. A
parasternal long-axis sweep between aorta and pulmo-
nary artery can visualize the proximal LCA and increases
the accuracy when used in conjunction with parasternal
short-axis view [7]. Cardiac computed tomography
confirms the diagnosis.

Surgical repair is recommended in all patients with an
anomalous LCA from the right coronary sinus due to the
increased risk of sudden death [2, 3]. In addition, symp-
tomatic patients with an anomalous right CA from the left
coronary sinus should undergo surgical repair, unless it is
a nondominant anomalous right CA in an asymptomatic
patient [2, 3]. Methods of repairing AAOCA may involve
unroofing of the anomalous CA with an intramural
course [2-4], direct reimplantation of the anomalous
CA [3, 5], CA bypass grafting [2], or pulmonary artery
translocation [3]. The unroofing procedure has been
reported with good early results (2-4); however, the
long-term outcomes are yet to be established.

Experience with surgical repair of the AAOCA in
children is limited. Sharma and colleagues [4] described
75 patients (median age, 46 years; range, 13 to 70 years)
operated on between 1992 and 2011, all of whom
underwent surgical unroofing of an AAOCA, with no
early deaths, and 1 late death after mean follow-up of
1.5 vears. Similarly, Mainwaring and colleagues [3]
described 50 patients {median age, 14 years; range, 5
days to 47 years) operated on between 1999 and 2010,
with 35 patients undergoing surgical unroofing. They
reported no deaths after mean follow-up of 5.3 years.

Unfortunately, simple unroofing of the intramural CA
is not always feasible due to proximity of the aortic valve,
as it was in our patient. Such a patient would require
reimplantation of the CA after unroofing and reattach-
ment of the aortic valve. The reimplantation is more
technically difficult and has a risk of obstruction of the
reimplanted CA due to kinking [2]. Reimplantation of
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the anomalous CA has been described with good early
results [3, 5]. Mainwaring and colleagues [3] described
6 patients who underwent CA reimplantation with no
deaths. Similarly, Erez and colleagues [5] described
9 patients (mean age, 12 years; range, 4 months to 23
years) operated on between 2003 and 2005, of whom 7
patients underwent CA reimplantation and 2 patients
underwent unroofing of the anomalous CA, with no
deaths after a mean follow-up of 1 year.

In the child described in this report, prompt medical
attention prevented sudden death, and an echocardiogram
was helpful in establishing the diagnosis that was con-
firmed by computed tomography images. The surgical
technique described here allowed successful translocation
of the abnormal CA despite its intramural course imme-
diately behind the aortic valve commissure.
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Neonatal Repair in a Patient With
Heterotaxy, Truncus Arteriosus,
Pulmonary Artery Sling, and
Tracheal Stenosis
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We present a newborn with heterotaxy features, multiple
congenital anomalies, truncus arteriosus with long
segment tracheal stenosis, and a left pulmonary artery
sling. The patient had complete neonatal repair with slide
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