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Chapter 1

Transposition of the great arteries

Transposition of the great arteries (TGA) is a congenital heart disease characterised by
atrioventricular concordance and ventriculoarterial discordance: the right atrium is
connected to the right ventricle from which the entire or most of the aorta originates; the
left atrium is connected to the left ventricle from which the pulmonary artery arises. This
results in a circulation in which the pulmonary and systemic circulation are running in
parallel rather than in series. Postnatally, the blood with high oxygen content, coming from
the lungs enters the left atrium, passes the left ventricle and is redirected to the lungs again;
blood with low oxygen content returning from the body enters the right atrium and is
redirected to the body again via the right ventricle, without passing the lungs. Cyanosis is
often present directly after birth and survival is dependent on the presence of adequate
communications between the two circulations (i.e. presence of an atrial septal defect or
ventricular septal defect (VSD)). When these communications are too small or absent,
neonates will deteriorate clinically with systemic acidosis, hypoxia and eventually leading
to death. Neonates can be stabilized hemodynamically in the first days after birth by
administration of prostaglandin E1, to maintain patency of the arterial duct ensuring
sufficient pulmonary venous flow for mixing. In addition, a balloon atrial septostomy may
be necessary to create an unrestrictive interatrial communication allowing adequate mixing
between the systemic and pulmonary circulation.

Prenatal detection of TGA is of paramount importance as it may prevent hypoxia and
acidosis early after birth thereby improving preoperative morbidity and mortality rates.’
Ultimately, children with TGA need corrective cardiac surgery as only option for survival. A
natural history study performed in California (1957-1964) showed that without intervention
life expectancy in children with TGA is short and dependent on associated lesions: about
30% and 52% of the patients die within the first week and first month after birth respectively,
86% within 6 months and 89% within the first year of life.?

The arterial switch operation - Leiden history

The current surgery of choice is the arterial switch operation (ASO). Before mid-eighties,
children with TGA were treated by the atrial switch operation (according to dr. W.T. (William)
Mustard or dr. A. (Ake) Senning). This surgical approach is based on an atrial rerooting of
the systemic and pulmonary venous blood, by constructing an intraatrial baffle, leaving the
right ventricle in the position to sustain the systemic circulation and the left ventricle in the
position to sustain the pulmonary circulation. However, the systemic right ventricle is not
developed to pump against high systemic arterial vascular resistance for many years and
will fail sooner or later causing heart failure and ventricular arrhythmias.> 4 Furthermore,
the complex intraatrial surgery of the atrial switch procedure is also complicated by sinus
node dysfunction, atrial arrhythmias, baffle stenosis® and baffle leakages during early-,
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mid- and long-term follow-up.>® These complications contribute to a high risk of reoperations,
interventions and a limited life expectancy.> 467

A significant milestone in congenital cardiac surgery was the introduction of a new
surgical technique for TGA patients: the arterial switch operation (ASO). In Leiden, the ASO
for the correction of TGA already started very early, only two years after the first successful
ASO by dr. A.D. (Adib) Jatene in 1975.8 Leiden’s cardiothoracic surgeon prof. dr. A.G. (Gerard)
Brom and the South African-born British cardiothoracic surgeon dr. D.N. (Donald) Ross
performed the first ASO in a patient with TGA and VSD in May 1977 at the Academic Hospital
Leiden. The ASO restores the ventriculoarterial concordance in such way that after repair
the left and right ventricle support the systemic and pulmonary circulation respectively.
During the ASO, the ascending aorta and pulmonary trunk are transected just above the
commissures and relocated, leaving the semilunar valves and native roots in its original
position. Consequently, the proximal part of the native pulmonary trunk becomes the neo-
aorta and the native aortic root becomes the neo-pulmonary trunk. The coronary arteries
are harvested from the native aortic root and are also relocated to the neo-aortic root. In
the classical ASO as described by dr. Jatene, the reconstruction of the neo-pulmonary trunk
was performed by a conduit.

Since the mid-eighties, after most high-volume surgical centers accomplished low
perioperative mortality, the ASO technique replaced atrial switch operation worldwide.
Leiden has played a role in this achievement, with its cardiothoracic surgeons prof. dr. Brom
and prof. dr. J.M. (Jan) Quaegebeur as leading European pioneers and teachers of the ASO
and other techniques in pediatric congenital heart surgery.®

TGA subtypes and surgical refinements to the ASO

There is a so far unexplained male predominance in TGA patients with a male to female
ratio of approximately 2:1. TGA is usually an isolated lesion (65% of the cases) but may be
associated with a ventricular septal defect (VSD), left ventricular outflow tract obstruction,
and abnormalities related to the pulmonary valve (i.e. bi-leaflet, asymmetrical three-leaflet
or stenotic valve) or the aortic arch. A slightly different TGA subtype, also amenable for ASO,
is double outlet right ventricle (DORV) with subpulmonary VSD (i.e. Taussig-Bing anomaly),
which is frequently associated with an aortic arch abnormality and/or aortic outflow
obstruction. Moreover, there is a large variation of coronary artery patterns in TGA patients.
The international nomenclature for the structural description of these variants and its
course, irrespective of the position of the great arteries, has been simplified by the
introduction of the Leiden Convention coronary coding system invented by the Leiden
professor of Anatomy and Embryology dr. A.C. (Adriana) Gittenberger-de Groot."

Certain coronary variants necessitate different surgical techniques of coronary artery
transfer. These techniques developed over time, as did other refinements that were
implemented to optimize ASO. An important improvement was the application of the
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Lecompte maneuver developed by dr. Y (Yves) Lecompte and his colleagues.!” With this
maneuver the pulmonary artery bifurcation is transferred to the front of the ascending
aorta and made a direct reconstruction of the neo-pulmonary artery possible without the
need of prosthetic conduits.” As a result, an altered spatial great artery relationship and
geometry of the thoracic (neo-)aorta remains after ASO with Lecompte maneuver (Figure
1). Reconstruction of the neo-pulmonary artery after harvesting the coronary arteries is
usually performed by using a pantaloon-shaped patch of fresh autologous pericardium.

Figure 1. Representation of the great artery anatomy of the normal heart and the heart with transposition of
the great arteries before and after the arterial switch operation.

Drawings by Gabriella Ricciardi - adapted and expanded after Prétre et al. Lancet 2001;357:1826-30.

Normal heart (A); Transposition of the great arteries (B); Arterial switch operation (C). Note the anterior
position of the pulmonary artery bifurcation over the ascending aorta after arterial switch operation and the
translocation of the coronary arteries to the neo-aortic root (C). 1, sinus 1 or right-hand facing sinus; 2, sinus 2
or left-hand facing sinus (according to the Leiden Convention coronary coding system); Ao, aorta; AoV, aortic
valve; PA, pulmonary artery; PV, pulmonary valve.
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Long-term outcome - the neo-aorta

From short- and mid-term follow-up studies after ASO® %' and mid- and long-term follow-
up studies of the atrial switch cohort,>® we may now conclude that the step towards the
ASO technique was a good decision. Over the years, early mortality rates decreased
significantly to current rates less than 5% in large international pediatric cardiac surgical
centers. The question remains how the long-term cardiovascular status of these patients
develops, with the first patients now reaching the age of 40 years post-ASO.

Residual problems are recognized during follow-up. The overall surgical and percutaneous
intervention rates for right-sided lesions varies from 11-28% between different
studies.'™"” Less is known about the residual lesions and the need for interventions on the
left side of the heart in the long-term. Neo-aortic root pathology plays a central role in the
management of patients after ASO. Neo-aortic dilatation has been reported to be present
in more than two-third of the patients but data on the progression of neo-aortic dilatation
in adulthood are scarce and controversial.’®2?' There are concerns about impairment of
neo-aortic valve function over time and whether neo-aortic root dilatation may play a key
role in this. Furthermore, aortic expansion also enhances branch pulmonary artery stenosis?
and is associated with a more acute angulation of the reimplanted coronary arteries possibly
increasing the risk of coronary malperfusion, ventricular dysfunction and even sudden
cardiac death.?2*

Neo-aortic valve repair with root reconstruction or even valve and/or root replacement
is required when aortic complications progress. If valve replacement already needs to be
done at very young age, the use of the autologous neo-pulmonary valve (the former aortic
valve) is the preferred choice. This procedure for smaller children after ASO was first
introduced by the Leiden cardiothoracic surgeon prof. dr. M.G. (Mark) Hazekamp and named
this procedure the switch back Ross operation.?> Together with cardiothoracic surgeon dr.
D.R. (David) Koolbergen he reported that redo neo-aortic surgery for neo-aortic valve and
root pathology can be performed with low risk taking into account the specific technical
difficulties.?® During these reoperations, remarkable thinning of the anterior wall of the
ascending aorta was observed in many of these patients, located close to the level of the
pulmonary artery embracement over the aorta after Lecompte maneuver.?

The course of neo-aortic root pathology in the long run is largely unknown and the
contributors leading to neo-aortic valve and root problems are important to identify.
In part | of this thesis, the unexplored questions regarding the long-term cardiovascular
outcome and the fate of the neo-aortic valve and root are investigated. The incidence of
adverse cardiovascular outcome, such as late death, presence of arrhythmias, coronary
artery issues and the need for reoperations or catheter interventions are assessed in the
cohort of the Center for Congenital Heart Disease Amsterdam-Leiden (CAHAL) with current
43-year experience of ASO. Neo-aortic valve function and the course of neo-aortic root
dilatation during long-term follow-up for the various morphological subtypes of TGA after
ASO are studied longitudinally. Furthermore, fetal growth of the semilunar valves is
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investigated in order to understand the origin of the differences between the morphological
subtypes of TGA (and with normal fetal semilunar growth), as starting point for the further
course of neo-aortic valve and root growth beyond ASO. Finally, questions regarding the
critical factor(s) for the neo-aortic root dilatation and impairment of neo-aortic valve function
in the long-term are addressed.

Evaluation of thoracic aorta hemodynamics with 4D flow MRI

The etiology of neo-aortic root pathology and anterior aortic wall thinning after ASO is not
clear and the pathophysiological mechanisms leading to neo-aortic root dilatation have not
been elucidated so far. The pulmonary root in the systemic circulation and the structural
cell differences in the neo-aortic root wall itself, as described by the Leiden group,? % have
been reported previously as risk factors for dilatation.

Computational fluid dynamic model studies, simulating patient specific cardiac
pathologies, have shown in vitro that altered hemodynamics can play a causative role in
modelling of the heart and large blood vessels.?? The concept that altered blood flow
patterns with altered local shear stress acting on the vessel wall in a reconstructed neo-aortic
root after ASO for TGA may contribute to the development of root dilation is of importance.
However, this has not been investigated so far.

Recently, four-dimensional flow magnetic resonance imaging (4D flow MRI) has been
introduced as a novel non-invasive imaging tool that can be used for comprehensive in vivo
assessment of blood flow in the large vessels.? It provides information about the spatial
and temporal distribution of vascular blood flow and enables the quantification of flow
related hemodynamic parameters. Using this technique, it has been shown that altered
blood flow hemodynamics like blood flow profile and wall shear stress cause remodelling
of the large vessels and dilation of the aorta in patients with bicuspid aortic valve disease.?"
32 The application of aortic 4D flow MRI can therefore be of great value for the evaluation
of aortopathy in patients after ASO for TGA.

Leonardo da Vinci already demonstrated 500 years ago (~1507-1513) the flow patterns
within the aortic root by his genius sketches (Figure 2A), presumably based on his
observations from blood flow simulations in glass models with grass seeds suspended in
water.3>34 Da Vinci proposed that these observed vortical flow patterns in the aortic root
aid in closure of the aortic valve and postulated that these secondary vortices do not occur
more distal in the normal ascending aorta, where the flow is laminar.?® With the use of the
advanced 4D flow MRI technology, we can now prove that the flow phenomena expressed
in his sketches show a highly accurate representation of the actual flow patterns in the
proximal ascending aorta (Figure 2A and 2B).

4D flow MRI enables us to gain new insights in the contribution of flow dynamics on the
development of aortic disease (i.e. pathophysiology) or disease progression in genetic
inherited and congenital heart disease related aortopathies. In part Il of this thesis, the 4D
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Figure 2. Vortex patterns in the aortic root and the laminar flow downstream the ascending aorta by a
schematic sketch from Leonardo da Vinci (A) and by streamline visualization from 4D flow MRI of the proximal
part of ascending aorta (B).

Figure 2A. Detail of RL19083 verso, Blood flow through the aortic valve. Leonardo da Vinci, c.1512-13. -
Courtesy by Royal Collection Trust / © Her Majesty Queen Elizabeth |1 2020; Figure 2B. 4D flow MRl illustration
derived from Chapter 9 of this thesis. Altered aortic 3D hemodynamics and geometry in pediatric Marfan
syndrome patients. J Cardiovasc Magn Reson. 2017;19(1):30.

flow MRI technique is used to study on aortic hemodynamics in healthy volunteers and in
TGA patients after ASO. Furthermore, the application of 4D flow MRI to assess aortopathy
is explored in patients at risk for aortic problems such as patients with Marfan syndrome.
Blood flow patterns and 4D flow MRI-derived parameters, regional aortic wall shear stress
and aortic flow displacement, within the thoracic aorta are investigated to unravel aortic
flow abnormalities and their relationship with altered aortic geometry which may be
indicative for vascular wall remodeling and root dilatation. The aortic flow hemodynamics
are evaluated in rest and during dobutamine-induced stress conditions.

Aim and outline of this thesis

The aim of this thesis is to investigate the prevalence and evolution of neo-aortic root
pathology and surgical cardiovascular outcomes in patients after ASO for TGA in the long-
term. Secondly, thoracic aortic blood flow hemodynamics are investigated in relation to
post-ASO geometry and root pathology with advanced non-invasive 4D flow cardiovascular
MR imaging techniques.

Part | of the thesis focuses on the fate of the neo-aortic valve and the course of neo-aortic
root dimensions during fetal development and long-term post-ASO with echocardiographic
imaging. Risk factors for the impairment of the neo-aortic valve function are assessed and
long-term cardiovascular outcomes such as the prevalence of late mortality and the need
for reoperations and interventions are investigated.
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Part Il of the thesis describes the thoracic aortic blood flow hemodynamics from 4D flow
MR imaging in relation to post-ASO geometry and its potential role in the contribution to
neo-aortic root dilatation and aortic wall thinning. Prior to these studies, aortic blood flow
in healthy volunteers is investigated to test reproducibility of the 4D flow MRI-derived wall
shear stress parameter. In addition, to further explore the use of aortic 4D flow MR imaging
in patients with dilative aortopathy, a 4D flow MRI study is performed in patients with Marfan
syndrome to assess aortic geometry in relation to aortic wall shear stress.

Part |

Chapter 2 reports the long-term surgical outcomes after ASO for TGA performed in the
Center for Congenital Heart Disease Amsterdam-Leiden (CAHAL), based on 43 years of
experience and follow-up. Prevalence of reoperations and interventions, arrhythmias and
late mortality are described and risk factors for reoperation and intervention are identified.
Chapter 3 addresses fetal semilunar valve growth in conjunction with short-term
postoperative neo-aortic root dilatation.

Chapter 4 shows the neo-aortic growth, neo-aortic valve function and the need for
reoperations on the neo-aortic valve and/or root during long-term follow-up for the various
morphological subtypes of TGA after ASO. Moreover, risk factors for neo-aortic root
dilatation and neo-aortic valve regurgitation are determined.

Chapter 5 demonstrates the effect of changing neo-aortic dimensions over time on the risk
of neo-aortic valve regurgitation.

Part Il

Chapter 6 describes the scan-rescan validation and reproducibility study on the
hemodynamic parameter wall shear stress derived from aortic 4D flow MR imaging in
healthy volunteers. These data serve as reference data for the knowledge about variability
of the hemodynamic parameter and to judge whether differences between patients and
healthy volunteers or hemodynamic changes in patients over time or between rest-rest
examinations represent true (patho)physiological differences.

Chapter 7 shows the altered ascending aorta hemodynamics in patients after ASO for TGA
and the effect of differences in aortic geometry on hemodynamics.

Chapter 8 further delineates the abnormalities in aorta hemodynamics within the entire
thoracic aorta after ASO by a rest versus dobutamine-stress comparison.

Chapter 9 describes the altered aorta hemodynamics and geometry in pediatric Marfan
syndrome patients.

In Chapter 10 the results of all studies from this thesis are summarized and clinical
perspectives and future directions are discussed.
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