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Univentricular heart disease

The normal heart consists of both a right- and left atrium and ventricle. The right side of
the heart actively pumps oxygen-poor blood (blue) towards the lungs for oxygenation,
while the left side of the heart pumps the oxygen-rich blood (red) towards the rest of the
body (Figure 1, left). Approximately one percent of children are born with a congenital
heart disease, characterized by structural defects in one or multiple parts of the heart
and/or great vessels.' Patients born with a univentricular heart defect represent the
most severe end of the spectrum of congenital heart disease, having only one functional
ventricle that excludes a successful biventricular surgical repair. Typical univentricular
heart defects include tricuspid atresia, double-inlet left ventricle and hypoplastic left
heart syndrome (Figure 1, right).

Normal heart Hypoplastic left heart
syndrome

Figure 1. Example of a normal heart and a patient with a hypoplastic left heart syndrome. Reproduced from
Centers for Disease Control and Prevention, National Center on Birth Defects and Developmental Disabilities.

RA/LA; right/left atrium, RV/LV; right/left ventricle, IVC/SVC; inferior/superior vena cava, TV; tricuspid valve, MV; mitral
valve, AoV, aortic valve, PV; pulmonary valve, MPA; main pulmonary artery, Ao; aorta, PDA; patent ductus arteriosus
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Fontan procedure

Firstly performed in 1968, the Fontan procedure is the current gold standard palliative
approach for patients with a univentricular heart defect.” The Fontan procedure
nowadays includes a series of operations with the end goal to completely bypass the
subpulmonary ventricle from the pulmonary circulation: the Fontan circulation. As a
first step, various operations are usually needed in the first weeks of life to obtain a
balanced pulmonary and systemic circulation with an unobstructed systemic outflow
tract. At the age of 6-12 months, the superior vena cava is disconnected from the
right atrium and directly connected with the pulmonary artery (PA), the so-called
bidirectional Glenn shunt. When the child is 2-4 years old and approximately 15kg, the
Fontan circulation is completed by connecting the inferior vena cava (IVC) with the PA,
which can be performed using multiple different surgical techniques that have evolved
over time (Figure 2)°. The atriopulmonary connection technique directly connects the
right atrium auricle with the PA, since the inclusion of the right atrial contraction was
considered necessary for maintaining adequate pulmonary blood flow (Figure 2A).
This technique, however, is associated with progressive dilatation of the right atrium
leading to arrythmias, thrombus formation and inefficient blood flow and has now been
abandoned.* Nowadays, the total cavopulmonary connection (TCPC) technique is used
to direct inferior vena cava blood towards the PA and can be performed in two ways: the
lateral tunnel and the extracardiac conduit technique. The main goal of these techniques
is to exclude (most) of the right atrium from the Fontan circulation and thereby avoid
the complications observed in patients with an atriopulmonary Fontan connection
(Figure 2A). The lateral tunnel technique uses an intra-atrial patch to streamline blood
flow from the inferior vena cava towards the PA, thereby excluding part of the atrium
from the systemic venous return.’ The main advantage is the growth potential of the
Fontan tunnel, since part of the tunnel is made from atrial tissue. The extracardiac
conduit technique uses a synthetic (Gore-Tex) conduit to connect the inferior vena cava
with the PA, thereby fully excluding the right atrium from the systemic venous return.®
This technique is now the preferred approach in most centers worldwide and in Leiden
since 2000. However, the lack of growth potential of the synthetic conduit remains
concerning, and long-term data regarding conduit size adequacy for older Fontan
patients is currently lacking. As a result, the most optimal technique (lateral tunnel or
extracardiac conduit) is still a matter of debate.’
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Figure 2. The different surgical techniques for completing the Fontan circulation are shown, including the
atriopulmonary connection (A), the lateral tunnel technique (B) and the extracardiac conduit technique (C).
Reproduced with permission from D "Udekem et al.?

RA; right atrium, RPA; right pulmonary artery, IVC/SVC; inferior/superior vena cava.

Fontan physiology

In a normal biventricular circulation, the right ventricle creates the driving force for
pulmonary blood flow to overcome the resistance in the pulmonary vascular bed. During
exercise, the right ventricular work increases in order to augment cardiac output.® In the
Fontan circulation, however, blood flow towards the pulmonary circulation is relatively
passive, as no subpulmonary ventricle is present that actively pumps blood towards
the lungs. Consequently, a chronically elevated venous pressure (CVP) is required to
overcome the resistance and associated pressure drop in the TCPC and the pulmonary
vascular bed. During exercise, further increase in CVP is needed to augment cardiac
output. However, the chronic elevation of CVP that is clinically tolerated and the
subsequent increase in CVP during exercise are both limited®"", resulting in reduced
preload towards the single ventricle and thus reduced cardiac output.
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Outcome

The introduction of the Fontan procedure has dramatically improved survival rates
for children born with a single ventricle. Nowadays, approximately 70.000 patients
worldwide are estimated to be alive and this population is expected to double in the
next 20 years. Today, the majority of children with a single ventricle are expected to
survive well into adulthood, with an estimated survival of 85% after 30 years for Fontan
patients operated in the current era.”> However, the vulnerable Fontan physiology
results in significant morbidity over time, including the occurrence of protein losing
enteropathy, liver fibrosis/cirrhosis to even hepatocellular carcinoma, brady- and
tachyarrhythmias, systolic and diastolic heart failure, significantly reduced exercise
capacity and eventually failure of the Fontan circulation. However, great variability
in clinical condition exists between patients and there is an unmet need for a better
understanding which patients are prone to worse outcome.” Characteristic of the
Fontan circulation, the chronically elevated CVP and reduced cardiac output are both
important pathophysiologic mechanisms of frequently observed morbidity in Fontan
patients. For example, elevated CVP is associated with the formation of liver fibrosis/
cirrhosis' and reduced stroke volume is one of the most important factors responsible
for impaired exercise capacity." Therefore, unobstructed blood flow with minimal
resistance from the systemic veins towards the lungs is critical to ensure efficient blood
flow with optimal hemodynamics. In this thesis a focus is placed on evaluation of blood
flow efficiency in the TCPC, an area that can potentially be optimized at the initial Fontan
procedure or during follow-up by reintervention.

Evaluation of blood flow in the TCPC

Magnetic resonance imaging

Currently, evaluation of the Fontan circulation using MRI is advised every 2-3 years
to early detect (subclinical) complications.'” Magnetic resonance imaging is a non-
invasive technique that can be used to evaluate in vivo blood flow using various phase-
contrast sequences. Conventionally, 2D flow MRI acquisitions are used to determine
unidirectional blood flow velocity at multiple predefined planes within the Fontan
circulation.” In the recent years, however, 4D flow MRI has emerged as a novel tool
able to capture three-directional (3D) velocities in a 3D volume of interest for multiple
timesteps along the cardiac cycle (4D= three-directional velocities + time). It not only
allows for quantification of flow rates at every position within the acquired volume of
interest, but also can be used to obtain 3D flow patterns within the TCPC. Abnormal,
helical flow patterns can be present in the TCPC resulting in less efficient blood flow
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that may increase risk for future Fontan failure.' Besides visualization of flow patterns
with 4D flow MRI, novel in vivo hemodynamic markers such as kinetic energy and
viscous energy loss rate (kinetic energy lost due to friction within the blood flow) can
be quantified from the acquired 3D velocity field."” Therefore, 4D flow MRI evaluation
of blood flow in the TCPC may identify novel insights into the presence of adverse flow
patterns and associated energetic markers which may be related to adverse clinical
outcome.

Computational fluid dynamics

Computational fluid dynamics can be used to simulate in silico blood flow in the
TCPC by numerically solving the continuity equation and Navier-Stokes equations for
incompressible fluid flows.'”® Using CFD, a three-dimensional time-resolved pressure
and velocity field can be obtained based on patient-specific 3D TCPC models coupled
with patient-specific MRI-derived boundary conditions. This allows for quantification of
high-resolution blood flow patterns and associated hemodynamics including viscous
energy loss, pressure gradients and resistance. Furthermore, CFD allows for simulation
of different physiologic flow conditions including the effect of respiration and exercise
on TCPC flow and energetics. In addition, “virtual surgery” can be performed with CFD
models, by adapting the TCPC geometry on the computer and subsequently simulate
the effect of the geometry adaptation on flow dynamics."®

Outline thesis

The first goal in this thesis is to assess the outcome of Fontan surgery performed in the
LUMC in the past 45 years. In order to improve future outcome in Fontan patients, a
better understanding of the Fontan physiology and better characterization of the state
of the Fontan circulation during follow-up are important gaps in current knowledge."
In this thesis, the main focus was to investigate the role of the TCPC in current Fontan
circulations, by prospectively evaluating TCPC flow dynamics in a cohort of teenage and
adolescent Fontan patients using advanced flow MRI and computational fluid dynamics
and assess its relationship with adverse outcome.

In part |, long-term outcome of the 45-year experience with the Fontan procedure at the
Leiden University Medical Center is described, one of the longest experiences to date
including the first procedures performed by Dr Fontan himself (Chapter 2). In chapter 3,
long-term outcome of the direct relief of subaortic stenosis in single ventricle patients
is described, as a relatively simple alternative to the most commonly used indirect relief
methods (e.g. Norwood or Damus-Kaye-Stansel).
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Part Il of this thesis is focused on the assessment of in vivo flow dynamics in the TCPC
using multiple different MRI flow imaging modalities. Chapter 4 reviews the role of the
cardiac and respiratory cycle on blood flow in the TCPC and its relevance for interpreting
the different imaging modalities. Since no subpulmonary ventricle is present, blood
flow pulsatility along the cardiac cycle in the TCPC is minimal. To exploit this fact, in
chapter 5 a novel scan technique was developed (cardiac-cycle averaged 3D flow MRI)
and compared with cardiac-cycle resolved 2D flow MRl and 4D flow MRI. In chapter 6, 4D
flow MRI derived energetics in segments of the TCPC are investigated. While previous
studies focused on blood flow in the TCPC from the level of the Fontan conduit, blood
flow patterns and energetics at the level where the IVC, hepatic veins and Fontan conduit
join (IVC-conduit junction) are evaluated with 4D flow MRI in this study. Finally, a case-
report illustrates novel insights that can be derived by evaluating TCPC hemodynamics
using 4D flow MRI with possible consequences for clinical care.

In chapter 7, the adequacy of the 16-20mm synthetic extracardiac Gore-Tex conduit
along the respiratory cycle is assessed using realtime 2D flow MRI, allowing to separate
flow measurements in both inspiration and expiration. A case-report shows the effect
of an undersized extracardiac conduit on local flow patterns and associated energetics
in the TCPC derived from 4D flow MRI.

Chapter 8 describes the correlation between in vivo 4D flow MRI derived energetics
(kinetic energy and viscous energy loss rate) in the TCPC with exercise capacity and
iron-corrected liver T1 mapping as a marker of liver fibrosis/venous congestion.

Part lll is focused on the application of CFD for assessment of TCPC flow dynamics.
Chapter 9 reviews the role of flow derived energetics in cardiovascular disease,
highlighting the important insights gained using CFD in Fontan patients. In general,
the performance of the TCPC as assessed by CFD is evaluated based on power loss and
the distribution of hepatic venous flow towards both lungs (hepatic flow distribution).
In chapter 10, the assumption of uniform distribution of hepatic venous flow at the
level of the Fontan conduit is tested using patient-specific CFD models, for the first
time directly including the hepatic veins. In chapter 11, the hemodynamic performance
of conventionally used 16-20mm extracardiac conduits is assessed in teenage and
adolescent patients using patient-specific CFD models during both rest and simulated
exercise conditions, separated into inspiratory and expiratory phases. Finally, in chapter
12 the results of the studies in this thesis are discussed and future perspectives are
provided. In chapter 13 a summary in Dutch is provided.
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