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Summary

The Fontan procedure is the last of three stages of congenital heart surgery to treat children
born with a single ventricle heart defect. During the Fontan procedure, the inferior vena cava
is connected to the pulmonary arteries by a Fontan tunnel. In these patients, a balanced hepatic
blood flow distribution (HFD) towards both lungs is important, since a lack of “hepatic factor”
has been associated with the formation of pulmonary arteriovenous malformations (PAVMs).
PAVMs are dysfunctional regions in the lungs resulting in poor blood oxygenation, causing
hypoxia, cyanosis, and exercise intolerance. With imaging modalities and using computational
fluid dynamics, the hepatic blood flow distribution can be studied.

Recent computational fluid dynamic (CFD) studies indirectly quantify HFD to the lungs' left
and right pulmonary arteries by tracking ‘hepatic flow’ particles that are uniformly seeded in
the Fontan tunnel and analyzing the distribution of these particles towards both lungs
(conventional approach). However, this conventional approach is based on an unvalidated
assumption that there is a uniform distribution of hepatic blood in the Fontan tunnel. Since
Reynolds numbers in the Fontan circulation are low and thus mixing of blood flow from the
hepatic veins and blood flow from the inferior vena cava (I'VC) in the Fontan tunnel might be
far from optimal, the question is whether this assumption is valid. Therefore, this study aimed
to investigate the distribution of hepatic blood flow in the Fontan tunnel.

To achieve this, we created three-dimensional (3D) reconstructions of the patient-derived
Fontan circulations based on MRI imaging that included the geometry of the hepatic veins in
the computational fluid domain. CFD modeling was used to analyze the mixing between
hepatic and 1VC blood flow in two cross-sections at a downstream (i.e. caudal) and an upstream
(i.e., caudal) level within the Fontan tunnel. One of the objective was to quantify HFD using
particle tracking directly from the inlets of the hepatic veins (novel approach) and compare
these HFD results to the conventional and previously published HFD quantification approach'’s
outcomes. In part Al of this master thesis, we performed CFD simulations of 15 Fontan
patients and only considered the cardiac cycle effects on blood flow. The main finding of part
Al was that hepatic blood flow was non-uniformly distributed within the Fontan tunnel. This
non-uniform distribution was most noticeable in the caudal cross-section (just above the
junction of hepatic veins with the I'VC). There was a significantly higher degree mixing of
hepatic with I'VC blood flow at the cranial level (good mixing, mean 0.79+0.11) than at the
caudal level in the Fontan tunnel (moderate mixing, mean 0.66+0.13, p<0.001). Furthermore,
a significant mean absolute difference was found in HFD quantification between the
conventional method, in which hepatic blood flow particles are uniformly seeded from a caudal
cross-section in the Fontan tunnel, and the novel method, in which particles are directly seeded
from the level of the hepatic veins (4.6% (95%CI 3.1-6.0)). Additionally, the mean absolute
difference between the conventional HFD quantification approach, in which particles were
seeded from a cranial cross-section, and the novel HFD quantification approach was 4.4 %
(95%Cl 2.2-6.5). However, although significant, these variations between the conventional and
novel HFD quantification approaches were relatively small and had no clinical relevance at a
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group level. Nevertheless, it should be emphasized that differences can be as high as 14.9% on
an individual basis, which may have implications for the patient-specific decision-making
about the need for surgical intervention.

Similar to most previous CFD models, in part ALl the respiratory effects on venous
blood flow were not taken into account in the CFD simulations. However, the physiologic
influence of respiration could have an important impact on the Fontan hemodynamics. Previous
clinical imaging studies showed that respiration has a tremendous impact on the blood flow in
the hepatic veins and Fontan tunnel in Fontan patients. These papers revealed that the flow
rates in the Fontan tunnel and hepatic veins increased dramatically during inspiration, then
decreased during expiration. Furthermore, these clinical imaging studies concluded that
respiration was primarily responsible for the periodic flow rate changes (i.e., pulsatility) in the
Fontan tunnel and hepatic veins in Fontan patients. Therefore, in part B1 of this master thesis,
we also evaluated the respiratory effects on the blood flow in three Fontan patients using real-
time phase-contrast magnetic resonance imaging (PC-MRI). Even though the resolution of
real-time PC-MRI is not yet good enough for the hepatic flow quantification, in this master
thesis, we introduced a novel approach to indirectly measure the hepatic flow in the hepatic
veins during the respiratory cycle using real-time PC-MRI. First, we measured the blood flow
in the Fontan tunnel, just above the entrance of the hepatic veins. Second, we derived the IVC
blood flow caudal from the hepatic veins. By subtracting these mean flows, we indirectly
quantified the mean hepatic blood flow. This is the first work that used real-time PC-MRI for
indirect quantification of hepatic flow to the best of our knowledge. For the sake of clarity, in
part B1 we only conducted an in-depth flow analysis without the use of CFD. The key findings
of part B1 were that the hepatic blood flow was 3.53 t04.88 times higher during the inspiratory
phase than during the expiratory phase. The flow in the Fontan tunnel was 1.82 and 1.97 times
higher during inspiration than during expiration. Furthermore, hepatic backflow (i.e., the flow
that is moving away from the heart towards the liver) only occurred during expiration. Another
interesting finding was that the hepatic blood flow and Fontan tunnel flow were respectively
for 56.0% up to 66.0% and 29.2% up to 32.7% dependent on inspiration. These outcomes
showed that the blood flow in the hepatic veins and Fontan tunnel were heavily influenced by
respiration. Furthermore, these derived hepatic flow parameters using real-time PC-MRI were
in close agreement with the Doppler measurements of Hsia et al. Although future research
needs to elucidate the potential of deriving hepatic blood flow from real-time PC-MRI on a
clinically routine basis, this study showed the feasibility of evaluating hepatic blood flow in
Fontan patients while using real-time PC-MRI.

Because respiration has a pronounced effect on the flow rates in Fontan patients, it was
desirable to reexamine the mixing of hepatic with I'VC blood flow in the Fontan tunnel and the
HFD quantification described in part A1 when respiration is taken into account. Therefore, in
part B2, we used the same 3D reconstructions of three Fontan circulations and their
corresponding meshes as used in part Al but incorporated boundary conditions that included
both the cardiac and respiratory effectson blood flow in the CFD simulations. In part B2, we
concluded that hepatic blood flow was still non-uniformly mixed in the Fontan tunnel. The
degree of mixing between these three cases varied between 0.56-0.76 at the caudal level and
between 0.68-0.94 at the cranial level. Although we could not perform statistical analysis, it
seemed that respiration improved the overall degree of mixing between hepatic and 1VC blood
flow in the Fontan tunnel when comparing the findings of individual cases of part B2 to the
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results of part A1 An explanation for this finding could be that respiration causes more flow
pulsatility and from previous research, it is known that pulsatile flow can improve the mixing
between two separate laminar streams, as we find in the Fontan circulation. In addition to the
mixing assessment, differences up to 8.97% were found in HFD between the conventional and
novel HFD quantification methods in the CFD models that considered respiration. Since part
B2 only investigated three cases, more research is needed using the novel HFD quantification
method in patient-specific CFD models that incorporate the hepatic veins to evaluate
respiratory effects on the HFD.

Recent CFD studies quantify HFD by tracking massless particles that represent the
hepatic blood flow. This methodology is generally known as the Lagrangian particle tracking
method. Generally, we used the Lagrangian particle tracking approach for the mixing analyses
and HFD quantifications in this master thesis since this method is the golden standard for HFD
quantification in Fontan patients and widely used by other research groups. However, a pilot
study by Prof. Dr. S. Kenjere$ showed that the quantification of mixing between hepatic and
IVC in the Fontan tunnel and HFD can also be evaluated with convection-diffusion modeling
(The Eulerian method). The Eulerian method uses the concentration of particles and computes
the overall convection and diffusion of a number of particles. Since we wanted to explore the
efficiency of the Eulerian method, we compared the HFD values obtained from the Lagrangian
and Eulerian method forone similar CFD case that incorporated the respiratory effectson blood
flow in part B2. For both the Lagrangian and the Eulerian method, we used the hepatic veins
inlet as the starting point for HFD quantification. Although we did not perform an assessment
of mixing between hepatic and I'VC flow within the Fontan tunnel using the Eulerian method,
the HFD difference for this single case between the Lagrangian and Eulerian method was only
0.62 %. This almost identical result between both methods implies that the Eulerian method
could be used as an alternative for HFD quantification; however a larger study is needed to
confirm this finding.

Conclusion

In brief, the hepatic blood flow was non-uniformly distributed within the Fontan tunnel in both
types of CFD models that ignored and considered respiration. This non-uniform distribution
was most noticeable in the caudal cross-section of the Fontan tunnel (just above the junction
of the hepatic veins with the 1VC). Furthermore, both kinds of CFD models showed a
substantial difference in HFD between the conventional method, in which hepatic blood flow
particles are uniformly seeded from either a caudal or cranial cross-section within the Fontan
tunnel, and the novel method, in which particles are directly seeded from the level of the hepatic
veins. Additionally, we have demonstrated that it was feasible to indirectly measure hepatic
blood flow in Fontan patients while using real-time PC-MRI. These derived flow parameters
extracted from real-time PC-MRI acquisitions showed that the blood flow in the hepatic veins
and Fontan tunnel were tremendously influenced by respiration. Hopefully, these novel
insights will contribute to a better understanding of the hepatic flow distribution patterns and
the role of respiration on blood flow in Fontan patients with the ultimate goal of providing
better patient care in the future.
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1. General introduction

1.1 Normal cardiovascular system

The cardiovascular system is a network of blood vessels in the human body with the primary
function of providing the body with nutrients and oxygen, eliminating carbon dioxide and
waste productsand regulating the temperature. The heart is the main pump that drives the blood
through the body using a sophisticated system of arteries, arterioles and capillaries. After
passing the organs, the blood flows back to the heart via the venules and veins. The human
cardiovascular system can be divided into two sub-circulations: 1. The pulmonary circulation
which transports deoxygenated blood to the lungs and returns oxygenated blood from the lungs
to the heart, 2. The systemic circulation that is responsible for the transport of the oxygenated
blood through the rest of the body. A healthy heart has a left and right side (figure 1A). Both
sides of the heart contain an atrium and ventricle; hence a healthy heart has four chambers. The
atria collect the blood and pump it to the more muscular ventricles. The leftand right ventricles
of the heart function as a double pump. The right ventricle that is part of the pulmonary
circulation pumps the blood into the pulmonary arteries to the lungs. The left ventricle that is
part of the systemic circulation pumps the blood in the aorta that transports the blood to the rest
of the body?.

A B
Superior Small ascending sorta
vena C&V\ JARSE Oxygen-poor

Oxygen-rich /" e bl Small aortic valve

\

Small mitral valve

Pulmonary
valve

Small left ventricie

Tricuspid ~_| |
valve N4
Inferior \\ <
vena cava ¥ ;

Figure 1A: Normal anatomy of the heart, 1B: Single venricle heart defect (hypoplastic left heart syndrome).
Available via http://fetaltonewborn.org/hypoplastic-left-heart-syndrome-hlhs/normalheartbloodflow/ and
https://biomedadvances.com/hypoplastic-left-heart-syndrome-genes-identified/
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1.2 Single Ventricle Heart Defect

Around 0.2% of all children are born with a single ventricle heart defect2. Single ventricle heart
defectsare among the most severe categories of congenital heart diseases. In patients with a
single-ventricular heart defect, one of the ventricles is not developed correctly, which results
in inadequate or no pumping of blood to one of the two sub-circulations (figure 1B). The most
common single heart defect is the hypoplastic left heart syndrome, in which the left ventricle
is underdeveloped?. Besides, patients with single heart defects may also have openings in the
atrial or ventricular wall. The shunts between the left and the right heart chambers cause mixing
of the oxygen-poor blood and oxygen-rich blood. Because of these anatomical problems of the
heart, shortly after birth newborns with a single heart defect turn cyanotic (present with a blue
color skin) due to decreased amounts of oxygenated blood in the body 2.

1.3. Three-stage reconstruction

Without surgical treatment and medicines, most of the children with a single ventricle heart
defect die within the first 7-10 days of life*. Fortunately, advances in surgery, medicine and
intensive care treatment allow most patients to survive nowadays. Since the dysfunctional
ventricle cannot be repaired, surgeons reconstruct parts of the heart and redirect blood flows to
palliate the adverse effects of a single ventricle defect. This surgical reconstruction has to be
performed in three stages since there is a need for well-controlled blood flow to the small lungs
of the neonates to prevent damage to the lungs. This three-staged surgical reconstruction allows
a gradual adaptation of the lungs and heart of pediatric patients, which decreases the overall
perioperative morbidity and mortality3.

1.3.1. Stage 1: Norwood procedure
The first stage of the reconstruction is the Norwood procedure, which is performed shortly after

birth (figure 2). This surgical reconstruction allows the right ventricle to pump blood to both
the lungs and the body. First, the surgeons enlarge the opening betweenthe left and right atrium
(which is generally known as atrial septectomy), which enables the blood from the right and
left atrium to mix. The next step is to widen the hypoplastic aorta. Hereafter, the trunk of the
pulmonary artery is separated from the pulmonary circulation, and incisions are made within
the aorta and the pulmonary artery. Hereafter, the aorta and the pulmonary artery are stitched
together with a patch to create a ‘neo-aorta’. At this moment, there is a pathway generated from
the heart to the body. The final step is to ensure that there is also blood flow to the lungs by
creating an additional tube. There are two options for this final step: 1. The Sano shunt, which
is an additional tube from the right ventricle to the remaining pulmonary artery (which has not
been used forthe ‘neo-aorta’), 2. The Blalock-Taussig shunt, which is an additional tube from
the ‘neo-aorta’ to the pulmonary artery. Both options ensure blood supply to the lungs. After
the Norwood procedure, theright ventricle not only pumps blood to the lungs, but it also pumps
blood to the rest of the body®. However, because the right ventricle pumps the blood to the
lungs and the aorta, the arterial oxygen saturation after the Norwood procedure is usually 70-
75% (healthy values 90-95%).

12



Neo-aorta

Left atrium
Fenestration

Left
ventricle

Figure 2: Norwood procedure Available via: https://www.childrenscolorado.org/conditions-and-
advice/connection/hypoplastic-left-heart-syndrome-hlhs/hlhs-surgery/

1.3.2. Stage 2: Bi-directional Glenn procedure
Around four to six months after the Norwood procedure, the second stage of the reconstruction

is carried out, which is called the bi-directional Glenn procedure (figure 3). The bi-directional
Glenn procedure has two goals: 1. To reduce the amount of blood the right ventricle has to
pump and 2. To enable passive blood flow from the upper body to the lungs. Inthis procedure,
the superior vena cava (SVC) from the upper part of the body is detached from the heart and
directly connected to the (right) pulmonary artery. The additional tube between the right
ventricle and pulmonary artery (Sano shunt) or between the ‘neo-aorta’ and pulmonary artery
(Blalock-Taussig shunt), placed during the Norwood procedure, is removed since the blood
can now pass to the lungs via the anastomosed SVC. This second reconstruction already
improves the systemic arterial oxygen saturation with usual oxygen saturations around 75-85
percent®. After the bi-directional Glenn procedure the right ventricle pumps blood only to the
body. The blood in the right ventricle after a bi-directional Glenn procedure is still a mixture
of deoxygenated blood coming from the lower part of the body via the vena cava inferior (IVC)
and oxygenated blood that has entered the ventricle via the pulmonary veins and atria’.
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Figure 3: Bi-directional Glenn procedure Available via: https://www.childrenscolorado.org/conditions-and-
advice/connection/hypoplastic-left-heart-syndrome-hlhs/hlhs-surgery/

1.3.3. Stage 3: Fontan procedure
The third stage of the three-stage palliative reconstruction is the Fontan procedure (figure 4),

for the first time performed by Francis Fontan in 1971. In the Fontan procedure, normally
completed between the ages of 18 months and four years, the IVC is detached from the heart
and connected directly to pulmonary arteries by a Fontan tunnel. In a Fontan circulation, the
venous blood from the upper and lower part of the body (via SVC and I1VC, respectively)
returns straight to the lungs to picks up oxygen (without the support of a ventricle) while the
single functional ventricle is used for pumping the blood through the body?2. This Fontan
procedure achieves a single-ventricle circulation with saturations of near-normal levels®.
Initially, the surgeons make a fenestration during the Fontan procedure, as illustrated in figure
4A. A fenestration is a little open connection between the Fontan tunnel and the right atrium.
A fenestration is a sort of piston that prevents the development of too high pressures in
pulmonary arteries, directly after the Fontan procedure. When the child becomes older, the
fenestration is usually closed by a catheterization procedure®. The Fontan circulation without
fenestration is shown in figure 4B.
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Figure 4: 4A: Fontan procedure, 4B: After Fontan procedure after closure of fenestration Availablevia:
https://www.childrenscolorado.org/conditions-and-advice/connection/hypoplastic-left-heart-syndrome-
hlhs/hlhs-surgery/
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1.3.4. Surgical variations for the Fontan procedure
There are three surgical variations for the Fontan procedure that have been evolved over time:

1. The atriopulmonary connection (i.e. ‘the classic Fontan), 2. intracardiac total cavopulmonary
connection (i.e., intracardiac lateral tunnel (ILT)); and 3. extracardiac total cavopulmonary
connection. Inits first version, the atriopulmonary connection (figure 5A), the right atrium was
isolated and anastomosed to the right pulmonary artery. This atriopulmonary connection was
an attempt to utilize the right atrium as right ventricle to pump the blood to the lungs3. However,
a major drawback of the atriopulmonary connection was the progressive dilation of the atrial
chamber that causes blood flow turbulence and blood clotting problems. After that, Leval et al.
invented the ILT-type connection. In this ILT method (figure 5B), the IVC is coupled to the
pulmonary arteries via an isolated intra-atrial lateral tunnel constructed with native tissue (the
right atrial posterior wall) and prosthetic materiall®. The idea behind the ILT connection is that
it would prevent progressive dilation of the atrium. The extracardiac total cavopulmonary
connection (ECC) (figure 5C) makes use of a conduit that is entirely located outside the atrium
and attaches the IVC to the pulmonary arteries!>12, It is assumed that the ECC provides more
favorable fluid dynamics with lower right atrial pressures and lower risk of thromboembolism
due to the absence of prosthetic material in the atrium compared to the ILT method. Therefore,
most pediatric cardiology centers use the ECC method nowadays!?. Both the ECC and ILT
connections are generally labeled as the total cavopulmonary connection (TCPC). Research
has demonstrated that the TCPC, especially the ECC-variant, had lower mortality and
improved outcomes compared to the old-fashion atriopulmonary connections.

In brief, the Fontan circulation allows venous blood to return passively to both lungs,
while the single functional ventricle actively pumps the blood into the body. The returning
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venous blood is generally called (systemic) venous return in literature. VVenous return fromthe
lower part of the body travels via the I\VVC, which is a vessel that collects venous blood from
veins of different organs along its way. Figure 6 shows an overview of the Fontan circulation,
including the three hepatic veins from the liver that drain into the IVC.

Figure 5: 5A: atriopulmonary connection, 5B: intracardiac total cavopulmonary connection (i.e. intracardiac
lateral tunnel (ILT)), 5C: extracardiac total cavopulmonary connection (ECC). Available via:
https://kidshealth.org/en/parents/hypoplastic-heart.html and https://www.behance.net/gallery/56145349/Fontan-
Procedure-published-in-EMJ-Cardiology
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Figure 6: Overview of the Fontan circulationincluding the three hepaticveins from the liver that drain into the
inferior vena cava
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1.4. Unbalanced hepatic flow distribution

Although the Fontan procedure has been modified over time, leading to the ECC-type
connection that is most in use nowadays, patients with a Fontan circulation still suffer from
long-term complications. The most important long term complication is end-stage heart failure
leading to exercise intolerance, pulmonary hypertension and arrythmia®l. Another long-term
complication is the development of pulmonary arteriovenous malformations (PAVMs).
PAVMs are abnormal connections between the capillaries of the pulmonary arteries and
pulmonary veins and are responsible for insufficient oxygenation of the blood. Insufficient
oxygenation of the blood could result in progressive hypoxemia, cyanosis and exercise
intolerance. The exact pathogenesis of PAVMs is still unknown, but it is assumed that hepatic
blood flow contains a group of molecules ‘the hepatic factors’ which are crucial for the
prevention of the development of PAVMs13-15, In other words, a lack of hepatic factors in one
of the lungs is associated with PAVMs formation. The liver secretes the hepatic factors into
the hepatic blood flow. The hepatic blood flow drains into I'VVC and is via the Fontan tunnel
distributed in both lungs. In a healthy cardiovascular system, the right ventricle adequately
pumps the hepatic blood flow to both lungs, however studies showed patients with a Fontan
circulation usually have an unequal distribution of hepatic blood flow towards both lungs 1315,
Therefore, the hepatic flow distribution (HFD) towards both lungs is an important parameter
and used by clinicians to evaluate the Fontan performances.

Computational fluid dynamics (CFD) is a special field of fluid mechanics and can help
to understand the behavior of complex fluid flows in Fontan geometries. CFD is a widely used
method for retrospective and prospective patient studies to investigate unmeasurable
hemodynamic parameters such as HFD6.17, For the quantification of HFD, you need to
investigate the trajectories of individual fluid particles representing the hepatic blood flow,
which is difficult to achieve in vivo. A way to overcome this obstacle is the usage of a computer
model that simulates the hepatic blood flow within a Fontan circulation. Recent CFD studies
indirectly quantified HFD to the left pulmonary artery and right pulmonary artery by tracking
‘hepatic flow’ particles that are uniformly seeded in the Fontan tunnel and analyzing the
distribution of these particles towards both lungs (the conventional approach) 18-22, However,
this conventional approach is based on an unvalidated assumption that there is a uniform
distribution of hepatic blood in the Fontan tunnel. Because Reynolds numbers in the Fontan
tunnel are low, the blood flow in the Fontan tunnel behaves laminar. Due to this laminar flow
behavior, the mixing of blood from the hepatic veins and the I'VC might be far from optimal
contrary to what is generally assumed and so the question rises whether this assumption of
uniform hepatic flow distribution within the Fontan tunnel is correct. Moreover, using this
assumption of even distribution of hepatic flow in the Fontan tunnel could potentially cause
inaccuracies in HFD quantification. Therefore, this study aimed to test this assumption of
uniform distribution of hepatic blood flow within the Fontan tunnel. To achieve this, we created
patient-specific CFD models that included the geometry of the hepatic veins into the
computational fluid domain. These CFD models that incorporated the hepatic veins made it
possible to seed ‘hepatic flow’ particles directly from the level of the hepatic veins (the novel
approach). We supposed that seeding ‘hepatic flow ‘particles directly from the level of the
hepatic veins would provide physiologically more realistic hepatic blood flow patterns.
Another objective was to quantify and compare the HFD outcomes when particles were
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uniformly seeded from a cross-section within the Fontan tunnel (the conventional approach)
and were seeded from the level of the hepatic veins (the novel approach).

1.5. Respiration

1.5.1. The findings of previous studies

Previously performed studies showed that the venous blood in the Fontan circulation is
influenced by respiration. The venous blood flow in Fontan patients was significantly more
influenced by respiration compared to healthy subjects?3:24, Hsia et al. and Fogel et al. stated
that the Fontan tunnel flow was for 30% dependent on inspiration?42%, Moreover, Hsia and
colleagues revealed that the hepatic blood flow was for 55% dependent on inspiration?4.
Although the cardiac cycle remains the main driving force behind the net mean flow of the
Fontan tunnel, it was showed that respiration was primarily responsible for the periodic flow
rate changes (i.e., pulsatility) in the Fontan tunnel?*-2°. The Doppler ultrasound measurements
of Hsia et al. showed that respiration was not only predominantly in charge of the flow
pulsatility in the hepatic veins, but it was also the main driving force behind the hepatic blood
flow?24, Both the Fontan tunnel and the hepatic flow were significantly higher during inspiration
than during expiration in Fontan patients?3-27.2-41, |t was revealed that the Fontan tunnel and
hepatic flow in Fontan patients are respectively between 1.4 to 1.8 and between 3 to 4 times
higher during inspiration than expiration?3:24.27.30-36.383941 'Eyrthermore, the cardiac cycle
barely affected the flow pulsatility in the Fontan tunnel and hepatic veins in Fontan
patients24.27:30.31.42 The greater influence of respiration was explained by the fact that Fontan
patients do not have a sub-pulmonary ventricle that steadily pumps the blood into the lung.
Moreover, during the Fontan procedure, the surgeons create a direct connection between the
IVC and the lungs by the Fontan tunnel that normal subjects do not have. Therefore, Fontan
patients are more subjected to intrathoracic pressure changes related to breathing. Inspiration
drops the intrathoracic pressure to negative values*® and is considered responsible for the
increased inspiratory Fontan tunnel and hepatic blood flow in Fontan patients.

1.5.2. Flow acquisitions that take respiratory effects on blood flow into account
Different clinical imaging techniques can measure blood flow while taking the respiratory

effects into account. The two clinical imaging methodologies that are most commonly used for
visualizing blood flow are free-breathing non-navigated non-ECG gated two-dimensional (2D)
through-plane phase-contrast MRI (PC-MRI), better known as real-time PC-MRI, and Doppler
Ultrasound. Real-time PC-MRI considered both the cardiac and respiratory effects on blood
flow, which will be discussed later. PC-MRI uses an MRI scanner and radio waves that are
pulsed through a body to analyze blood flow. Doppler ultrasound uses an ultrasound beam and
sound waves to visualize blood moving through vessels. PC-MRI has some advantages above
Doppler Ultrasound. First, PC-MRI is less dependent on the examiner and has, therefore, a
higher inter-observer reproducibility44°. Secondly, when using Doppler Ultrasound,
assumptions about basic flow profiles and cross-sectional vessel areas, need to be made to
calculate mean velocities and net flow rates. These assumptions may produce imprecise flow
calculations in the presence of complicated vessel geometry or flow*®. Unfortunately, current
clinical imaging studies have only investigated the respiratory effectson hepatic blood flow
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using (invasive) Doppler ultrasound 24:30.31.34-36.47.48 hecause hepatic veins are too small to
measure these blood flow rates directly with real-time PC-MRI. Despite the fact that the
resolution of real-time PC-MRI is not yet good enough for the hepatic flow distribution, in this
master thesis, we introduced a new method to indirectly measure the hepatic flow in the hepatic
veins during the respiratory cycle using real-time PC-MRI. First, we measured the blood flow
in the Fontan tunnel, just proximal to the hepatic veins' entrance. Second, we derived the IVC
blood flow caudal from the hepatic veins. By subtracting these flows, we indirectly quantified
the hepatic blood flow. With this new method, we were able to investigate the respiratory
effects on the blood flow of the SVC, IVC, Fontan tunnel and the hepatic veins while using
real-time PC-MRI in this master thesis.

1.5.3. Respiratory effects on hemodynamics in CFD models

Respiration is a physiologic influence on Fontan hemodynamics that has unfortunately not been
incorporated in most of the CFD models. The effects of respiration may have important
implications for the CFD modeling outcomes, such as the degree of mixing between hepatic
and 1'VC blood flow in the Fontan tunnel and the HFD quantification. Therefore, we developed
two types of CFD models: 1. CFD models that only included the cardiac effects on blood flow
(part Al) and 2. CFD models that considered both the cardiac and respiratory effects on blood
flow waveforms (part B2).

Main objectives
This thesis is subdivided into three main parts: Al, B1 and B2.

Part Al
The objectives of part Al of the master thesis project were to 1. investigate the assumption

that hepatic blood flow is uniformly distributed in the Fontan tunnel by evaluating the degree
of mixing between hepatic and I'VC blood flow at two cross-sections within the Fontan tunnel
using patient-specific CFD simulations, and 2. quantify HFD using particle tracing directly
from the hepatic veins (novel approach) and compare results with the conventional approach,
in which particles were uniformly seeded from cross-sections within the Fontan tunnel
(conventional approach). In part A1, we used free-breathing, ECG-gated two-dimensional PC-
MRI with three-directional velocity encoding (2D-3dir PC-MRI) acquisitions to obtain time-
varying flow rate waveforms to reconstruct boundary conditions in the patient-specific CFD
models. The free-breathing ECG-gated 2D-3dir PC-MR imaging modality will be discussed in
more detail in chapters 2 and 3, however, it is important to know that ECG-gated obtained flow
data only consider cardiac effects on blood flow. The hypothesis of part Al is that hepatic
blood is non-uniformly distributed within the Fontan tunnel, which affects the precision of
HFD quantification with the conventional approach.

Part B1
Part Bl involves an in-depth flow analysis without the use of CFD. In this part B1, we

introduced a new method to indirectly measure the hepatic flow in the hepatic veins during the
respiratory cycle using real-time PC-MRI. With this new method, we were able to investigate
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the respiratory effects on the blood flow of the SVC, IVC, Fontan tunnel and the hepatic veins
while using real-time PC-MRI. The main hypothesis was that respiration would have a
pronounced impact on the flow rates of the hepatic veins in the Fontan patients.

Part B2
Since we only considered the cardiac effects on blood in the CFD models of part Al, it was

desirable to reexamine the mixing of hepatic with I'VC blood flow in the Fontan tunnel when
respiration is taken into account in part B2. Furthermore, we will also reassess the HFD
quantification and compare the HFD outcomes between the novel and conventional HFD
quantification approaches when respiration is incorporated into the CFD models. We used real-
time PC-MRI acquired flow data that contain information about the cardiac and respiratory
effects on blood flow to reconstruct the boundary conditions in the CFD simulation. We
hypothesized that incorporating the cardiac and respiratory effects at the boundary conditions
have an impact on the mixing properties between hepatic and 1'VC blood flow within the Fontan
tunnel and HFD outcomes.

Thesis outline

The master thesis itself is built up as follows; the current chapter, chapter 1: General
introduction provides a general introduction about the Fontan procedure, the importance of a
balanced HFD towards both lungs and the role of respiration on blood flow in a Fontan
circulation. Furthermore, this chapter introduces the application of CFD to evaluate the Fontan
performance and questions certain assumptions that have previously been taken in recent CFD
studies in order to quantify HFD. Chapter 2: Theoretical background, gives a detailed insight
into Fontan fluid dynamics, the clinical imaging technique of free-breathing ECG-gated 2D-
3dir PC-MRI and real-time PC-MRI, the fundamentals of CFD and the differences between
the Lagrangian particle tracking and the Eulerian confection diffusion modeling methods.
Chapter 3 presents the General methods. This chapter provides a detailed overview of the
technical steps that have been taken in this master thesis project. In part Al of this master
thesis, we performed CFD simulations of 15 Fontan patients. The boundary conditions of the
CFD models in part Al only considered the cardiac effectson blood flow. Inpart A1, we tested
the previously used assumption that hepatic blood flow is uniformly distributed in the Fontan
tunnel by evaluating the degree of mixing between hepatic and I'VC blood in the Fontan tunnel.
Furthermore, we quantified HFD using particle tracing directly from the hepatic veins (novel
approach) and compared results with the conventional approach, in which particles were
uniformly seeded from cross-sections within the Fontan tunnel (conventional approach). In
part B2 of this master thesis, we carried out CFD simulations of three Fontan cases and used
boundary conditions that incorporated both the cardiac and respiratory effects. In part B2, we
re-examined the assessment of mixing of hepatic blood with IVC blood in the Fontan tunnel
and the HFD outcomes while respiration was taken into account. In part B1, we performed an
in-depth flow analysis using real-time PC-MRI without the use of CFD. The main goal was to
investigate the role of respiration on blood flow in the IVC, SVC, Fontan tunnel and hepatic
veins. All three parts (Al, B1 and B2) have their own introduction, methods, results,
discussion, limitations and conclusion sections. The General discussion is presented in chapter
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4. The recommendations for future research are given in chapter 5: Future research and
recommendations. This master thesis finishes with chapter 6: General conclusion with regard
to the overall obtained results.
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2. Theoretical Background

2.1 Fontanfluid dynamics

A healthy cardiovascular system contains a pulmonary and systemic circulation connected in
series and driven by two simultaneously pumping ventricles (i.e., biventricular circulation). A
key characteristic of a Fontan circulation (i.e., single ventricle circulation) is the absence of a
sub-pulmonary ventricle that steadily pumps the blood into the lungs (figures 6 and 7)#°. Due
to the Fontan circulation, the flow and pressure through circulation differ from a biventricular
circulation.

The single ventricle has to provide the power source for the blood flow in both systemic
and pulmonary circulations. Therefore, in comparison with a healthy cardiovascular system,
the single ventricle has to pump against an enlarged afterload°. Afterload is the resistance that
the ventricle of the heart has to overcome to eject the blood from the ventricle during
contraction of the heart muscle (i.e., systole). Additionally, since the driving force for
pulmonary flow is decreased, there is a reduction of ventricle preload compared to biventricular
circulation®®. Preload is the initial stretching of myocardial fibers before the heart contracts
(i.e., filling pressure). Lastly, the right ventricle (for patients with hypoplastic left heart
syndrome) may not be well appropriate for the elevated afterload, leading the ventricle function
to fail over time®2,

As stated before, respiration is primarily responsible for the flow pulsatility in the
Fontan tunnel and hepatic veins. The Fontan tunnel and the hepatic blood flow were
significantly higher during inspiration than during expiration in Fontan patients?3-272%-41,
Furthermore, the cardiac cycle barely affected the flow pulsatility in the Fontan tunnel and
hepatic veins in Fontan patients?427.303142 Research revealed that this effect of respiration is
less pronounced in the I1VC in Fontan patients 24.34-36,

Figure 7: The Fontan circulation (i.e., single-ventricle circulation)
Available via: STS/EACTS Latin America Cardiovascular Surgery Conference
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2.1.1 Flow patterns
Generally, it is assumed that blood flow behaves laminar in the human body. In the case of

laminar flow, the fluid particles travel in layers, in contrast to turbulent flow, defined by highly
disordered velocity fluctuations between the fluid particles (figure 8). To determine whether
the fluid is going to be laminar or turbulent, we can use the parameter called Reynolds number
(Re). The Reynolds number is a function of the density (p) and velocity (v) of the fluid, the
diameter (D) of the blood vessel and the dynamic viscosity (u). If Re is below roughly 2300,
we usually say it is a laminar flow. If Re is between 2300 and 4000, the flow is in transition. If
Re is greater than 4000, then it is a turbulent flow. The Re equation is the following®3:

-v-D
Re=p

(2.1)

Where:

Re = Reynold's number [-]
p = fluid density [kg m™3]
v = fluid velocity [%]

D = diameter [m]

U = dynamic visocity [Pa - s]

Although blood flow is generally considered as laminar flow, blood flow is driven by a pulsatile
pressure gradient and sometimes reaches high peak velocity magnitudes and flow rates. In this
master thesis project, we evaluated the Reynolds numbers for one case using two types of flow
acquisitions that either considered only the cardiac effects or both the cardiac and respiratory
effects. The Reynolds numbers for this one case usually were between 400 and 600 (i.e.,
laminar flow) within the Fontan tunnel. Nevertheless, peak Reynolds number could reach
values ranging from 1978 and 2748 depending on the considered type of flow since respiratory
effects increase the blood velocity. The explanation for these high Reynolds numbers was a
combination of a larger diameter, for instance, at the level of the pulmonary artery bifurcation,
and higher short-term peak velocities. Since the peak Reynolds numbers were only slightly
above the laminar and far below the turbulence threshold, the Fontan blood flow was in
transition for a short time during the cardiac or the respiratory cycle.

Turbulent
Flow

Figure 8: Visualizationof turbulent and laminar flow in a pipe. Available via:
Turbulent Flow Rate Calculator. https://www.smartflow-usa.com/turbulent-flow-rate-calculator
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Another important non-dimensional parameter relevant to blood flow is the Womersley
number. The Womersley number defines the ratio of the inertial forces and the viscous forces

of the blood flow?®3:
a ::3_ “a;ﬂ) (2.2)

Where:

a = Womersley number [—]
D = diamemeter [m]

p = fluid density [kg m™3]
U = dynamic visocity [Pa - s]

2* rad
w = angular frequency = - [

T] with T the cardiac cycle or respiratory cycle time

T = cardiac cycle or respiratory cycle time [s]

For smaller Womersley numbers, the frequency is slow enough for the flow to develop a
parabolic velocity profile in straight cylinder. For higher Womersley numbers, the velocity
profiles show a more Womersley profile. Figure 9 demonstrates the velocity profile of flow-
dependent on the Womersley number acquired from the N-S equation's solution in a straight
cylinder. Of course, in a human body vessels are not perfectly straight cylinders. Besides, blood
vessels are connected to other blood vessels by junctions, which cause local velocity profile
changes. Therefore, real velocity profiles could differ from the expected velocity profile based
on the calculated Womersley number. Nevertheless, it was wise to consider the Womersley
numbers because it helped to understand the flow patterns within the Fontan circulation. In this
project, the Womersley’s numbers one patient varied depending on which cycle time (cardiac
or respiratory) and so angular frequency was taken into account. For example, the Womersley
number measured in the I\VC for one case (D= 19.15e-3 m, u= 0.0035 Pa-s, p = 1060 kg m™)
when considering the cardiac cycle time (T= 0.939s) was 13.63. The Womersley number for
that similar case when considering the respiratory cycle time (4.004s) was 6.60. These
Womersley numbers increased if it was measured more upstream at pulmonary artery
bifurcation since the diameter (D=24.4e-3 m) was larger at this location, respectively 17.40
and 8.41 depending on the chosen cycle time (respectively cardiac or respiratory). Although
we have not evaluated the Womersley number for every patient, the outcomes of this single
case showed the Womersley number could vary considerably depending on the measurement
location, the cardiac or respiratory cycle time, and so the angular frequency.
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Figure 9: Type of velocity profile related to Womersley number acquired from the N-S
equation’s solution in a straight cylindric tube. Available via:
tps:/lcommons.wikimedia.org/wiki/File:Comparison_of_velocity profile_of Womersley_flow.svg.

2.1.2 Navier-Stokes equations

The physical characteristics of any fluid flow are determined by three fundamental equations:
the continuity equation (the law of the conservation of mass), the momentum equation (which
is Newton’s second law of motion (F = m * a ) applied to fluid) and the energy equation (the
law of conservation of energy applied to fluid). These mathematical equations are in the most
general form partial differential equations. The Navier-Stokes (N-S) equations combine all
these three fundamental principles and describe how velocity, pressure, density and
temperature of moving fluid are related®3. In the CFD simulations, blood was considered as an
incompressible fluid, whose density does not change with pressure changes (blood density is
normally estimated at p = 1060 kg m~3)%*. A Newtonian fluid is defined as fluid for which
the viscous stress (7) is linear related to the shear rate (or gradient of the velocity field V'v) by
the equation 7 = u (Vv). Blood has non-Newtonian behavior and is usually defined in a
Carreau fluid model, where the viscosity at high shear rate (Y = Vv) matches the value for a
Newtonian fluid®>3-5%:

n-—1

Norr (1) = e + (g — 1) (1+ (A1)°) > (2.3)

Where:

Nerr = fluid viscosity depending on the shear rate by Carreau’s equation [Pa - s]
N, = viscosity at zero shear rate [Pa- s]

., = viscosity at high shear rate [Pa - s]

A =relaxation time [s]

n = power index

Y (or Vv) = shear rate [s™1]

26



For blood of constant density p and variable viscosity n, , the N-S equations coupled with
the continuity equation becomes®3-55:

9
p[a—? + (u-V)u] = V[—pl+ np, (Vu+ (T)7)] (2.4)

V-u=0 (2.5)

Where:
m
u = velocity [?]

p = fluid density [kg m™3]

Nerr = fluid viscosity depending on the shear rate by Carreau's equation [Pa - s]

p = fluid pressure [Pa]

t = time [s]

In this master thesis, based on literature, the following values were chosen for the different
parameters used in the CFD models: 1n,=0.25 [Pa-s], n,= 0.0035 [Pa‘s], A=25 [s] and n =
0.25°4. The blood was supposed to have a constant density p = 1060 [kg/m3].>*

2.2 Computational fluid dynamics

Computational fluid dynamics (CFD) is the technology that applies computers tosimulate fluid
flow (i.e., fluid modeling) by solving the N-S equations (#2.4-2.5). Because the N-S equations
are partial differential equations, nonlinear and highly coupled, solving the N-S equations
analytically is extremely difficult and only possible for very simplified fluid cases.
Unfortunately, the N-S equations of blood flow in a human body are too difficult to solve
analytically. One solution to overcome this problem is using CFD to solve complicated fluid
issues. With CFD, the geometry of interests (i.e., the computational fluid domain) is
subdivided into a large number of control volumes or elements (or cells). All cells together are
called the mesh. For each of these cells we can approximate the continuous N-S partial
differential equations with discrete algebraic equations. This method of converting the
continuous N-S equations into discrete algebraic equations which can be resolved for a given
finite volume, is called the finite volume method. These discrete algebraic equations enable to
calculate the pressure and velocity at the center (called a node) of each cell based on the
velocity and pressure values of the surrounding nodes. The higher the order of these discreate
algebraic approximations, the more neighboring nodes are used. As a consequence, each node
of each cell will have a set of algebraic equations. Since the value of one node of each time
step is depending on the values of the nearby nodes and vice versa, these discrete algebraic
equations are connected. In order to solve these discrete algebraic equations for each cell, all
discrete algebraic equations are assembled into one large matrix. Solving this immense matrix
of discrete algebraic equations (which is a matrix inversion problem) requires a large number
of iterative calculations per time step®3°6. In this project, we used ANSYS Fluent (v17.1,
ANSYS, Inc) as CFD solver.
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2.2.1 CFD workflow
There are different software packages available for CFD modeling. All these software packages

need a specific pipeline to create CFD models that incorporate patient-specific three-
dimensional (3D) geometries and flow data as boundary conditions (figure 10). CFD uses the
following workflow: Firstly, the geometry of the anatomy is extracted from static 2D MRI
images by drawing contours of the vessel with segmentation tool software packages, which
process is called segmentation. All these 2D vessel contours are combined to reconstruct a 3D
geometrical model of the blood vessel. Because the 3D geometrical model is created from 2D
blood vessel contours, this could cause irregular and rough surfaces and therefore, additional
surface smoothing steps are needed to keep the model computationally stable. Secondly,
centerlines of the vessel or geometry are applied for clipping and closing the in- and outlet
surfaces perpendicular to the centerlines. Hereafter, cylindrical extensions (i.e., flow
extensions) are added toeach in- and outlet, ensuring that flow incoming and leaving the region
of interest is fully developed. Hereafter, a mesh of the 3D geometrical model is created where
the fluid domain is discretized into 3D-cells. Patient-specific CFD modeling needsinformation
of patient-specific physiological data such as heart rate, time-varying volumetric flow rates,
velocity fields of each vessel, or flow distributions between vessels to reconstruct boundary
conditions. Boundary conditions are constraints set to the flow inlets, outlets and wall that need
to be applied when solving the fluid problem. An example of a boundary condition is the
prescription of time-varying volumetric flow rate waveform at the inlets based on the patient-
specific PC-MRI data. Furthermore, material properties for the wall and blood should be
determined. After completing the different pre-processing steps, the next step is processing, in
which solver settings are defined and the CFD model is simulated. There are two simulation
options; steady-state simulation in which the velocity at each location in space is constant with
time and unsteady or transient simulation with a changing velocity/flow over time. Afterthe
simulation, the obtained results are processed and visualized to draw conclusions. This step is
called post-processing. Finally, the CFD simulation outcomes should also be validated with
patient-specific datato check if the outcomes agree with physical reality®3:57:58,

Pre-processing Processing | Post-
processing
Scanning | Segmentation | Smoothing & | Clipping & | Reconstruction Simulation Analyzing
centerlines meshing of boundary with CFD results
conditions software

Figure 10: CFD pipeline




2.3 PC-MRI acquisitions

In this master thesis, the CFD models' boundary conditions were reconstructed from PC-MRI
extracted flow data. We used twotypes of PC-MRI: 1. free-breathing ECG-gated PC-MRI with
three directional velocity encoding (2D-3dir PC-MRI) and 2. free-breathing non-ECG gated
2D PC-MRI (i.e., real-time PC-MRI) in which velocity is determined in only one direction in
the through-plane direction. Inpart A1, we used the first type of PC-MRI in the CFD models
that only considered cardiac effects on blood flow, whereas the second type of PC-MRI was
used in parts B1 and B2, which flow analyses and CFD models included both the cardiac and
respiratory effects on blood flow. This paragraph provides information about PC-MRI in
general and the difference between free-breathing ECG-gated 2D-3dir PC-MRI and real-time
PC-MRI. PC-MRI acquisitions details used in this project are given in table 1.

2.3.1 PC-MRI in general

Magnetic resonance imaging (MRI) utilizes a strong magnetic field and radiofrequency energy
(i.e., radio waves) to provide detailed images of organs. The principles of MRI are based on
the fact that protons within a nucleus of an atom have a magnetic moment (figure 11A). If the
atom with protons is placed in a magnetic field, they are forced to align with the magnetic field
(Figure 11B). Radio waves are then pulsed through certain areas of the body, thereby forcing
the atomic nuclei out of alignment with the magnetic field and inducing a spin of the atoms
(figure 11C). Once the applied radio waves are turned off, the atomic nuclei realign (figure
11D). This causes the atomic nuclei to release energy and send radio waves, which are captured
by receivers. MRI takes advantage of the nucleus of a hydrogen atom since its abundance in
the body. The nucleus of a hydrogen atom has one single proton®°,

The MRI signal is extracted from voxels using a Fourier transform and through an
advanced method that measures the true signal (i.e., representing the real anatomy) to noise
(signal-to-noise ratio, i.e., SNR). Voxels are volume elements containing millions of protons
that create together the MRI signal. Once the MR signal is extracted and converted, it is a
vector quantity obtaining a magnitude and a direction (i.e., phase). Normal static MRI
reconstruction only uses the magnitude of the MR-signal. However, a special type of MRI is
phase-contrast MR imaging (i.e., PC-MRI), using both the magnitude and phase of the MR
signal of a voxel. PC-MRI can be used to visualize and quantify moving blood flow. PC-MR
imaging takes advantage of the phase to quantify the velocity of the blood within a voxel.
Protons of moving blood contain a phase-shift proportional to their velocity when they are
placed in a strong magnetic field. These phase shifts proportional to the velocity are extracted
from the voxel and transformed into a greyscale image. Because phase-shifts are used to
register velocities, it is limited by the periodicity of the sine function. With PC-MRI, we
considering both the positive and negative velocities (i.e., the velocities that are going upwards
and downwards through the plane). Therefore, we divide the 360 degrees into two 180-degree
parts. The peak velocity that matches to 180 degree phase shift is called the velocity encoding
(VENC) value and is defined by the examiner. Beyond that value, if phase shifts are larger than
180 degrees, the MRI device cannot distinguish if the blood velocity is positive or negative,
which phenomenon is called aliasing. The VENC value needs to be set higher than the blood
vessel's maximum velocity to avoid aliasing. However, on the other hand, if the VENC is

29



determined too high, there is a higher risk of measurement errors. With these PC- velocity
images, blood flow rates can be quantified®°.

Figure 11: 11A: Protons spin in a random direction, 11B: Protons spin in the directionaligned with an
applied magneticfield, 11C: Protons change their spinning directionwhen the radio frequency pulse is
applied, 11D: protons return to their previous directions and release energy once the radio frequency pulse is

turned off, 11E: MRI scanner with a strong magneticfield. Available via:
https://knowingneurons.com/2017/09/27/mri-voxels/

2.3.2 Free-breathing ECG-gated (non-navigator) 2D-3dir PC-MRI

In part Al, we used free-breathing ECG-gated 2D-3dir PC-MRI extracted flow datato create
the boundary conditions in the CFD models that ignore respiration. 2D-3dir PC-MRI uses thin
slices (1-2 mm thick) containing voxels, in which the velocity is encoded in three principal
directions (figure 12A and 12B). The slices are collected consecutively over the domain of the
various blood vessels®3. Therefore, this approach is often called the single-slice three
directional acquisition. The plane of the slices is placed perpendicular to the imaged blood
vessels. The through-plane velocity-encoding direction is the direction perpendicular to the
plane and in the blood flow direction. The in-plane (or in-slice) velocity encoding directions
are the directions along the plane. Initially, the hospital's idea was to use the three-directional
(3dir) velocity vectors in the CFD models. However, in this master thesis project, we used the
volumetric flow rates extracted from one velocity encoding direction, namely the through-
plane direction, to reconstruct the CFD models' boundary conditions instead of using all three-
directional velocity vectors. Because the through-plane direction is in the blood flow direction,
this direction is more relevant than the in-plane direction for flow rate quantification. Velocity
encoding in the three principal directions increases the scan time and so it is impossible to
acquire the data under breath-holding conditions®2. Nevertheless, respiration and cardiac
contraction can lead to motion artifacts in the PC-MR images of the Fontan circulation. Cardiac
contraction can lead to motion artifacts in the PC-MR images of the Fontan circulation.
Electrocardiogram (ECG) gating (or synchronization) during PC-MR imaging can be used to
avoid cardiac motion artifact. During ECG gating data is acquired continuously over the entire
cardiac cycle for several heartbeats. Retrospectively, data of several heartbeats are
synchronized and averaged to a velocity dataset of one cardiac cycle, providing a higher image
quality with fewer artifacts®3. The drawback of using ECG gating is that any respiratory effect
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on blood flow will be averaged too®*. In other words, ECG-gated acquired flow data only
considers the cardiac effects on blood flow, as used in part A1l. We did not use respiratory
compensation techniques (i.e. navigator-gating, see below) that account for the potential
respiratory motion artifacts. However, since an average velocity dataset of one cardiac cycle
was reconstructed due to the ECG-gating — motion artifacts were averaged out too, and
therefore the MR image quality was still high enough.

Figure 12: 12a: workflow of 2D PC-MRI by acquiring time-resolved velocity data of sequential slices,
12b: 2D-3dir PC-MRI, 12c: 2D-1dir PC-MRI. Available via: Schubert et al. Peak velocity measurements in
tortuous arteries with phase contrast magnetic resonance imaging: The effect of multidirectional velocity encoding.
Invest Radiol. 2014;

2.3.3 Respiratory compensation techniques during PC-MRI acquisitions (i.e.,
navigator)

Regarding the respiratory-related motion artifacts, navigator-gating can be used as a
compensation technique to improve PC-MRI quality. During navigator gating, a belt is placed
around the patient at the diaphragm level and measures the abdomen expansion during free-
breathing. This periodic expansion creates a respiratory waveform on which an MRI
acquisition window is determined. The pre-determined acquisition window is usually chosen
during the end-expiration phase of the respiratory cycle because the diaphragm movement is
negligible at that time frame, leading to fewer respiratory motion artifacts. All other data
outside the pre-determined acquisition window is rejected®-67. The navigator gated MRI
acquisition duration depends on the navigator’s efficiency and how regularly the patient
breathes. The drawback of using navigator-gating is that it does not allow to measure the
respiratory effects on the blood flow waveforms. Another disadvantage of navigator gating is
that data acquisition occurs during only a small part of the respiratory cycle, namely the end-
expiratory phase, which leads to 30-60 % data acquisition efficiency®8.

2.3.4 Free-breathing non-ECG gated non-navigator gated 2D PC-MRI

(i.e., real-time PC-MRI)

2D PC-MRI uses thin slices (1-2 mm thick) containing voxels, in which velocity is determined
in only one direction through a 2D plane (unidirectional) (figure 12A and 12C). Therefore, this
approach is often called the through-plane 2D PC-MRI (2D-1dir) method. If the 2D PC-MRI

31



acquisitions are acquired under free-breathing conditions without ECG- or navigator gating, it
is called real-time PC-MRI. Since there is no ECG-gating nor navigator gating, thereby both
the cardiac and respiratory effects on blood flow are present simultaneously, at the expense of
a potentially higher risk of motion artifacts. Nevertheless, in this project, acceleration
techniques during real-time PC-MRI were applied, which allowed the acquisition of 15 PC-
MR images per second and reduced the impact of the respiratory motion (Table 1).
Furthermore, we had to set the VENC value of the Fontan tunnel during the real-time
acquisitions higher than during 2D-3dir PC-MRI acquisitions since the present respiratory
effects increased the Fontan tunnel's velocity. Real-time PC-MRI obtained flow data was used
in part B1 and part B2 since we were interested in the respiratory effects on blood flow in these

chapters.

Table 1: PC-MRI acquisitionsdetails
MRI details
Slice thickness (mm)
Acquired in-plane spatial
resolution (mm)
Acquired temporal resolution (ms)
Nr of phases per cardiac cycle
Nr of phases
ECG-gating
Respiratory compensation
(navigator)
VENC of IVC (cm/s)
VENC of Fontan tunnel (cm/s)
VENC of SVC (cm/s)

ms; milliseconds, mm; millimeter, VENC; velocity encoding, SENSE; sensitivity

encoding

2D-3dir PC-MRI Real-time PC-MRI
5 5
15x1.5 2.5x2.5
41.0 67.0
25-30 n/a
n/a 250

retrospective -

60 100
50 50
40 40
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2.4 Lagrangian and Eulerian method for HFD quantification

After the CFD simulation, we used the simulation results to calculate and visualize the HFD to
both lungs as a post-processing step. Two methods could be used for HFD quantification: the
Lagrangian and Eulerian methods.

2.4.1 The Lagrangian method for HFD quantification

The Lagrangian method uses separate particles and evaluates the trajectory of every particle
individually. We assumed massless particles according to literature20:60.69-72 Since the particles
do not have mass the local particle velocity U, is equal to the local fluid velocity magnitude U

in the cell of the CFD mesh. So in other words, massless particles follow the streamlines of the
blood flow. So if a particle moves from one location in the CFD mesh to another location, the
following equation is being solved®3.73.74;

dx
- =Up=U (2.6)

Where:

a . i

gxf = rate of change of particle position [?]
m

s

U, = particle velocity [—]
U = local field velocity [%]

i1 i

% = U;, (27)

Xt = x} + Uy * At (2.8)

Where:
i+1
p

x, = current particle position [m]

x.T = next particle position [m]

U} = current particle velocity [?]

At = time step [s]

Equation 3.8 means the next particle position is equal to the current particle position plus the
current particle velocity times the time step. We know that the current particle velocity is equal
to the local fluid velocity since we have massless particles. Therefore equation 2.8 becomes:
xptt =x, + Ut x At (2.9)

p
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Therefore, we use the local fluid velocity magnitude of every cell and time step of our CFD
solution. The post-processing software ParaView applies equation 2.9 repeatedly and
continuously updates the particle position until a complete particle trajectory over the entire
fluid domain is provided. Paraview uses the time step size between the different velocity files
written by ANSY S Fluent as At. Inthe CFD models of part A1, the time step size used in the
simulation was the cardiac cycle time divided by 1000. However, the velocity files were not
written for every time step, but for every tentime steps, resulting in a At = cardiac cycle
time/100 in ParaView. We chose not to write velocity files for every time step since the post-
processing would take too long. The same goes for the CFD simulations in part B2, in which
the following time step size was used: respiratory cycle time divided by 5000. However, the
time step size At in ParaView was a factor 10 smaller: respiratory cycle time/500.

In the Lagrangian approach, we seed the particles that represent the hepatic blood flow and
evaluate the number of particles leaving through the left and right lung, which represent the
HFD to both lungs. Since the Lagrangian method is the most renowned and commonly used
method for HFD quantification in Fontan patients29-606%72 we primarily applied the
Lagrangian approach for HFD quantifications in this master thesis project.

2.4.2 The Eulerian method (i.e., Convection-Diffusion Model)
For one sub-analysis of one case in part B2, we used the Eulerian method for HFD

quantification as well. We were interested in this approach since a pilot study by Prof. dr. S.
Kenjeres and Duco Gaillard demonstrated that the Eulerian method might be a more convenient
alternative for the Lagrangian method. The Eulerian method uses the concentration of particles
and computes the overall confection and diffusion of a number of particles. The convection-
diffusion equation for an incompressible fluid, constant diffusion coefficient, and in a situation
where there are no sources or sinks, is the following’®:

6
E(C)+|7*(17C)=Dbl72*C (2.10)

Accumulation + Convection = Dif fusion

Where:
C = species concentration [%]
: . .. m? m?
= blood dif fusion coef ficient [T = 1.54¢° = 76
10) 52
V= [ y

In the CFD software package ANSY'S Fluent (v17.1, ANSYS, Inc), we used the mass fraction
(MF) instead of the concentration. The mass fraction was written to a file for every time step.
Equation 3.10 therefore becomes:

o)
g(MF)+ V*(ﬁMF)szVZ*MF (2.11)
Where:
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MF = mass fraction = ;

p = blood density = 1060 [;—gS] 54

For HFD quantification, it was necessary to use TECPLOT instead of ParaView. TECPLOT
calculated the time-varying hepatic (flow) mass leaving through the left and right pulmonary
artery by integrating the mass-weighted flow rate over the time of one respiratory cycle.
TECPLOT made use of the same time step size as used in the CFD simulation. By calculating
the average of the time-varying hepatic (flow) mass over the respiratory cycle's time steps, the
HFD towards the left and right pulmonary artery was quantified.
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3. General Methods

This chapter provides an overview (figure 13) of the technical steps that have been taken in
this master thesis project. This chapter has the following sections:

1.
2.

>

© 0N

Patient population
Anatomic static MRI acquisition and image processing for the 3D reconstruction of the
patient anatomy

Clipping and adding flow extensions
Mesh generation and mesh-independency study
Reconstruction of inlet and outlet boundary conditions using:

a. Patient-specific free-breathing (non-navigator gated) ECG-gated 2D-3dir PC-

MRI measurements

b. Patient-specific free-breathing (non-navigator gated) non-ECG gated 2D PC-
MRI measurements (i.e., real-time PC-MRI)

Treatment of vessel wall
Material properties
Solver settings and discretization schemes
. Simulation details

10. Post-processing steps
a. Quantification of mixing between hepatic and I'VC flow

b. HFD quantification
11. Validation of CFD models

Medicalimaging Imaging processing
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Figure 13: Schematic overview of how patient-specific data is used and analyzed in this master thesis project
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The difference between the CFD simulations of part Al and B2 is the type of PC-MRI
acquisitions used to reconstruct the CFD models' boundary conditions. . As stated before in
chapters 1 and 3, in part A1l we used boundary conditions that only took the cardiac effects on
blood flow into account, whereas in part B2, we used boundary conditions that considered both
the cardiac and respiratory effects on blood flow. Therefore, in part A1 we have simulated the
blood flow for several cardiac cycles, whereas in part B2 we have modeled the blood flow for
a couple of respiratory cycles, as will be discussed later in this chapter. Since all other steps
were broadly similar between parts Al and B2, except for the inlet boundary conditions
reconstruction and some simulation details, we created this general method chapter.

3.1 Patient population

This master thesis project used patient data acquired from the Leiden University Medical
Center database. All Fontan patients had a TCPC-type Fontan tunnel (ECC or ILT, see chapter
Al), were above the age of 8 and participated in an ongoing cross-sectional research project
(TOP-FLOW project) between Leiden University Medical Centre, Erasmus Medical Center
Rotterdam and the Delft University of Technology. Inpart Al, we have simulated 15 Fontan
patient cases, whereas, in part B2, we modeled three cases. These three cases of part B2 were
the first cases that have been modeled when respiration was taken into account. Although more
cases will eventually be modeled, only outcomes of these first three CFD cases are included in
this master thesis report. The specific patient characteristics of each part of this master thesis
project (part Al, B1 and B2) are being described in each individual part.

3.2 Anatomic MR imaging and 3D reconstruction of the Fontan anatomy
To obtain the Fontan anatomy, transversal and sagittal stacks of static (i.e., no phase-contrast)

navigator-gated 2D cardiac MR images were used for segmentation. These static MR images
only capture the blood vessel anatomy (i.e., anatomic MRI) and do not evaluate the blood
velocity encoding as measured during PC-MRI. The MRI scanner was an Ingenia 3.0 Tesla
MR system of Philips. These 2D images have an in-plane resolution of 0.9*0.9 mm and a slice
thickness of 5 mm with 2.5 mm overlap between slices. The Fontan anatomy is complicated
and in particular patient-specific. Therefore, these in vivo Fontan anatomies should be obtained
precisely. The reconstruction of a 3D geometrical model of the Fontan anatomy using
transverse and sagittal stacks of 2D cardiac MR images involves four crucial steps:

I Rigid registration: since there could be a spatial misalignment between the
transverse and sagittal stacks, rigid registration is needed to correct this potential
misalignment.

il. Interpolation: the in-plane and out-of-plane resolution of the 2D Cardiac MR
images is different. Linear interpolation is needed to obtain isotropic voxels

iii. Segmentation: The interpolated images were subsequently segmented on the
transversal and sagittal view using the semi-automatic, active contour with manual
adjustment tool of open-source software ITK-SNAP’’. Since we wanted to include
the hepatic veins into the geometrical model (and so in the computational fluid
domain), the final segmentation included the IVC below the hepatic veins, the
hepatic veins, the Fontan tunnel, SVC and the left pulmonary artery, right
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pulmonary artery and the upper lobe side-branches of the right pulmonary artery. A
general example of the segmentation process is shown in figure 14.

iv. 3D reconstruction of Fontan model: after segmentation, a 3D geometrical model of
the Fontan anatomy was reconstructed. The 3D Fontan model was smoothed using
the non-shrinking Taubin filter (500 iterations, Passband 0.05) option of the
Vascular Modeling Toolkit (VMTK) open-source software. Centerlines were
obtained for every vessel using VMTK 8. Figure 14 demonstratesa general example
of the 3D reconstruction and smoothing steps.

Anatomic image Segmentation 3D Reconstruction  Smoothing

Figure 14: Anatomic imaging, segmentation, 3D reconstruction and smoothing steps of the Aortic blood
vessel (this is not a Fontan anatomy). Available via: http:/www.crimson.software/documentation.html

3.3 Clippingand adding flow extensionsto the 3D geometrical model

The 3D geometrical Fontan models needed to be prepared for CFD simulation (figure 15). For
CFD simulations, flat inlet and outlet cross-section areas perpendicular to the centerline are
required. Therefore, the ANSYS-ICEM software (v 17.1, ANSYS, Inc.) was used to clip the
inlet and outlet vessels perpendicular tothe centerlines (figure 16). Regarding the hepatic veins,
the left-, right- and middle- hepatic veins were clipped near to the I\VVC. If one of these hepatic
veins had sub-branches close to the IVC, these sub-branches were clipped too. Hereafter, we
added cylindric flow extensions to each vessel in- and outlet proportional to every vessel’s
diameter. Adding flow extensions is an important part of CFD modeling because flow
extensions guarantee a complete development of the inflow velocities before the flow enters
the region of interest. Lastly, we closed the flow extensions of all inlets and outlets, thereby
making it possible to prescribe inflow and outflow boundary conditions (figure 17).
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Figure 15: geometrical TCPC model Figure 16: geometrical TCPC Figure 17: geometrical TCPC
without clipped inletsand outletsand  model with clipped open inletsand model with closed flow extensions
flow extensions (directly after outlets at every inlet and outlet
segmentation)

3.4 Mesh generation and mesh independency study
We used an unstructured polyhedral mesh that was built using the meshing tools of ANSYS-
ICEM & ANSYS-Fluent (v17.1, ANSYS, Inc). The definition of structured mesh is regular
connectivity that provides fast and reliable results. The main drawback of a structured mesh is
its severe limitation in the geometric complexity that can be meshed. In complicated geometries
like blood vessels, it is challenging to generate a mesh that only consists of structured grids
since structures meshes lack the flexibility to appropriately fill up a complicated geometry. An
unstructured mesh does not follow a uniform pattern and is therefore often used in complex
cardiovascular models. Recent CFD Fontan studies often applied an unstructured polyhedral
mesh?2:79.80, Although the reason of this polyhedral mesh choice is not clarified in the individual
papers, polyhedral meshes are probably used because they provide the same level of accuracy
but with lower amounts of cells compared to tetrahedral meshes, which speeds up the
computation time8%:82, The great advantage of a polyhedral element is it has more neighbor
elements than, for instance, a tetrahedral element. Therefore, a polyhedral element can use
more information from its neighbor cells into its calculations, resulting in a better
approximation of the velocity and pressure gradients. Peric et al. (2004) showed that using
65513 polyhedral cells gave similar accurate results compared to the outcomes of a tetrahedral
mesh with 393273 cells. Interestingly, the computation time for the polyhedral mesh was less
than one tenth of the simulation time of the tetrahedral mesh®?.

We chose for an unstructured polyhedral mesh with four layers of boundary mesh
(prism layers)’2. The element (i.e., cell) size of the mesh was based on the average diameter of
each geometrical model’s inlet, and outlet vessels diameter divided by 30 and ranged between
0.4 and 0.5 mm between cases’2. Applying a boundary mesh of prism layers is very common
in CFD modeling because normal cells (tetrahedral, polyhedral, etc.) can elongate along the
geometrical model wall, which could provoke inaccurate results’®-83. Because prism-layers are
less sensitive to elongation and better capture substantial velocity gradients along the wall®,
we added these to the geometrical model. Figure 18 demonstrates the polyhedral mesh with
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four prism layers, and figure 19 shows an overview of the mesh used in one of the CFD models
in this project.

Figure 18: Polyhedral mesh with four prism layers Figure 19: overview of the mesh used

in one of the CFD models in this
project

A mesh- and temporal refinement (independence) study evaluates how small the elements and
time step size need to be to ensure that the outcomes of the CFD simulations are not affected
by the size of the mesh or the time step size. The drawback of having a finer mesh or time step
size is an increase in the number of equations that need to be solved and thus the computation
time. Furthermore, we also investigated how many cardiac or respiratory cycles we had to
simulate to eliminate the CFD simulation’s startup effects.

The mesh independence study was performed on one of the Fontan CFD cases with
maximum element sizes varying between average diameter vessel divided by 15 (=0.8 mm,
mesh type 1), 20 (=0.6 mm, mesh type 2), and 30 (=0.4 mm, mesh type 3). The finest mesh
with a maximum element size of 0.4 mm was the smallest mesh that could be created with the
computer’s computational power. Although the results between the different mesh sizes were
almost identical, we noticed very little differences in the cross-sectional velocity profiles
between the different mesh sizes for a short time during either the cardiac, especially when the
flow reaches its peak velocity (figure 20). Therefore, the choice was made to simulate with the
finest mesh type for every planned simulation to guarantee the most accurate solutions.
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Figure 20: Figure 20 A: overview, cross-sections of velocity profile; 20B: mesh type 1, 20C: mesh type 2, 20D: mesh type
3, 20E: velocity magnitude scale [m/s]

The time step size was based on the Courant—Friedrichs—Lewy (CFL) condition commonly
used in CFD simulation8. The CFL condition provides a general directive for choosing a
correct time step size given the mesh size. The formula of the CFL condition is the following:
v * At
X

CLF = <1 (3.1)

Where:

v = velocity magnitude [?]
At = time step size [s]

Ax = element size [m]

The velocity magnitude of flow depends on the type of PC-MRI data. Real-time PC-MRI
obtained data take respiration into account and usually showed larger velocity values,
especially during the inspiratory phase, than ECG-gated 2D-3dir PC-MRI acquired data. In
part Al, in which ECG-gated 2D-3dir PC-MRI data was used, the CFL condition was fulfilled
when using a time step of At = cardiac cycle/1000. In part B2, in which real-time PC-MRI
data was used, the CFL condition was satisfied when using a time step of At =
respiratory cycle/5000. The reason we chose the cardiac cycle and the respiratory cycle as
reference period in respectively part Al and part B2 will be explained in paragraph 3.5.
Additionally, we investigated how many cardiac cycles (part Al) and how many
respiratory cycles (part B2) we had to simulate to eliminate startup effects for one CFD case
of part Aland part B2. After several cardiac or respiratory simulation cycles, a stable solution
(i.e., periodic behavior) for every time step, which no longer changes when successive
simulation cycles are added, is expected. We analyzed the periodic behavior of a few points in
the Fontan geometrical model of one case. The velocity magnitudes of these points were written
to a file during the consecutive cardiac cycles or respiratory cycles. The next step was to
analyze the velocity differences for each time step between the consecutive cardiac and
respiratory cycles. An important finding was that at some points in the geometry during some
phases of the cardiac or respiratory cycle, no periodic behavior was achieved in both types of
CFD models. Inthe CFD model that only incorporated the cardiac effects on blood flow (part
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A1), this non-periodic behavior was only found upstream within the left and right pulmonary

arteries' bifurcation. At this locations, as mentioned previously in chapter 2, we have

investigated the Reynolds number that could reach: Re = p'z'D — 1060+0.27x24.2¢3 _ 1g97g

0.0035
during peak velocities. Regarding the CFD model that considered both the cardiac and
respiratory effects on blood flow (part B2), this non-periodic behavior was also already found

v-D 1060 *x0.48%18.9e -3
e = DA 8797 = 2748. These
0.0035

Reynolds numbers showed the blood flow was sometimes in transition for a short time during
both the cardiac and respiratory cycle. Fluid flow can demonstrate flow instabilities when it is
in transition. Nevertheless, most of the time, periodic behavior was achieved afterthree cardiac
cycles in the CFD models that only consider cardiac effects on blood flow (part A1) and after
two respiratory cycles in CFD simulations that consider both the cardiac and respiratory effects
on blood flow (part B2). Figure 21 shows the difference of velocity values between consecutive
respiratory cycles (RC) of a point in the Fontan tunnel, in which periodic behavior was fully
not achieved. As you can see, most of the time-periodic behavior was achieved since the
velocity difference between consecutive respiratory cycles was almost always around zero.

more downstream within the Fontan tunnel: Re =

Difference of velocity values bet: 1 the cor itive pi y cycles of a point in the Fontan tunnel

Difference RC1 & RC2
— Difference RC2 & RC3
| Difference RC3 & RC4|

meter per second
|
I
l
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2500
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Figure 21: Difference of velocity values betweenthe consecutive respiratory cycles of a
point in the Fontan tunnel. RC = respiratory cycle.

3.5 Reconstructionofinlet and outlet boundary conditions
PC-MRI data was used to acquire velocity profiles at the slices perpendicular to IVC, Fontan

tunnel, SVC, left pulmonary artery and right pulmonary artery (figure 22). In part A1 we used
ECG-gated 2D-3dir PC-MRI data. Real-time PC-MRI data was used in part B2. Hereafter, we
used velocity segmentation to convert the PC-MR images with velocity encoding to time-
varying volumetric flow rates for each vessel using the Cardiovascular Angiography Analysis
System (CAAS) software. During velocity segmentation, the velocity over the vessel’s
segmented area is integrated over the area to acquire flow rates. Inother words, when the cross-
sectional areas of the vessels are determined using computer-aided segmentation, time-varying
volumetric flow rate datacan be acquired from the velocity databy the following formula: Q =
A - v with Q= flow rate [m3/s], A=area [m?], v= velocity [m/s].
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Figure 22: Overview of the 2D-3dir PC-MRI acquisition locations. SVC= superior vena cava, RPA= right
pulmonary artery, LPA= left pulmonary artery, tunnel= Fontan tunnel, 1VC= inferior vena cava

These time-varying flow rate waveforms were used to reconstruct the inlet and outlet boundary
conditions of the different CFD models.

3.5.1 Inlet boundary conditions
The inlets of the CFD model were the IVC, SVC and the hepatic veins. Since the resolution of

real-time PC-MRI is not yet good enough for the hepatic flow distribution, we were not able to
measure the hepatic flow directly. However, since we aimed at quantifying the HFD while
using particle tracing directly from the hepatic veins (novel approach), it was needed to
simulate the blood flow from the hepatic veins. Therefore, we are the first that created 3D
geometrical Fontan models that include the hepatic veins in the computational fluid domain.
However, in order to simulate hepatic blood flow, patient-specific hepatic flow data is
necessary. The solution for obtaining patient-specific hepatic flow data was to measure the
hepatic blood flow indirectly by subtracting the flow of the IVC (Q,,.) from the flow of the
Fontan tunnel (Q;,.ne; )- By doing this, we indirectly knew the contribution of the hepatic blood
flow through the hepatic veins (figure 22). This total hepatic blood flow (Q;p¢q; my) Was
subdivided over the different hepatic veins based on the ratio of their respective cross-sectional
areas. The following equation was used:
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Qtotal_HV: thv + thv + thv = Qtunnel - QIVC (3.2)

With Qorar v » Qriwr @unwr Qunw » Qrunner » Qe being respectively the total hepatic venous,
the right, middle and left hepatic vein, Fontan tunnel and I'VC flow.

Another important aspect of CFD modeling is that the flow rate waveforms prescribed
at the inlet boundary conditions needed to be in phase and have a similar length of time. The
flow rate waveforms extracted from the ECG-gated 2D-3dirPC-MRI data used in part A1 were
already in phase. During ECG gating datais acquired continuously over the entire cardiac cycle
for several heartbeats. Retrospectively, data of several heartbeats are synchronized and
averaged to a velocity data set of one cardiac cycle. Since ECG-gated 2D-3dir PC-MRI
provides an ‘averaged' time-varying flow rate waveform for every vessel that starts at the same
phase in the cardiac cycle, the time-varying flow rate waveforms of the different vessels were
basically already in phase. The cardiac cycle was divided in 30 phases. However, the duration
of the 30 different phases of the cardiac cycle could sometimes vary a few milliseconds
between the different vessels within one patient. For example, the second phase of the cardiac
cycle measured in the 1VC could endure 28 ms, whereas this phase lasted for 27 ms in the
Fontan tunnel. To address for this minimal phase-shift, we first normalized the time vectors of
each blood vessel (meaning scale the time-vector values between 0 and 1). Based on these
normalized time-vectors, the corresponding flow rate waveforms of the various inlet vessels
were interpolated on each other to ensure equal time durations, which is necessary for proper
CFD modeling. For interpolation we used the ‘Pchip function” of MATLAB (The MathWorks,
Inc., Natick, MA) that uses shape-preserving' piecewise cubic Hermite polynomial method to
interpolate.

Regarding the real-time PC-MRI data used in part B2, it was a different story. Real-
time PC-MRI considers both the respiratory and cardiac effects on blood flow rate waveforms.
During real-time PC-MRI data is acquired without ECG gating (and navigator gating) for
around 15 seconds. The velocity datais collected without any synchronizing or averaging steps.
Therefore, the obtained time-varying flow rate waveforms of each vessel could start at any
point in the cardiac cycle or respiratory cycle. For that reason, we had to interpolate the flow
rate waveforms and correct the phase-shifts between the flow rate waveforms of the different
inlet vessels in part B2. We decided to correct only the phase-shifts of the respiratory cycle
between the time-varying flow rate waveforms for every vessel since research revealed, as
stated before, that respiration is primarily responsible for the periodic flow rate changes (i.e,
flow pulsatility) in Fontan patients. The cardiac contraction barely affects the pulsatility in
Fontan patients?4.2730.3L42 Therefore the phase-correction of the cardiac cycle was considered
less important in part B2. How we precisely correct the respiratory phase-shifts of the flow rate
waveforms between different inlet vessels is described in part B2 because the technical aspects
are highly detailed.

After phase-shift correction and interpolation, the flow rate waveforms of each inlet
were implemented as boundary condition in the CFD models. In order toimplement these time-
varying flow rate waveforms of all inlets, they needed to be decomposed with MATLAB (The
MathWorks, Inc., Natick, MA) into Fourier series:



Q(t) = a0 + Z a, cos(wt) + z b, sin(wt) (3.3)

Where:
m3
Q(t) = time varying volumetric flow rate [T]

a, and b, = Fourier coefficients
t = time [s]
2 rad

® = angular frequency = - [—]

T = cardiac cycle or respiratory cycle period [s]

These Fourier coefficients provided mathematical equations foreach inlet vessel's time-varying
flow rate waveform and were programmed in a user-defined-function, which could be loaded
in the CFD solver ANSYS Fluent (v 17.1, ANSYS, Inc.).

Furthermore, as shown in chapter 2, the Womersley numbers could vary within one
patient, ranging from 7.76 and 14.06. These Womersley numbers represent a more Womersley
velocity profile. Nevertheless, Wei et al. concluded that no statistical differences were found
between HFD, regions of low wall shear stress, power loss, viscous dissipation rate outcomes
of Fontan simulations using Womersley, parabolic, or real velocity profiles. Moreover, it was
recommended to use parabolic velocity profiles since they are satisfactorily surrogated for real
velocity profiles in Fontan simulation, have low computational requirements and general
applicability”®. However, it should be noted that Wei et al. used the Fontan tunnel as the lowest
boundary inlet instead of the hepatic veins and the IVC below the hepatic veins as applied in
this master thesis project. Furthermore, this article defined HFD as the percentage of Fontan
tunnel flow to the LPA (the conventional method). Nevertheless, in reference to this paper,
parabolic velocity inlet profiles were implemented for all inlet boundary conditions in this
master thesis project using the user-defined-function.

3.5.2 Outlet boundary conditions

The outlet vessels were the right and left pulmonary arteries. The outflow boundary conditions
were imposed as a constant outflow ratio based on the average pulmonary flow distribution to
the right and left lung measured with ECG-gated 2D-3dir PC-MRI12. The first step of calculating
the outflow ratios was to ensure that the time and their corresponding flow vectors of the right
and left pulmonary arteries were in phase and had the same length (duration) in a similar way
as described above. The pulmonary flow distribution (PFD) to the left and right lung was
calculated as follows: the measured flow of the left pulmonary artery and right pulmonary
artery was divided by the total measured pulmonary artery flow for each of the 30 cardiac
phases, using the following equations:

QLPA QRPA
PFD (LPA)= —=*—,  PFD (RPA) = ——"— 3.4
( ) QLPA + QRPA ( ) QLPA + QRPA ( )
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Where:
PFD = measured pulmonary flow distribution

ml
Q.pa = measured flow through the left pulmonary artery [?]

ml
Qrpa = measured flow through the right pulmonary artery [T]

Hereafter, the average PFD to the left and right pulmonary artery over the cardiac was
calculated by summing up respectively the PFD(LPA) and PFD(RPA) of the 30 cardiac phases
divided by 30. Based on the average PFD, outflow ratios to the right and left lung were
prescribed. Since we have mass convergence, the sum of both ratios should, of course, be one.
If the right pulmonary artery had side-branches, the right pulmonary artery flow was further
subdivided based on their respective cross-sectional areas'®. Unfortunately, it was impossible
to acquire real-time PC-MRI data of high enough quality of the pulmonary arteries since these
vessels were too small. Therefore, we have used ECG-gated 2D-3dir PC-MRI data of the
pulmonary arteries to prescribe outflow ratios in both types of CFD models that ignore and
consider respiratory effectson blood flow (respectively part Aland part B2).

3.6 Treatmentof vessel wall

The CFD simulations were performed using a rigid vessel wall assumption. Furthermore, no-
slip conditions were prescribed at the wall. By assuming a rigid wall, the effect of the vessel
wall compliance is not taken into account. Since, Long et al.26 showed that vessel wall
compliance barely affects the time-averaged HFD in Fontan simulations, we presume that this
assumpution would not affect our data However, HFD was mainly influenced by the 3D
geometry instead of wall compliance.

3.7 Material properties
Blood is a non-Newtonian fluid and modeled using the Carreau model. The following values

were chosen for the different parameters in the model : n,=0.25 [Pa-s], n.,= 0.0035 [Pa-s],
A=25 [s] and n = 0.25%*. The fluid was supposed to have a density p = 1060 [kg/m3].>*

3.8 Solver settings and discretization schemes
We used a pressure-based solver, which is usually used for incompressible flows. There are

twotypes of algorithms among the pressure-based solvers: asegregated and coupled algorithm.
The coupled algorithm resolves the pressure-based continuity and the momentum equations in
a coupled approach. The advantage of the coupled algorithm is its significantly improved
convergence speed compared to the segregated algorithm. However, the coupled algorithm
uses more memory than the segregated algorithm. One of the coupled algorithms is the Semi-
Implicit Method for Pressure Linked Equations (SIMPLE) algorithm, which has been used in
this project. The discretization schemes were Least Square Cell-Based for gradients, a second-
order for pressure, second-order upwind for momentum since second-order schemes provide
higher-order accuracy. Additionally, a second-order implicit time integration scheme was
selected, in which the equations are solved iteratively at each time step before simulating the
next time step.
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3.9 Simulation details

Inpart A1, we carried out unsteady CFD simulation for 7 cardiac cycles, simulating 1000 time
steps per cardiac cycle. The outcomes of the last 4 cardiac cycles were used for the mixing
assessment of hepatic and 1'VC flow and HFD quantification since it was found that periodic
behavior was achieved after three cardiac cycles. In part B2, we also performed unsteady CFD
simulation for 3 respiratory cycles, simulating 5000 time steps per respiratory cycle. The
outcomes of the third respiratory cycle were used for the mixing assessment of hepatic blood
and I'VC flow and HFD quantification since it was found that periodic behavior was achieved
after 2 respiratory cycles. No turbulence model was used since we assumed the blood flow to
be laminar. The convergence criteria for continuity and x-y-,z- velocities were set to 1E-4. CFD
solver software ANSYS-Fluent (v17.1, ANSYS, Inc) was used forall CFD simulations.

3.10 Post-processing

For post-processing, the velocity magnitude vectors for every mesh cell were written to an
Ensight Gold case file per every 10 time steps as a binary format. Since we used 1000 time
steps per cardiac cycle in part Al and 5000 time steps per respiratory cycle in part B2: 1000/10
=100 files per cardiac cycle and 5000/10 = 500 files per respiratory cycle were written and
used for post-processing in part Aland B2, respectively. The Ensight Gold case file could be
converted to a ‘.case file’ that could be loaded in the post-processing software Paraview
(Paraview.org). In both types of CFD models that only considered the cardiac effects on blood
flow (part A1) or included both the cardiac and respiratory effects on blood flow (part B2), we
have evaluated: 1. Assessment of mixing between I'VVC and hepatic blood flow, and 2. HFD
quantification.

3.10.1 Assessment of mixing between IVC and Hepatic blood flow

Since we were the first that quantified the mixing between hepatic and 1VC blood flow within
the Fontan tunnel, we have developed a mixing assessment method in collaboration with the
TOP-FLOW consortium (Department of Cardiology, Biomechanics laboratory, at Erasmus
MC Rotterdam , the Pediatric Cardiology Department at Leiden University Medical Center
and the Department of Chemical Engineering at the faculty of Applied Sciences of Delft
University of Technology). The degree of mixing between 1VC and hepatic blood flow was
evaluated at two cross-sections in the Fontan tunnel, perpendicular to the centerline. The first
cross-section was chosen just above the hepatic veins junction into the IVC (i.e., caudal cross-
section), the second cross-section was just below the pulmonary artery bifurcation (i.e., cranial
cross-section). The mixing assessment between the I\VVC and hepatic blood flow relies on the
spatial distribution of the hepatic and IVC blood flow in both cross-sections using the
Lagrangian particle tracking tool of ParaView. To investigate the spatial distribution of the
IVC and hepatic blood flow at both cross-sections, we first had to release particles from the
level of the hepatic veins and the I'VC that represented the flow of the respective blood vessels.
Firstly, we subdivided 7500 massless particles over the hepatic veins proportional to flow of
the hepatic veins. As mentioned before, because the total hepatic flow was subdivided over the
different hepatic veins based on the ratio of their respective cross-sectional areas, we could also
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subdivided the 7500 massless particles according to the respective cross-sectional areas of the
hepatic veins. Previously described conventional methods usually used around 10.000 particles
uniformly seeded in the Fontan tunnel'®. To get a similar order of magnitude of particles within
the Fontan tunnel, it was chosen to release 7500 particles from the level of hepatic veins, when
combined with the particles of the I'VC, would approximately provide a comparable range of
particles. Secondly, based on the average measured flow ratio between 1VC (below hepatic
veins) and hepatic flow, the number of particles in the 1VC was determined using the following
formula:

7500 * —2ve (3.5)

QtotalHV

The particles that represented the hepatic and I'VC flow were released simultaneously from the
inlets of the hepatic veins and IVC. In the CFD models that only considered the cardiac effects
on blood flow (part Al), particles were seeded continuously from the fourth simulated cardiac
cycle. Inthe CFD models that considered both the cardiac and respiratory effectson blood flow
(part B2), the particles were seeded continuously from the third simulated respiratory cycle.
Since there was sometimes slow blood flow and because it was necessary that particles were
able to reach the caudal and cranial cross-section, the assessment of mixing between hepatic
and 1VC blood flow was performed on the fifth cardiac cycle and the 'fourth' respiratory cycle.
The fourth respiratory cycle is put in quotation marks because we only simulated three
respiratory cycles in part B2, as stated in paragraph 3.9. However, we used the third respiratory
cycle's velocity magnitude files again to create an additional ‘fourth' respiratory cycle. This is
a legitimate solution because, after three respiratory cycles, there was almost complete periodic
behavior.

Furthermore, In the CFD models of part A1, the time step size used in the simulation
was the cardiac cycle time divided by 1000. However, the velocity files were not written for
every time step, but for every ten time steps, resulting in a At = cardiac cycle time/100 in
ParaView. We chose not to write velocity files for every time step since the post-processing
would take too long. The same goes for the CFD simulations in part B2, in which the following
time step size was used: respiratory cycle time divided by 5000. However, the time step size
At in ParaView was a factor 10 smaller: respiratory cycle time/500.

Based on these velocity magnitude vector files, ParaView created path lines, which are
the trajectories that the individual particles follow over time. We considered caudal and cranial
cross-section within the Fontan tunnel for the assessment of mixing between the hepatic and
IVC flow. Atboth cross-sections in the Fontan tunnel, the path line transsections for every time
step in the fifth cardiac cycle (in part Al) and in the third respiratory cycle (part B2) were
registered and used in the mixing quantification (figure 23). In other words, the path lines in
the cross-section for each time step represent the particles within the cross-section at that
moment.
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Caudal cross-section Cranial cross-section

Figure 23:Caudal and cranial cross-section with yellow and red particles representing the
IVC flow and hepatic blood flow, respectively

The first step of the mixing quantification was to determine the perfect situation of ideal
mixing of hepatic with I'VVC blood flow in the entire cross-section. The ideal mixing was
calculated by evaluating the ratio between the number of IVC and hepatic ‘particle’ path lines
(i.e, the number of hepatic flow particles) and total number of path lines (i.e., total number of
particles) in the entire cross-section for every time step in the cardiac or respiratory cycle.
The ideal mixing ratio of flow in the hepatic veins (P;4.q; mixing nv) @nd the ideal mixing
ratio of IVC blood fIow (P;4¢q; mixing 1vc) are calculated as follows:

Pyy
PidealmixingHV - ﬂ , € [Orl] (36)
Pryc
idealmixinglvc - m' € [0!1] (37)
Where:
Pideal_mixing_HV = ideal mixing ratio of hepatic blood flow

Pigeat mixing we = ideal mixing ratio of IVC blood flow
Py, = number of hepatic blood flow pathlines in entire crosssection

P,,c = number of IVC flow pathlines in entire crosssection
Ptotar = Puy + Pryc

The second step was to subdivide the caudal and cranial cross-sections in the Fontan tunnel in
an anterior-posterior and right-left direction, leading to four sections in each cross-section: left-
anterior, left-posterior, right-anterior and right-posterior. Hereafter, we quantified the
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measured mixing ratio of each of these four sections per time step for both cross-sections in
the Fontan tunnel as follows:

Ppy
PmeasuredmixingHV = P*— , € [0:1] (38)
total
PI*;/C
Pmeasuredmixmgwc - % , € [0;1] (3.9)
Where:
P

measured _mixing _HV =

measured mixing ratio hepatic blood flow in each of the four sections
Preasured mixing e = measured mixing ratio IVC in each of the four sections
P}, = number of hepatic blood flow pathlines in the section

Py, c = number of IVC flow pathlines in the section

Pl iai = Pryc + Phy Persection

Subsequently, the relative mixing ratio in every section for every time step was established.
The definition of the relative mixing ratio is the ratio between the measured mixing ratio
(within every section) and the ideal mixing (based on the entire cross-section). The following
equations were used:

P
measuredpyiyin gy
Pooative. . = r (3.10)
relativey ixingny p.
idealmixingyy
P
measure dpyiyin g
P lati o = ve (311)
relativeixingyc P

idealmixin gryc

Where:
Pye1ative mixing nv = Telative mixing ratio hepatic blood flow in the section

P = relative mixing ratio IVC flow in the section

relative_mixing _IVC
Lastly, the degree of mixing between the hepatic and 1VC blood in every section per time step
was determined as the minimal value of the relative mixing ratios:

D

mixing — min (Pr ), € [0,1] (3.12)

elativeyyin gy~ Telativeniyvin gy c

Where:

D = Degree of mixing in each section

mixing

Degree of mixing (D,;ing) Of O means no mixing (the section contains only hepatic or IVC

blood flow path lines) and 1 represents perfect mixing (the relative mixing ratio of hepatic
with IVC blood flow path lines in the section is similar to the ideal mixing ratios). A degree of
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mixing of 0.3, for instance, can be explained as 70% less path lines, either 1'VC or hepatic blood
flow, are found in the section at that time step as expected according to the ideal mixing ratio.
Consequently, we could use this parameter for the mixing quantification within each of the
four sections at the caudal and cranial cross-section within the Fontan tunnel for every time
step in the cardiac cycle (part Al) and the respiratory cycle (part B2).

However, during one cardiac or respiratory cycle, the amount of hepatic and I\VC flow
and so the degree of mixing in one section could vary substantially. Therefore, it was desirable
to evaluate a time-averaged degree of mixing of every section. The time-averaged degree of
MIXiNg Dopixing average WaS Calculated for each of the four sections by using the average
number of hepatic and 1VC flow path lines present during the cardiac or respiratory cycle (i.e.
taking the sum of hepatic and 1'VC flow path lines in each section for every time step in the
cardiac or respiratory cycle divided by the total number of time steps in the cardiac or
respiratory cycle). Finally, we also investigated the time-averaged degree of mixing of the
entire cross-section (Dyixing average cs)- Since each of the four sections was not exactly a
quarter of the cross-section, we had to normalize the time-averaged degree of mixing of the
section (D ) for every section's respective area. The D,iying average cs fOT the
complete cross-section was calculated by taking the sum of the normalized D, 1ing average OF
every section divided by four. We have used the time-averaged degree of mixing of the entire
cross-section ( Dyyixing average cs) TOrthe final mixing quantification and statistical analyses.
More details about the statistical analyses are found in part A1; however an example of one of
the statistical analyses is that we statistically tested whetherthe degree of mixing of both cross-
sections differed from perfect mixing.

mixing_average

3.10.2 Hepatic flow distribution (HFD) quantification
For HFD quantification, we did another separate post-processing step apart from the
assessment of mixing between hepatic and 1'VC blood flow, as described above. For the HFD
quantification, we used a well-established approach based on Lagrangian particle tracking,
which has been reported in previous studies!®87. This Lagrangian particle tracking method used
in the previous articles relies on analyzing individual massless particles and their trajectories
described by the equations in chapter 2. We used three different HFD quantification methods;
two conventional and one novel HFD quantification methods. Inthe two conventional methods
(HFDcaudal tunnet and HFDcranial tunnet), “hepatic blood flow particles’ are uniformly seeded from
two locations, either from a caudal or cranial cross-section within the Fontan tunnel. These two
conventional methods represented, as stated before, the HFD quantification approaches that
have been used in former studies. In contrast to the conventional HFD quantification method,
particles are directly seeded fromthe level of the hepatic veins (HFD#v) in the novel method.
To analyze the effect of the different HFD quantification methods (conventional versus
novel), we released another 7500 massless particles, representing the hepatic blood flow, either
from the level of one of both cross-sections (HFDcaudal tunnetand HFDraniat) Or directly from the
inlets of the hepatic veins (HFDwv). In the conventional methods, these 7500 particles were
evenly seeded from the cross-sections. In the novel method, the 7500 particles were divided
over the hepatic veins based on the ratio of their respective cross-sectional areas. Figure 24
shows the different HFD quantification methods. Subsequently, the HFD (HFDcaudal tunnel ,
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HFDcranial tunnel @and HFDrv) towards the left and right lung was computed by counting the
number of particles leaving the left pulmonary artery and right pulmonary artery and expressed
as a percentage of the total particles that were seeded 1°:

P P
HFD (LPA) = —2XP2 4+ 100% , HFD (RPA)=—2C"PA 4 100% (3.13)
l:)RPA + 1:)LPA 1DRPA + 1DLPA

Where:

HFD = hepatic flow distribution

P pa = amount of particles leaving through left pulmonary artery
Prpa = amount of particles leaving through right pulmonary artery
Total amount of particles = P p, + Prpa

Inthe CFD models that only consider the cardiac effects on blood flow (part Al), the particles
were seeded during the fourth simulated cardiac cycle. Inthe CFD simulations that took both
the cardiac and respiratory effects on blood flow into account (part B2), the particles were
seeded during the third simulated respiratory cycle. The particles were released for 100 time
steps and 500 time steps in part Al and part B2, respectively, representing one cardiac cycle
and respiratory cycle. Since there could be slow blood flow in part Al, we needed the
simulation files of cardiac cycles 5, 6 and 7 to ensure the particles had enough time to reach all
the way op to the left and right pulmonary arteries. The hepatic blood flow in part B2 was faster
than in part A1 due to the respiratory component. In part B2, a fourth respiratory cycle was
required for letting the particles arrive at the left and right pulmonary arteries. Since, in part
B2, we had only the velocity magnitude files of three respiratory cycles, we used the velocity
magnitude files of the third respiratory cycle again and added these as an extra ‘fourth’
respiratory cycle.
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Figure 24: The three seeding locations for HFD quantification. 24A: uniformly particle seeding over the caudal cross-
section (conventional method), 24B: uniformly particle seeding over the cranial cross-section (conventional method), 24C:
direct particle seeding from the level of the hepatic veins (novel method). HFD was measured by counting the number of
particles leaving the left pulmonary artery (HFD LPA) or right pulmonary artery (HFD RPA). IVC; inferior vena cava,
HVs; hepaticveins, LPA: left pulmonary artery, RPA: right pulmonary artery, Tunnel: Fontan tunnel, HFD: hepatic flow
distribution
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3.11 Verification and validation of CFD models
Verification includes evaluating if the programming code and the implementation of the CFD

model are correct. Validation means checking if there is a good agreement between the CFD
simulation outcomes and real patient datato ensure that the CFD models accurately represent
the Fontan circulation.

One important verification step was to inspect if the user-defined-function was
programmed correctly. As stated before, based on an article of Wei et al, parabolic velocity
inlet profiles were implemented for all inlet boundary conditions. After simulation of one CFD
case, we loaded the velocity files in ParaView and analyzed the inlet velocity profile of each
inlet. As can be seen from figure 25, the inlet showed a perfect parabolic inlet profile (red =
high velocity, blue = low velocity), just as was imposed in the user-defined-function file.
Another verification step was that we continuously verified the MATLAB code if the
MATLAB code extracted, interpolated and phase-shift corrected the time-varying flow rate
waveforms correctly the way we expected.
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Figure 25: Simulated velocity profile of the IVC of one Fontan case. The
velocity profileis parabolic, just as was imposed.

Additionally, we have applied a validation step on all CFD models used in part Al and part
B2. The validation step was to check if the averaged volumetric flow rate of the I'VC computed
with CFD agreed with the measured averaged volumetric flow rate obtained from the ECG-
gated 2D-3dir PC-MRI and real-time PC-MRI acquisitions. Furthermore, we compared the
averaged flow through LPA calculated with CFD tothe averaged measured LPA flow extracted
from PC-MRI. Because we needed to have mass convergence in the CFD system, we defined
the measured LPA flow as the sum of the measured Fontan tunnel and SVC flow (which is
total flow in the Fontan circulation) extracted from 2D-3dir ECG-gated PC-MRI (part Al) or
real-time PC-MRI (part B2) times the outflow ratio prescribed for the LPA. The ‘real’ LPA
flow measured with 2D-3dir PC-MRI was only used for calculating the outflow ratio.

54



3.11.1 Validation CFD models of part Al (only cardiac dependent flow)
Table 2 shows the validation of the LPA flow of part A1, which CFD models only
encountered cardiac effects on blood flow. The difference between the computed and

measured average LPA flow were a maximum 2 percent.

Table 2: Validation CFD models of part Al (only cardiac dependent flow)

Patient

o
,_\ou:oo\lowcn-booml—;(_

el o
B ow N

15

Average LPA flow measured
with PC-MRI (m3/2)

2.10e-5
3.22e-5
8.42e-6
2.65e-5
2.76e-5
1.52e-5
2.32e-5
3.64e-5
3.21e-5
1.58e-5
2.02e-5
2.86e-5
2.09e-5
1.39e-5
5.28e-5

LPA
computed
with CFD
(m3/s)
2.09e-5
3.19e-5
8.41e-6
2.66e-5
2.74e-5
1.50e-5
2.32e-5
3.63e-6
3.24e-5
1.59e-5
2.02e-5
2.87e-5
2.09e-5
1.3%-6
5.27e-5

Difference

0.6%
0.9%
0.1%
0.4%
0.7%
1.3%
0.0%
0.3%
0.9%
0.6%
0.0%
0.3%
0.0%
0.0%
0.2%

*patient 1 had a situs inversus (in which the tip of the heart (apex) is on the right side of the

thorax), so we used the RPA flow instead of the LPA flow.
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3.11.2 Validation CFD models of part B2 (cardiac and respiratory dependent flow)
Table 3 demonstrates the validation of the LPA flow of part B2, which CFD models considered

both the cardiac and respiratory effects on blood flow. Initially, in the first three cases, which
are included in this master thesis report, we compared the measured LPA flow after phase-shift
correction and interpolation with the computed LPA flow with CFD (B versus C), which
needed to be below 2 percent. Because of the interpolation and phase-shift correction, the final
end time of inspiration can sometimes a bit longer thanmeasured in the individual blood vessel.
For instance, if the SVC and IVC both have a longer inspiratory phase than the Fontan tunnel
flow, the inspiratory phase of the Fontan tunnel flow after phase-shift correction and
interpolation, which was needed for CFD implementation, will increase a little bit as well.
Consequently, since inspiration increases the Fontan tunnel flow, the average ‘measured’
Fontan tunnel flow enlarges after phase-shift correction and interpolation. This increase of
Fontan tunnel flow will eventually enlarge the LPA flow — as shown in the table 3— and the
RPA flow. However, although the absolute flow magnitude might increase due phase-shift
correction and interpolation, the pulmonary flow distribution to left and right lung as measured
with real-time PC-MRI were validated to be still correct. Therefore, it is not entirely fair to
compare the real average LPA flow magnitude measured with PC-MRI to the average
computed LPA flow magnitude with CFD (A versus C). However, although not included in
this master thesis, from cases 4 onward, we also tried to consider the differences between A
and C by applying an extra programming step, as described in the recommendation of part B2.
As you can see from table 3, this additional programming step reduced the difference between
the average LPA flow measured with PC-MRI and the average computed LPA flow with CFD
for all following cases to below 2 percent.

Table 3: Validation CFD models of part B2 (cardiacand respiratory dependent flow)

Patient A= average B= average ‘measured’ C= average Differences
LPA flow LPA flow after phase-shift computed between A&B
measured correction and LPA flow and B&C.
with PC-MRI interpolation of the flow with CFD
(m3/s) with the other blood (m3/s)

vessels (m3/s)
1*  2.47e-5 2.59e-5 2.59%e-5 4.8%, 0.0%
2 8.96e-6 9.35e-6 9.34e-6 4.2%, 0.1%
3 3.41e-5 3.49e-5 3.49e-5 2.3%, 0.0%
4 3.83e-5 3.76e-5 3.76e-5 1.8%, 0.0%
5 3.37e-5 3.37e-5 3.37e-5 0.0%, 0.0%
6 2.06e-5 2.02e-5 2.02e-5 1.9%, 0.0%
7 2.23e-5 2.26e-5 2.26e-5 1.3%, 0.0%
8 4.44e-5 4.48e-5 4.48e-5 0.9%, 0.0%

*patient 1 had a situs inversus (which means the tip of the heart (apex) is on the right side of
the thorax), so we used the RPA flow instead of the LPA flow.
Grey color : the outcomes of case 4 to 8 are not included in this master thesis.
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Part Al.

The assessment of mixing between hepatic and inferior
vena cava blood flow & hepatic flow distribution
quantification

The outcomes of part Al are used in a scientific article written by F.M. Rijnberg, medical PhD
of Leiden University Medical Center. We provided the technical part for this article, and this
has led to a second co-authorship for me on this paper, which makes me very proud.

57



Introduction
Recent CFD studies indirectly quantify HFD to the left pulmonary artery and right pulmonary

artery by tracking ‘hepatic flow’ particles that are uniformly seeded in the Fontan tunnel and
analyzing the distribution of these particles towardsboth lungs (the conventional approach) 18-
22 However, this conventional approach is based on an unvalidated assumption that there is a
uniform distribution of hepatic blood in the Fontan tunnel. Because Reynolds numbers in the
Fontan tunnel are low, the blood flow in the Fontan tunnel behaves laminar. Due to this laminar
flow behavior, the mixing of blood from the hepatic veins and the I'VC might be far from
optimal contrary to what is generally assumed and so the question rises whether this assumption
of uniform hepatic flow distribution within the Fontan tunnel is correct. Moreover, using this
assumption of even distribution of hepatic flow in the Fontan tunnel could potentially cause
inaccuracies in HFD quantification. Therefore, this study aimed to test this assumption of
uniform distribution of hepatic blood flow within the Fontan tunnel. To achieve this, we created
patient-specific CFD models that included the geometry of the hepatic veins into the
computational fluid domain. These CFD models that incorporated the hepatic veins made it
possible to seed ‘hepatic flow’ particles directly from the level of the hepatic veins (the novel
approach). We supposed that seeding ‘hepatic flow ‘particles directly from the level of the
hepatic veins would provide physiologically more realistic hepatic blood flow patterns.
Another objective was to quantify and compare the HFD outcomes when particles were
uniformly seeded from a cross-section within the Fontan tunnel (the conventional approach)
and were seeded from the level of the hepatic veins (the novel approach). Inpart A1l we used
free-breathing ECG-gated 2D-3dir PC-MRI acquisitions to reconstruct the boundary
conditions in the CFD models. Due to ECG-gating, the respiratory effects on blood flow are
ignored. Consequently, part Al only considered the cardiac impact on blood flow in the CFD
simulations. Part Al hypothesized that hepatic blood is non-uniformly distributed within the
Fontan tunnel, which affects the precision of HFD quantification with the conventional
approach.

Methods

Study group
A comprehensive description of the method is found in chapter 3. Here is a brief outline of the

method of part Al. The Fontan patients involved in part Al of the master thesis were identified
from the Leiden University Medical Center database. Fifteen single ventricle patients with a
TCPC-type (Fontan) tunnel and age above eight were included. The patient characteristics are
found in table 4. Informed consent was obtained from all patients, and Leiden University
Medical Center approved the protocol.

Table 4: Patients characteristics of the entire cohort
Characteristics of patient cohort (n=15)

Male/Female 9/6
Age (years) 18.2 (5.6)
Fontan type (ECC/LT) 14/1
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CFD simulations
We created 3D reconstructions of patient-derived Fontan anatomy that included the geometry

of the hepatic veins in the computational fluid domain (see chapter 3). ECG-gated 2D-3dir PC-
MR images were acquired under free-breathing conditions to assess time-varying volumetric
flow rates of the IVC, SVC, Fontan Tunnel, right pulmonary artery and left pulmonary artery
and were used to reconstruct the inlet and outlet boundary conditions. A detailed prescription
of how we reconstructed the boundary conditions are described in chapter 3. Time-varying
flow rates were imposed with a parabolic velocity profile at all inlet vessels (IVC, SVC and
hepatic veins)’®. The outflow boundary conditions (left pulmonary artery and right pulmonary
artery) were imposed as an outflow ratio based on the average measured pulmonary flow
distribution extracted from ECG-gated 2D-3dir PC-MRI data. A polyhedral mesh with a four
boundary prism layer at the vessel wall was used’2. The mesh element size was based on the
average diameter of all inlet and outlet vessel diameters divided by 30 (range 0.4-0.5mm
elements)’2. The density of the blood was set to 1060 [kg/m3]. Blood was modeled as a non-
Newtonian fluid using a Carreau model** (chapter 3). No turbulence model was used since we
assumed the blood flow to be laminar. The convergence criteria for continuity and x-y-,z-
velocities were set to 1E-4. CFD solver software ANSYS- Fluent was used for all CFD
simulations. In part Al, we carried out unsteady CFD simulation for seven cardiac cycles,
simulating 1000 time steps per cardiac cycle. The outcomes of the last four cardiac cycles were
used forthe assessment of mixing between hepatic and 1VC blood flow and HFD quantification
since it was found that periodic behavior was achieved after simulation of three cardiac cycles.

Post-processing
For post-processing, the velocity magnitude vectors for every mesh cell were written to an

Ensight Gold case file per every ten time steps as a binary format. Since we used 1000 time
steps per cardiac cycle, 1000/10 = 100 files per cardiac cycle were written and used for post-
processing.

The assessment of mixing between hepatic and IVC blood flow

We released particles from the hepatic veins and I\VVC level for the assessment of mixing
between the hepatic and 1VC blood flow and investigated the degree of mixing at two cross-
sections within the Fontan tunnel. The first cross-section was chosen just above the hepatic
veins junction (i.e., caudal cross-section), the second cross-section was just below the
pulmonary artery bifurcation (i.e., cranial cross-section). The quantification of mixing between
the 1VC and hepatic blood flow relies on the spatial distribution of both flows at both cross-
sections using the Lagrangian particle tracking tool of Paraview. Based on these velocity
magnitude vector files, Paraview created path lines, which are the trajectories that the
individual particles follow over time. At both cross-sections, the path line transsections for
every time step were registered and used in the mixing analysis. Furthermore, we divided each
cross-section in four sections: left-anterior, right-anterior, left-posterior and right-posterior. For
the assessment of mixing between hepatic and 1'VC blood flow, we used the time-averaged

degree of mixing per each of the four sections over one respiratory cycle (D,ying average )
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and the time-averaged degree of mixing of both entire caudal and cranial cross-sections over
one respiratory cycle (D,ixving average cs)» @S €xplained in detail in chapter 3.

HFD quantification
The second post-processing step was to analyze and compare the HFD towards the lungs

between the novel and conventional HFD quantification methods using the Lagrangian particle
tracking tool of Paraview. Inthe two conventional methods (HFDcaudal tunnel & HFDcranial tunnel),
hepatic blood flow particles were uniformly seeded from either a caudal or cranial cross-
section, whereas in the novel method, particles were directly seeded from the level of the
hepatic veins (HFDrv). Chapter 3 explains both the conventional and novel HFD
quantification approaches in detail. The HFD (HFDcaudal tunnel, HFDcranial tunnet @and HFDRv)
towards the left and right lung was computed by counting the number of particles leaving the
left pulmonary artery and right pulmonary artery and expressed as a percentage of the total
particles that were seeded.

Statistics

As part of the TOP-FLOW consortium, we provided most of the engineering side within this
project. Leiden University Medical Center performed statistical analyses on the outcomes of
the 15 simulated cases. Since the statistical findings were interesting, a few outcomes are
highlighted below. SPSS 25.0 (IBM-SPSS, Chicago, IL) and Prism 8.0 (Graphpad Software,
La Jolla, CA) were used for data analysis. Continuous data were reported as mean + standard
deviation.

The assessment of mixing between hepatic and IVC blood flow

For statistical analyses, the degree of mixing (Dpiring averager DPmixing average cs) WaS
subdivided into six categories: no mixing <0.1, poor mixing 0.1-0.3, mild mixing 0.3-0.5,
moderate mixing 0.5-0.7, good mixing 0.7-0.9, uniform mixing >0.9. A paired t-test was used
to compare measurements.

HFD comparison between conventional and novel method
Furthermore, Bland-Altman plots (or difference plots) and intraclass correlation (ICC)analysis

were applied to evaluate the agreement between the different HFD quantification methods
(moderate <0.7, good >0.7-0.9 and excellent >0.9). The Bland-Altman plot is commonly used
for investigating the agreement of two methods with quantitative outcomes. The horizontal
lines drawn in the Bland-Altman plot are at the mean difference and at the limits of agreement.
The limits of agreement are defined as the mean difference + 1.96 times the standard deviation
(SD) of the differences. However, the mean difference is the average difference between all
values (negative and positive) on the Bland-Altman plot, meaning the negative and positive
values could average out that mean difference on the plot. For example, if there exists one value
of +10 and another value of -10, the mean difference is zero. Therefore, we also considered the
mean absolute difference. We used the mean absolute difference (£ 1.96 standard error of the
mean) between methods to evaluate the absolute amount of which one HFD quantification
approach over or underestimates the other HFD quantification approach. Percentage points
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were used to describe the differences. A paired t-test was used to compare the measurements
of the different HFD quantifications methods. P values <0.05 were considered statistically
significant.

Results

First, the outcomes of the entire group of 15 Fontan patients are presented. Secondly, the
results of three subjects of the cohort are pointed out separately since these patients were also
investigated during the studies described in chapter part B2, which made it easier to compare
the CFD results between part Al and B2. Inpart A1, we only took the cardiac effects on blood
into account, whereas the CFD models in part B2 considered both the cardiac and respiratory
effects on blood flow.

Results of the entire group

The assessment of mixing between hepatic and IVC blood flow
As illustrated in figures 26,27,28, and 29, there was an obvious hepatic bloodstream pattem

within both cross-sections during the entire cardiac cycle, leading to an uneven distribution of
hepatic blood flow in the Fontan tunnel. This hepatic bloodstream pattern was most noticeable
in the caudal cross-section. This observation was supported by the time-averaged degree of
mixing of the entire cross-section (Dyixing average cs)» @S Presented in table 5. The time-
averaged degree of mixing of the entire caudal and cranial cross-section were moderate mixing
(mean 0.66 £0.13) and good mixing (mean 0.79 £0.11), respectively. This difference in degree
of mixing between the caudal and cranial cross-section was significant, demonstrating a better
mixing of hepatic and IVC blood flow more downstream in the Fontan tunnel. Moreover, the
degree of mixing at the caudal and cranial level of the Fontan tunnel were statistically different
from 0.9 (i.e., uniform mixing) with p-values of <0.001 and 0.012, respectively. These findings
demonstrate that the hepatic flow is non-uniformly distributed within the Fontan tunnel.
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Caudal cross-section Cranial cross-section

Hepatic
veins

Figure 26: Hepatic (red) and 1VC (yellow) bloodstreams at caudal and cranial level at the beginning of the
cardiaccycle

Caudal cross-section Cranial cross-section

Tunnel

Hepatic
veins

Figure 27: Hepatic (red) and 1VC (yellow) bloodstreams at caudal and cranial level around the midpoint of
the cardiac cycle

Caudal cross-section Cranial cross-section

Hepatic
veins

Figure 28: Hepatic (red) and IVC (yellow) bloodstreamsat caudal and cranial level around the midpoint of
the cardiac cycle
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Figure 29: Hepatic (red) and 1VC (yellow) bloodstreams at caudal and cranial level at the end of the cardiac
cycle

Table5: Time-averaged degree of mixing of the entire cross-section on cohort-level
Cross-section ~ Time-averaged degree of mixing of the entire cross-section (Dpixing average cs)

Caudal mean 0.66 = 0.13 = moderate
Cranial mean 0.79 £0.11 = good mixing
HFD quantification

Table 6 demonstrates the outcomes of the HFD quantification and comparison between the
three methods. There was no significant difference between the HFD quantification of both
conventional approaches: HFDcaudal tunnel (48.2£21.9%) and HF D cranial tunnel (48.0£21.9%), mean
difference 0.2% (95%CI -6.0 —6.4), p=0.80. However, a significant difference was found when
comparing both conventional methods with the novel method. The HFD v was 51.0£20.6%.
The mean difference between HFDnv and HFDcaudal tunnet Was 2.9% (95%CI -6.3 — 12.0),
p=0.033. The mean difference between HFDnv and HFDcranial tunnel Was 3.1% (95%CI -7.4 —
13.6), p=0.044. Furthermore, we evaluated the mean absolute difference between the different
HFD quantification methods, describing the absolute amount of which one HFD approach
over- or underestimates the other HFD approach. When comparing both conventional methods,
we found a mean absolute difference of 2.4% (95%CI 1.3-3.4). However, a higher mean
absolute difference was discovered between the HFD quantification of the novel and
conventional methods: HFDwv versus HFDcaudal tunnet 4.6% (95%CI 3.1-6.0), HFDwHv versus
HFDcranial tunnet 4.4 % (95%CI1 2.2-6.5). These findings confirmed the hypothesis that, when
particles are seeded directly from the hepatic veins, it significantly affects the HFD
quantification compared to the conventional HFD quantification approaches. On the other
hand, the mean absolute differences between the novel and the conventional HFD
quantification methods were relatively small; in most cases, less than 5% for 8 out of 15 and
11 out of 15 when comparing HFDnv with respectively HFD caudal tunnel and HFDcranial tunnel.
Interestingly, when considering individual patients, differences between the novel and
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conventional HFD quantification as high as 14.9% were noticed. In that specific case, the HFD
towards the left lung was 20.7% and 35.6% using the respective HFD quantification methods
HFDcranial tunnetand HFD 1.

Furthermore, using the sub-analysis, we concluded that there was no significant
relationship between the mean absolute differencein HFD between the novel and conventional
approaches and the D, ins average cs at the caudal and cranial level: r=0.32, p=0.27 and r
= -0.06, p = 0.82, respectively. Additionally, we discovered no correlation between the
percentage of hepatic to total Fontan tunnel flow contribution and the mean absolute difference
in HFD value between the three HFD quantification methods.

Table 6: Outcomes of comparisonbetween HFD quantification methods

Paired t-test Bland-Altman Intraclass Mean absolute
Correlation difference
Comparisons Mean LoA ICC (x1.96 SEM)
difference

HFDgv VS p=0.033 2.9 -6.3-12.0 0.97 4.6 (3.1-6.0)
HFDcaudaItunneI

HFDgv Vs p=0.044 3.1 -7.4-13.6 0.96 4.4 (2.2-6.5)
HFDcraniaI tunnel

HFDcaudal tunnel ~ p=0.80 0.2 -6.0-6.4 0.99 2.4 (1.3-3.4)

VS HFDcranial

tunnel

HFD; hepatic flow distribution towards the left pulmonary artery.

SEM; standard error of the mean, LoA; limits of agreement, defined as the mean difference + 1.96
standard deviations. ICC: intraclass correlation.

Results of three pointed out cases
Table 7 shows the patient characteristics of the three-pointed out cases.

Table 7: Patient characteristics of three cases

Patient characteristics of 3 cases CASE 1 CASE 2 CASE 3
Gender Male Male Male
Age (years) 17.5 18.1 18.2
Type TCPC tunnel ECC ECC ECC
Diameter size of tunnel (mm) 16 18 16
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The assessment of mixing between hepatic and IVC blood flow
Table 8 demonstrates the outcomes of the time-averaged degree of mixing of the entire cross-

section for cases 1, 2 and 3 over the cardiac cycle. Figure 30 and 31 demonstrates the time-
varying degree of mixing per each of the four sections of the caudal and cranial cross-section
over the cardiac cycle. As shown from table 8 and figures 30 and 31, all cases had a higher
degree of mixing between the hepatic and 1VC blood flow in the cranial cross-section than in
the caudal cross-section. The caudal degree of mixing ranged from 0.49 to 0.70, whereas the
cranial degree of mixing varied between 0.58 and 0.86.

Table 8: Time-averaged degree of mixing of the entire cross-section for three cases over one cardiac cycle for
CFD models thatonly consider cardiac effects on blood flow

CASE Cross-section Degree of mixing of entire cross-section
Caudal 0.49

Case 1 Cranial 0.58
Caudal 0.70

Case?2 Cranial 0.86
Caudal 0.70

Case 3 Cranial 0.86

Caudalr crrorssi-sectignr - (}ASE 3

VAL

~ Degree of mixing

—Left anterior section

021~ —Rigth anterior section [
Left posterior section
Right posterior section | |
= =No mixing
~Perfect mixing

=¥ | = X 1
0

Timesteps in cardiac cycle

Figure 30: Time-varying degree of mixing for each of the four section of the caudal cross-
section of Case 3 over the cardiaccycle
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Figure 31: Time-varying degree of mixing for each of the four section of the cranial cross-
section of Case 3 over the cardiaccycle

HFD quantification
The results of HFD quantification of the different methods for 3 cases are presented in table 9.

It can be clearly seen that there were different HFD outcomes between the conventional and
novel HFD quantification methods. For instance, concerning case 1, a 9.05% difference
between the HFD caudal tunnetand HFDrvwas found.

Table 9: Outcomes of HFD quantification of the different methods for three cases over one cardiac cycle

HFDcaudaItunneI HFDcaudaItunneI HFDcraniaItunneI HFDcraniaItunneI HFDHV HFDHV

(LPA) (RPA) (LPA) (RPA) (LPA)  (RPA)
Case 1l 61.57% 38.43% 63.75% 36.25% 66.62% 33.38%
Case 2 17.35% 82.65% 17.69% 82.31% 26.40% 73.60%
Case 3 54.65% 45.35% 61.11% 38.89% 57.81% 42.19%
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Discussion

We were the first that included the hepatic veins into the computational fluid domain of patient-
specific CFD models of (TCPC-type) Fontan patients. The main objectives were 1. evaluate
the degree of mixing between the hepatic and the 1VC blood flow in the Fontan tunnel and
2.quantify HFD using particle tracing directly from the hepatic veins (the novel approach), and
compare results with the conventional approach. The key results were: we have shown that
there is a non-uniform distribution of hepatic blood flow in the Fontan tunnel. This non-uniform
distribution was most noticeable in the caudal cross-section (just above the junction of hepatic
veins with the IVC). There was a significantly higher degree mixing of hepatic with I''VC blood
flow at the cranial level than at the caudal level in the Fontan tunnel. Although it was a
relatively small difference, the HFD was significantly different between the novel and
conventional HFD quantification approaches. Interestingly, when considering individual
patients, differences between the novel and conventional HFD quantification as high as 14.9%
were found.

HFD is a crucial hemodynamic parameter that is used by clinicians in their evaluation
of Fontan performance. Hepatic blood flow contains hepatic factors, which are very important
for a well-development of the lungs. A lack of hepatic factors in one of the lungs is associated
with PAVMs formation'#15, Therefore, a balanced HFD towards both lungs is crucial.
Moreover, an unbalanced HFD may suggest the need for intervention in an effort to restore a
more balanced HFD, resulting in a reduced risk for PAVMs formation®8. Consequently, an
accurate HFD quantification is essential since it could have a clinical impact on Fontan patients.
Current CFD studies used the conventional HFD quantification approach in which 'hepatic
blood flow' particles are uniformly seeded from either a caudal or cranial cross-section in the
Fontan tunnel®-21, Thereafter, the HFD is computed by counting the particles that leave the
right pulmonary artery and left pulmonary artery. This conventional method relies on the
assumption that hepatic blood flow is uniformly distributed over the Fontan tunnel blood flow.
However, the correctness of this conventional HFD quantification method has never been
investigated. In part Al of this graduation project, we investigated the assumption of uniform
distribution of hepatic blood flow in the Fontan tunnel and concluded that this assumption is
not valid8-21 at least in CFD models with only cardiac-dependent boundary conditions. There
was a significantly better mixing of hepatic blood and 1VC blood flow at the cranial level than
at caudal level, but the hepatic blood flow was still not uniformly mixed over the Fontan tunnel.
This non-uniform mixing of hepatic blood flow is explained by the bloodstream's laminar
behavior with only minimal periodic flow amplitude changes along the cardiac cycle, leading
to less optimal mixing.

Because of the uneven distribution of hepatic blood flow in the Fontan tunnel, the
conventional HFD quantification approach could potentially provide inaccurate results. This
project revealed that the novel approach had statistically different HFD outcomes than the
conventional approach when using CFD models that only considered cardiac effects on blood
flow; however, these differenceswere relatively small and on a cohort level of minimal clinical
relevance. For this reason, the fact that there is a non-uniform distribution of hepatic blood
flow in the Fontantunnel does, in general terms, not affect the HFD quantification with clinical
significance. Therefore, the findings of previously performed studies on group-level are still
valid18-21,
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Even though the conventional HFD quantification method on group-level is accurate
enough, it should be emphasized that on individual basis differences as high as 14.9% were
found in patients. In that specific case, the HFD towards the left lung was 20.7% and 35.6%
with the respective HFD quantification methods: HFDecranial tunnet and HFDHv. Nowadays,
clinicians accept an HFD of 70/30% between both lungs before they consider to
intervenel®89.90, Asone can see, the conventional HFD quantification method would indicate
inadequate HFD, whereas the novel method reveals sufficient HFD for this specific case. These
HFD differences may have implications for the patient-specific decision making about the need
for intervention and therefore, could have a meaningful clinical impact on individual patients.

We believe that the novel HFD quantification better represents the physiology of
hepatic blood flow in Fontan patients because ‘hepatic’ particles are actually seeded from the
inlets of the hepatic veins instead of from a cross-section within the Fontan tunnel. However,
more research with a larger cohort group is needed to investigate which Fontan patients profit
the most from the novel HFD quantification method.

Limitations

Because hepatic veins are too small for (free-breathing ECG-gated 2D-3dir) PC-MRI
acquisitions, we indirectly measured the total hepatic blood flow by subtracting the 1VC flow
(below the entrance of the hepatic veins) from the Fontan tunnel flow. Additionally, we
assumed that the total hepatic blood flow was distributed over the different hepatic veins based
on the ratio of their respective cross-sectional areas. Furthermore, we used free-breathing ECG-
gated 2D-3dir PC-MRI data to reconstruct the boundary conditions; however, it ignores the
respiratory effects on the blood flow waveforms. In my literature study, it was shown that the
hepatic blood flow is 3 to 4 times higher during inspiration than expiration24 while this effect
was less pronounced in the 1VC flow. Therefore, breathing could affect the pattern of the
hepatic blood flow streams and hence the HFD quantification. Fortunately, we will reexamine
the assessment of mixing between hepatic and 1'VC blood flow in the Fontan tunnel and the
HFD quantification while incorporating the respiratory effects in part B2. Furthermore, we
assumed a rigid vessel wall in the CFD models. Nevertheless, a previously performed study
showed that wall compliance barely affects the time-averaged HFD®. Besides, a relatively
coarse mixing evaluation was conducted by subdividing the entire cross-sections at the cranial
and caudal levels into only four sections. Unfortunately, we did not consider the degree of
mixing on smaller scales. Additionally, most Fontan patients included in this study had an
ECC-type Fontan tunnel. Although the ECC and ILT-type Fontan tunnel are both TCPC
connections, little different flow patterns may exist within the I TL-type tunnel compared to the
ECC-type tunnel. Nevertheless, all these limitations should not affect our novel insights into
the fluid dynamics of hepatic and 1VC flow in a Fontan circulation and its impact on HFD
quantification.
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Conclusion

In brief, the hepatic blood flow is non-uniformly distributed within the Fontan tunnel, which
was most noticeable in the caudal cross-section (just above the junction of the hepatic veins
with the 1VC). A significant difference was found in HFD between the conventional method,
in which hepatic blood flow particles are uniformly seeded fromeither a caudal or cranial cross-
section, and the novel method, in which particles are directly seeded from the level of the
hepatic veins. However, although significant, these differences were relatively small and had
no clinical relevance on-group level. Nevertheless, it should be emphasized that on individual
basis differencesas high as 14.9% were found in patients, which could influence the patient-
specific decision making about the need for intervention.
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Part B1.

The effects of respiration ontheblood flow in the inferior
vena cava, the Fontan tunnel, hepatic veins and superior
vena cava usingreal-time PC-MRI
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Introduction

Previously performed studies showed that the respiration influences the venous blood in the
Fontan circulation. The venous blood flow in the I'VC above the level of the hepatic veins in
Fontan patients were more influenced by respiration compared to healthy subjects?324. Hsia et
al. and Fogel et al. stated that the Fontan tunnel flow was for 30% dependent on inspiration242,
Also, the hepatic blood flow have been shown to be dependent on the respiration. Hsia and
colleagues revealed that the hepatic blood flow was for 55% dependent on inspiration?4. These
percentages represent the blood flow that was solely derived from inspiration. Furthermore, the
(invasive) Doppler Ultrasound studies showed that the hepatic blood flow in Fontan patients
was between 3 to 4 times higher during inspiration than expiration23-27.29-41,

Unfortunately, current clinical imaging studies have only investigated the respiratory
effects on hepatic blood flow using (invasive) Doppler ultrasound?4-30:31.34-36.47.48 hecause the
the resolution of real-time PC-MRI is not yet good enough for hepatic flow quantification.
Real-time PC-MRI acquisitions take both cardiac and respiratory effects on blood flow
waveforms into account, as described in chapter 2. Although Doppler Ultrasound has an
excellent spatial resolution of 0.15-0.6 mm, which is higher than real-time PC-MRI°%, Doppler
Ultrasound has also some disadvantages. First of all, the blood flow velocity measurement by
Doppler ultrasound is affected by the beam angle and a small acoustic window. Therefore, the
quality of the Doppler ultrasound examinations is highly dependent on the expertise of the
operator**4%, Consequently, there is an observer dependency and low inter-observer
reproducibility when using Doppler ultrasound. Furthermore, Doppler ultrasound is not always
applicable in every region throughout the human body®°. Moreover, assumptions about basic
flow profiles and cross-sectional vessel areas need to be made to calculate mean velocities and
net flow rates. These assumptions may produce imprecise flow measurements in the presence
of complicated vessel geometry or flow*8. Therefore, real-time PC-MRI measurements of the
hepatic blood flow would be very desirable, also because real-time PC-MRI allows to
investigate the respiratory effects on blood flow. In order to meet this desire, in this master
thesis, we introduced a novel approach to indirectly measure the hepatic flow in the hepatic
veins during the respiratory cycle using real-time PC-MRI. First, we measured the blood flow
in the Fontan tunnel, just above the entrance of the hepatic veins. Second, we derived the IVC
blood flow caudal from the hepatic veins. By subtracting these mean flows, we indirectly
quantified the mean hepatic blood flow. This is the first work that used real-time PC-MRI for
indirect quantification of hepatic flow to the best of our knowledge. With this new method, we
were able to investigate the respiratory effects on the blood flow of the SVC, IVC, Fontan
tunnel and the hepatic veins while using real-time PC-MRI. For the sake of clarity, in part B1
we only conducted an in-depth flow analysis without the use of CFD. We hypothesized that it
was feasible to indirectly quantify hepatic blood flow in Fontan patients while using real-time
PC-MRI. Furthermore, it was assumed that respiration has a pronounced impact on the hepatic
veins and Fontan tunnel's flow rates while having mild effects on 1VC and SVC flow in the
Fontan patients at rest

In addition to the effects of respiration on blood flow rate, we were also interested in
the impact of respiration on the blood flow velocity in the IVC and Fontan tunnel. Moreover,
the velocity values were used to calculate the I'VC-Tunnel mismatch parameter. The 1VC-
tunnel mismatch parameter was introduced by Rijnberg et al. and defined as an increase of
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mean velocity from the I'VC towards the Fontan tunnel®2. The relative difference between the
mean velocity in the IVC and Fontan tunnel characterizes the difference in size of these two
geometries. Although the I'VC-tunnel mismatch was highly correlated with energy loss known
to be associated with exercise intolerance and related more inferior clinical outcomes®3, not
much research has been dedicated to study the I'VC-tunnel mismatch. Unfortunately, Rijnberg
et al. did not make the distinction between inspiratory and expiratory flow data, and therefore
they could not investigate the impact of respiration on the I'VC-tunnel mismatch parameter. To
bridge this knowledge gap, in this current chapter of my master thesis the research is described
that was conducted to investigate the influence of respiration on the I'VC-tunnel mismatch.

It was hypothesized that the I'VC-mismatch value is influenced by respiration.

Methods

Study group

Three patients were studied witha TCPC (Fontan) tunnel. These three patients were the same
subjects whose CFD simulation outcomes were pointed out in part Al. Patient characteristics
are demonstrated in table 7 in part Al (page 64).

Real-time PC-MR imaging and respiratory monitoring

Patients were investigated during rest and were placed in a supine position in the MRI scanner.
Free-breathing non-ECG gated, non- navigator gated 2D PC-MRI (i.e., real-time PC-MRI)
slices perpendicular to IVC, Fontan tunnel and SVC were used to acquire through-plane
velocity profiles. During velocity segmentation, the velocities over the vessel's segmented area
were integrated over the area to compute time-varying blood vessel flow rates (figure 32A).
In other words, when the cross-sectional areas of the vessels are determined using computer
aided segmentation, time-varying volumetric flow rate data can be acquired from the velocity
data by the following formula Q = A - v with Q= flow rate [m3/s], A= area [m?], v= velocity
[m/s]. As stated before, the resolution of real-time PC-MRI is not yet good enough for hepatic
flow quantification. Therefore, we introduced a novel approach to indirectly measure the
hepatic flow in the hepatic veins during the respiratory cycle using real-time PC-MRI. First,
we measured the blood flow in the Fontan tunnel, just above the entrance of the hepatic veins.
Second, we derived the 1VC blood flow caudal from the hepatic veins. By subtracting these
mean flows, we indirectly quantified the mean hepatic blood flow. Every quantification
consisted of 250 consecutive, real-time PC-MRI flow acquisitions over a 16.7 seconds time
period. The real-time PC-MRI acquisitions details are shown in table 1 (page 32). Real-time
PC-MRI are real-time flow measurements in which no gating is applied for respiration or
cardiac contraction. Therefore, the obtained time-varying flow rate waveform of each vessel
could start at any point in the cardiac cycle or respiratory cycle. Since we know from the
literature that the respiration is primarily responsible for periodic changes in the flow amplitude
in Fontan patients, we decided to monitor the respiratory cycle simultaneously with the real-
time PC-MRI acquisitions (figure 32B). We used an abdominal placed respiratory belt to
monitor the respiratory waveform that measured the expansion of the abdomen related to
respiration. In the next paragraph we explain how the patient's respiratory curve is linked tothe
simultaneously acquired blood flow measurements. This coupling step was important since we
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aimed at evaluating the flow during inspiration, expiration, and throughout the entire
respiratory cycle.

Real-time PC-MRI Abdomen belt
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Figure 32: A. Real-time PC-MRI acquisitions that generate time-varying flow rate waveforms of each vessel
after velocity segmentation, B: Abdomen belt that monitor the patient’s respiratory waveform

Extracting the monitored respiratory waveform

Information about the respiratory cycle obtained from the abdominal placed respiratory belt
was stored in so-called Philips Physlog files. The Physlog file also contains other information
for instance from the MRI scanner showing markers that identify the different moments when
the MRI scanner starts certain measurements. The first step was to extract the respiratory
waveform that was synchronous with the real-time PC-MRI blood flow acquisitions. The
beginning and end of the real-time PC-MRI acquisitions were marked by a signal of 100 and
20 units, respectively (Supplemental B, figure 53). Unfortunately, these start and stop markers
were not accurate enough to extract the patient’s respiratory waveform, since the time period
between these markers did not completely match the time of the PC-MRI flow acquisition,
which time is equal to the MRI gradient signal (Supplemental B, figures 54, 55, 56). Luckily,
the MRI gradient signal that is used for the PC-MRI measurement was also stored as a signal
in the Physlog file during that measurement . Therefore, we created a MATLAB code that first
identified the start marker (equal to 100) and the stop marker (equal to 20). Hereafter, the code
searched for the beginning and ending of the MRI gradient within the index range of the start
and stop marker. The final step was to use the indices of the beginning and end of the MRI
gradient signal to extract the patient’s respiratory waveform (figure 33). In this way, we
obtained the patient’s respiratory waveforms of each vessel IVC, SVC, Fontan tunnel) during
their corresponding real-time PC-MRI acquisitions (figure 34).
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Figure 34: Extracted respiratory waveform
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Defining the inspiratory and expiratory phases on the extracted respiratory waveform
The PHILIPS Physlog files manual describes the start of the upward deflection of the

respiratory waveform is the starting point of the inspiratory phase and the beginning of the
downward deflection is the starting point of the expiratory phase of the respiratory cycle.
According to the Philips manual, the light blue line that shows the upward deflection represents
the inspiratory phase, while the green line illustrates the expiratory phase (figure 35). Using
this definition, the time ratio of the inspiratory to expiratory phase was 2.255 in this case,
meaning that the inspiration is more than twice as long as the expiration. In normal breathing,
the expiration time is around twice as long as the inspiration time, so the inspiratory-to-
expiratory time ratio is usually around 0.5. Therefore, we checked the definitions of inspiration
and expiration based on the belt in much more detail.

Extracted respiratory waveform and the old definition of the inspiratory and expiratory phases
T T T T T T T

Respiratory signal

;Resplratow waveform| |
Inspiratory phase
Expiratory phase

Seconds

Figure 35: Extracted respiratory waveform and the old definition of the inspiratory and
expiratory phases according to the Philips manual

In close collaboration with Utrecht UMC, we found out that some MRI scanners demonstrate
a slowly increasing drift during the expiratory phase. Taking this information into
consideration, the expiration is now defined as the range between the start of the downward
deflection (i.e., curve's maximum) until theend of thedrift (figure 36). The corrected definition
provided normal inspiration to expiration time ratios. Moreover, additionally we checked this
definition by scanning one person of our research team and monitored his respiratory waveform
during normal breathing and breath-holding after expiration and concluded that expiration
indeed cause a drift period in the respiratory signal (Supplimental B, figures 57 and 58).
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Figure 36: Extracted respiratory waveform and the corrected definition of the
inspiratory and expiratory phases

We created a MATLAB code that automatically identified the start and end points of the
inspiratory and expiratory phases of the various respiratory cycles on the respiratory waveform
(see supplement C). Moreover this script can also be used to differentiate the multiple

respiratory cycles from each other. Below you can see an example of respiratory waveform and
its differentiation of four respiratory cycles (figure 37).

Respiratory waveform with differentation of multiple respiratory cycles
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Figure 37: Respiratory waveform with differentiation of four respiratory cycles
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Coupling of the respiratory waveform to the simultaneously obtained volumetric flow

rate waveform
The next step was to couple the respiratory waveform to the simultaneously obtained

volumetric flow rate waveform using MATLAB. Since the respiratory waveform (n=8000) was
generated with a much higher temporal resolution than the volumetric flow rate waveform
(n=250), the volumetric flow rate waveform was interpolate, such to obtain flow information
at each moment of the respiratory waveform. We knew that the respiratory and volumetric flow
rate waveforms had the same length of time and therefore we could interpolate the volumetric
flow rate curve based on the number of measure points (i.e., indices) of the respiratory
waveform using the Pchip function of MATLAB (The MathWorks, Inc., Natick, MA). The
Pchip function is a shape-preserving' piecewise cubic Hermite polynomial method.
Interpolation was an essential step for determining the inspiratory and expiratory flow since
the indices of the respiratory waveform that marked the inspiratory and expiratory phases were
translated to the volumetric flow rate waveform. Figure 38 demonstrates the interpolated
volumetric flow rate and the corresponding respiratory waveform. The flow during inspiration
is blue, whereas the flow during expiration is green. We have generated these interpolated
volumetric flow rate waveforms for the IVC, SVC, and Fontan tunnel for all three Fontan cases.
The inspiratory and expiratory flow values were used to analyze the effects of respiration on
blood flow, as described in the next paragraph ‘Flow calculations’.

g respiratory waveform - of Fontan tunnel case 1
T T

Interpolated volumetric flow rate form and corresp

milliter per second

—Volumetric flowrate waveform|
—Respiratory waveform
Inspiratory phase
Ex‘piratory phase

1
o Data points
Figure 38: Interpolated volumetric flow rate waveform and corresponding respiratory waveform.

The light blue colors marks the inspiratory phase and the inspiratory flow. The green color
represents the expiratory phase and the expiratory flow
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Flow calculations

The following flow parameters were calculated in each individual: We evaluated the flow
during inspiration, expiration, and throughout the entire respiratory cycle for the IVC, SVC,
and Fontan tunnel. The time-averaged flow rate from 2 to 4 inspiratory and from 2 to 4
expiratory phases, respectively, was calculated, as well as the overall average flow for each
vessel. The number of inspiratory and expiratory phases relied on the maximum number of
respiratory cycles available on the extracted respiratory waveform, which could vary between
patients. The mean inspiratory, expiratory flow and mean flow throughout the entire respiratory
cycle in the hepatic veins was indirectly quantified by subtracting the mean flow rates of the
I\VVC (below the hepatic veins junction) from the mean flow rates of the Fontan tunnel (above
the entrance of the hepatic veins). Furthermore, we analyzed a few specific respiratory-related
flow parameters used in literature to reflect respiration effects. We decided to quantify all these
different respiratory-related flow parameters so that these could be compared with literature.
Hjortdal et al.3%94 calculated the inspiratory flow fraction, which is the mean inspiratory flow
in relation to mean flow rate during a complete respiratory cycle as follows39.94;

Cinspiration (B1.1)

full
Where Q,,spiration 1S the mean inspiratory flow rate [mlis], Q,; is the mean flow rate during

the entire respiratory cycle [ml/s].
We also evaluated the inspiratory-to-expiratory flow ratio, which was the mean inspiratory
flow divided by the mean expiratory flow 24:27:34,36;

Inspiratory flow fraction =

Inspiratory to expiratory flow ratio = Uinspiration (B1.2)
expiration

Where Qgypiration 1S the mean expiratory flow rate [ml/s].

Besides, in reference to Hsia et al. we evaluated the flow that was solely dependent on

inspiration?:

Percentage of inspiratory dependent flow = Qinspiration — Qexpiration , 100% (B1.3)

Qinspiratian + Qexpiration

Additionally, we performed an extra sub-analysis on the hepatic blood flow. We analyzed the
mean inspiratory hepatic flow relative to the mean inspiratory Fontan tunnel flow, the mean
expiratory hepatic flow relative to the mean inspiratory Fontan tunnel flow and the mean
hepatic flow to the mean Fontan tunnel flow during the entire respiratory cycle:

Qinspiratio Nhepatic

mean inspiratory hepatic to tunnel flow = (B1.4)

Qinspiratio Ntunnel

Qexpiratio Nhepatic

(B1.5)

mean expiratory hepatic to tunnel flow =
Qexpirationtunnel

78



mean hepatic to tunnel flow full respiratory cycle = qu”hﬂ (B1.6)
fulltunnel

These specific hepatic relative to Fontan tunnel flow parameters gave insight into the hepatic
blood flow's contribution to the tunnel flow during each respiratory phase. Finally, we also
validated the inspiration time relative to the time of the entire respiratory cycle, which was
called the inspiratory time fraction. The mean inspiratory time fraction was only achieved for
the IVC, SVC and Fontan Tunnel since these vessels had a coupled respiratory waveform and

hence a time vector:

) ] ) Mean time inspiration
Inspiratory time fraction = , , (B1.7)
Mean time full respiratory cycle

Coupling of the respiratory waveform to the simultaneously obtained velocity
waveform and the IVC-Tunnel mismatch calculation

For quantifying the 1VC-tunnel mismatch parameter, we had to perform all previously
described steps, except that we had to interpolate the velocity waveform instead of the
volumetric flow rate waveform (figure 39). Since the velocity waveform had the same temporal
resolution as the volumetric flow rate waveform and therefore also contained 250 measure
points over the same time period, we could use similar interpolations steps to couple the
respiratory waveform to the velocity waveform, as described above. We evaluated the velocity
during inspiration, expiration, and the entire respiratory cycle for the IVC (below the hepatic
veins’ entrance) and Fontan tunnel (above the junction of the hepatic veins). The mean velocity
from 2 to 4 inspiratory and from 2 to 4 expiratory phases, respectively, was calculated, as well
as overall mean velocity. The 1VC-tunnel mismatch parameters as defined by Rijnberg et al
during the inspiratory and expiratory phase and the complete respiratory cycle were calculated
as follows®2:

|4 -V
Mismatchy c _rymnel = W * 100% (B1.8)
wc

Where:

cm
Viunner = mean velocity in a cross section in the Fontan tunnel [—]
s

cm
Viyc = mean velocity in the IVC [T]

Interpolated velocity waveform & corresponding respiratory form - of Fontan tunnel Case 1
= = ) % ; = ; =

Cm per second

—Velocity waveform
—Respiratory waveform
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Figure 39: Interpolated velocity waveform and corresponding respiratory waveform



Results

Flow calculations

Tables 10,11 and 12 demonstrate the mean flow rates during inspiration, expiration and
throughout the entire respiratory cycle, the inspiratory flow fraction, the inspiratory-to-
expiratory flow ratio, percentage of inspiratory dependent flow and the inspiratory time fraction
for the three studied cases. The flow was consistently higher during the inspiratory phase than
during the expiratory phase forall blood vessels in each of the three cases. However, the most
substantial inspiratory augmentation of flow was found in the Fontan tunnel and hepatic veins.
The inspiratory-to-expiratory flow ratios showed that the Fontan tunnel flow was between 1.82
and 1.97 times higher during inspiration than during expiration. Furthermore, the Fontan
tunnel flow was for 29.2% up to 32.7% dependent on inspiration. Regarding the hepatic flow,
we observed that the hepatic flow in Fontan patients was dominated by inspiration. The
inspiratory-to-expiratory flow ratios revealed that the hepatic flow increased 3.53 to 4.88 times
during the inspiratory phase. Moreover, between 56.0% and 66.0% of the hepatic blood flow
was dependent on inspiration. Besides the hepatic flow provides a dramatic contribution,
varying between 46.0 and 63.0 percent, to the Fontan tunnel flow during inspiration (table 13).
Contrary, the hepatic blood flow contribution to tunnel flow was between 19 and 32 % during
expiration.

The 1VC flow was minimally affected by inspiration with percentages of inspiratory
dependent flow varying between 0.1% and 13.1%. However, the percentages of the SVC's
inspiratory dependent flow differed a little bit more, namely between 5.8% and 27.0%, as well
as the inspiratory-to-expiratory flow ratios, ranging from 1.12 and 1.74.

Table 10: Mean Blood Flow Rates (milliliter per second ) in two to four respiratory cycles and corresponding
mean flow rates in the inspiratory and expiratory phases in the IVC, Fontan tunnel, Hepatic veins and SVC
for case 1. Besides, the inspiratory flow fraction [-], Inspiratory-to-expiratory flow ratio [-], percentage of
inspiratory dependent flow [%] and inspiratory time fraction [-] are presented.

CASE 1 IVC Fontan Hepatic veins  SVC
tunnel

Mean flow in respiratory cycle [ml/s] 30.28 55.10 24.82 28.45

Mean flow in inspiration [ml/s] 32.53 75.35 42.82 33.25

Mean flow in expiration [m/s] 28.22 40.34 12.12 24.49

Inspiratory flow fraction [-] 1.07 1.37 1.73 1.17

Inspiratory-to-expiratory flow ratio [- 1.15 1.87 3.53 1.36

]

Percentage of inspiratory dependent  7.1% 30.3% 56.0% 15.2%

flow [%0]

Inspiratory time fraction|[-] 0.48 0.42 Not applicable  0.45
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Table 11: Mean Blood Flow Rates (milliliter per second ) in two to four respiratory cycles and corresponding
mean flow rates in the inspiratory and expiratory phases in the 1IVC, Fontan tunnel, Hepatic veins and SVC
for case 2. Besides, the inspiratory flow fraction [-], Inspiratory-to-expiratory flow ratio [-], percentage of

inspiratory dependent flow [%] and inspiratory time fraction [-] are presented

CASE 2

Mean flow in respiratory
cycle [ml/s]

Mean flow in inspiration
[ml/s]

Mean flow in expiration
[mi/s]

Inspiratory flow fraction
[-]
Inspiratory-to-expiratory
flow ratio[-]

Percentage of inspiratory
dependent flow [%0]
Inspiratory time fraction

[-]

IVC

26.65

32.04

24.62

1.20

1.30

13.1%

0.28

Fontan tunnel

40.70

59.83

30.32

1.47

1.97

32.7%

0.36

Hepatic veins
14.06

27.79

5.70

1.98

4.88

66.0%

Not applicable

SvC

22.02

36.34

20.88

1.65

1.74

27.0%

Not reliable

Tabel 12: Mean Blood Flow Rates (milliliter per second ) in two to four respiratory cycles and corresponding
mean flow rates in the inspiratory and expiratory phases in the IVC, Fontan tunnel, Hepatic veins and SVC
for case 3. Besides, the inspiratory flow fraction [-], Inspiratory-to-expiratory flow ratio [-], percentage of

inspiratory dependent flow [%] and inspiratory time fraction [-] are presented

CASE 3

Mean flow in respiratory
cycle [ml/s]

Mean flow in inspiration
[ml/s]

Mean flow in expiration
[mi/s]

Inspiratory flow fraction
[-]
Inspiratory-to-expiratory
flow ratio [-]

Percentage of inspiratory
dependent flow [%6]
Inspiratory time fraction

[-]

IvVC

32.40

32.33

32.40

1.0

1.0

0.1%

0.39

Fontan tunnel

62.90

87.03

47.72

1.38

1.82

29.2%

0.38

Hepatic veins

30.50

54.70

15.32
1.79
3.57
56.2%

Not applicable

SvC

13.41

14.27

12.71

1.06

1.12

5.8%

0.45
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Table 13: Mean inspiratory hepatic to tunnel flow ratio [-], mean expiratory hepaticto
tunnel flow ratio [-], mean hepaticto tunnel flow ratio during the entire respiratory cycle [-]

Mean inspiratory  Mean expiratory Mean hepatic to tunnel flow
hepatic to tunnel  hepatic to tunnel ratio during entire the
flow ratio [-] flow ratio [-] respiratory cycle [-]
CASE1 057 0.30 0.45
CASE2 046 0.19 0.35
CASE3  0.63 0.32 0.49

Additionally, the inspiratory time fractions remained within normal ranges. The inspiratory
time fraction of the SVC of case 2 was not reliable since the respiratory signal was not well
obtained and there existed an extremely long period of drifting (figure 40). However, since we
were primarily interested in the mean inspiratory and expiratory flow and notin time, we could

still use our developed approach to obtain the mean flow values (figure 40) in consultation with
the researcher of LUMC.
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Figure 40: Respiratory waveform during SVC PC-MRI acquisitions of Case 2. In this
respiratory signal, there was an extremely long period of drifting
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IVC-tunnel mismatch calculations

The mean velocity of the IVC and Fontan tunnel for all three studied cases are presented in
tables 14, 15, and 16. These tables also reveal the 1'VVC- tunnel mismatch parameters during
inspiration, expiration, and throughout the complete respiratory cycle. As can be seen, there
was a huge I'VC-tunnel mismatch during inspiration, varying between 80.5% and 291.0%.
These mismatch values signify an increase of velocity between 80.5 and 291.0 percent from
the IVC towards the Fontan tunnel during the inspiratory phase. During expiration, the IVC-
tunnel mismatch parameters reduced extensively. Nevertheless, when considering the average
I'VC-tunnel mismatch parameters over the entire respiratory cycle, there still existed a serious
I'VC-tunnelmismatch for all three subjects, ranging from 55.1% to 188.2%. Furthermore, these
observations confirmed the previous findings of a substantial inspiratory augmentation of flow
within the Fontan tunnel, leading to a larger 1VC-tunnel mismatch during inspiration than
during expiration.

Table 14: Mean velocities [cm/s] in two to four respiratory cycles and corresponding mean velocitiesin the
inspiratory and expiratory phases in the IVC and Fontan tunnel for case 1. Besides, the IVC-tunnel
mismatch during inspiration, expirationand throughout the full respiratory cycle are presented.

CASE1 Fontan Tunnel 1VC IVC- tunnel

Mismatch
Mean velocity 35.14 14.81 Inspiration [%0] 137.3%
inspiration [cm/s]
Mean velocity 18.78 13.21 Expiration [%0] 42.2%
expiration [cm/s]
Mean velocity full 25.69 14.00 Full respiratory 83.9%
respiratory cycle cycle [%0]
[cm/s]

Table 15: Mean velocities [cm/s] in two to four respiratory cycles and corresponding mean velocitiesin the
inspiratory and expiratory phases in the IVC and Fontan tunnel for case 2. Besides, the IVC-tunnel
mismatch during inspiration, expirationand throughout the full respiratory cycle are presented.

CASE 2 Fontan Tunnel 1VC IVC- tunnel

Mismatch
Mean velocity 22.68 12.56 Inspiration [%] 80.5%
inspiration [cm/s]
Mean velocity 11.99 9.25 Expiration [%0] 29.7%
expiration [cm/s]
Mean velocity full 15.74 10.15 Full respiratory 55.1%
respiratory cycle cycle [%]
[cm/s]
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Table 16: Mean velocities [cm/s] in two to four respiratory cycles and corresponding mean velocitiesin the
inspiratory and expiratory phases in the IVC and Fontan tunnel for case 3. Besides, the IVC-tunnel
mismatch during inspiration, expirationand throughout the full respiratory cycle are presented.

CASE 3 Fontan Tunnel IVC IVC- tunnel
Mismatch

Mean velocity 41.81 10.69 Inspiration [%0] 291.0%
inspiration [cm/s]

Mean velocity 24.13 10.76 Expiration [%] 124.3%
expiration [cm/s]

Mean velocity full 30.96 10.74 Full respiratory 188.2%
respiratory cycle cycle [%0]

[cm/s]
Discussion

First of all, it is good to know that the term 'IVC flow' in literature can signify Fontan tunnel
flow above the entrance of hepatic veins (because some researchers see the Fontan tunnel as
an extension of the IVC) or IVC flow below the entrance of the hepatic veins. It is, therefore,
necessary to relate the outcomes of this study with literature carefully.

Part B1 showed the flow was consistently higher during the inspiratory phase than during the
expiratory period for all studied blood vessels for all three cases. These findings also confirmed
that the flow in the hepatic veins and Fontan tunnel are heavily influenced by inspiration. The
flow rates in the Fontan tunnel and hepatic increased dramatically during inspiration, and
decreased during expiration. Moreover, inspiration seemed to be the main driving force behind
hepatic blood flow in patients with a Fontan circulation. We found that hepatic blood flow was
for 56.0 and 66.0 percent dependent on inspiration, which was in line with the Doppler
Ultrasound measurements of Hsia et al., who found that 55% of the hepatic blood was
dependent on inspiration®*. Moreover, the percentages of inspiratory dependency of Fontan
tunnel flow ranging from 29.2% to 32.7% were in close agreement with Fogel et al. and Hsia
et al. that both found a 30% inspiratory dependency?42°, The obtained inspiratory-to-expiratory
flow ratios of the Fontan tunnel and hepatic veins in our study were also consistent with the
outcomes of previously performed clinical studies and fell within the standard
deviation?4.2732343641.%5 Although less pronounced, respiration also had a considerable effect
on the SVC blood flow. The results of the SVC showed a more variable range than those of the
IVC. The outcomes partially contradict Hjortdal's statement that SV C blood flow is not affected
by respiration?3. However, when you think about it, theoretically, the SVC is - just like the
Fontan tunnel — directly connected to the pulmonary arteries of the lungs during the Glenn
procedure. Therefore, we believe thatthe SVC'sblood flow is also subjected to the intrathoracic
pressure changes related to respiration, which explains why we did not found inspiratory flow
fractions equal to 1. Wei et al. also concluded that respiratory effects impact the SVC flow and
found an inspiratory-to-expiratory flow ratio of 1.9 + 0.627. In this current study, the SVC's
inspiratory-to-expiratory flow ratios fell with the standard deviations described by Wei and
colleagues. Regarding the I'VC flow (measured below the entrance of the hepatic veins), we
discovered that it was the least affected by respiration compared to the other studied blood
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vessel, which phenomenon has previously been described by other researchers as well. The
IVC’s inspiratory flow fractions and inspiratory-to-expiratory ratios for all three cases were in
line with the literature.

Itis known from the literature that Fontan patients are more affected by respiration than
healthy subjects?3:24, The explanation is that Fontan patients do not have a sub-pulmonary
ventricle that steadily pumps the blood into the lung. Moreover, during the Fontan procedure,
the surgeons create a direct connection between the 1VVC and the lungs by the Fontan tunnel,
which healthy subjects do not have. Therefore, Fontan patients are more affected by
intrathoracic pressure changes related to respiration. Inspiration drops the intrathoracic
pressure to negative values and is considered to be responsible for the increased inspiratory
Fontan tunnel and hepatic blood flow. Conversely, the blood flow in the hepatic veins and
Fontan tunnel are substantially decreased during expiration. Our findings are entirely in line
with this theory; however, it does not clarify why Fontan tunnel flow and hepatic blood flow
are more affected by respiration than the blood flow in the SVC and 1VC. We try to provide an
answer to this question below.

Firstly, the blood flow in the hepatic veins in healthy subjects is dependent on the
compliance of the liver parenchyma, the cardiac cycle, right heart hemodynamics and the
respiratory cycle®. It is hypothetically speaking, but due to the Fontan anatomy, it seems
logical that the cardiac cycle and right heart hemodynamic factors become less pronounced,
whereas the respiratory cycle impact on the hepatic blood flow increases. The findings of Hsia
etal., who discovered that 55% of the hepatic blood flow in Fontan patients was dependent on
inspiration and only 25% of the hepatic blood in healthy subjects was dependent oninspiration,
support this idea?*. Regarding the Fontan tunnel flow, it was quite interesting that we found
that the contribution of the hepatic blood flow to the tunnel flow was tremendous, especially
during inspiration. Because most of the hepatic flow occurs during inspiration, a large
proportion of the Fontan tunnel flow is hepatic flow, and the fact that the Fontan tunnel is
directly attached to the lungs, we believe this explains why the Fontan tunnel flow was highly
influenced by respiration as well. Furthermore, the 1'VC below the entrance of the hepatic veins
is not exposed to this significant contribution of respiratory-derived hepatic blood flow.
Besides, the IVC is farther located from the lungs. Additionally, the IVC is a kind of collecting
barrel, in which many veins from the lower part of the body drain their venous blood.
Therefore, we believe the respiratory effects onthe I'VC blood flow are more averaged out. On
the other hand, the SVC is nearby located and directly connected to the lungs. Nevertheless,
the respiratory effectson the SVC blood flow were less noticeable than in the Fontan tunnel.
Our outcomes showed that the flow split (SVC flow: Fontan tunnel flow) was between 17.5%-
35.0%: 82.5%-65.0% among the three cases. So, the total amount of venous blood flow that
reached the lungs contained mainly blood flow from the Fontan tunnel. Hjortdal etal. supported
this finding?3. The difference in respiratory flow variation between the SVC and Fontan tunnel
is possibly related to a larger venous capacitance in the inferior part of the body that allows an
accumulation of blood in the veins, especially the hepatic veins, of the lower part of the body,
during expiratory phase and mobilization of this reservoir during inspiratory phase.

Besides, we have demonstrated that it is possible to use real-time PC-MRI for indirect
hepatic flow examination in Fontan patients (by subtracting mean flow rates of the I'VC from
the mean flow rates of Fontan tunnel flow). The hepatic flow parameters of this approach were
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consistent with other clinical studies thatused Doppler ultrasound to evaluate the hepatic blood
flow?24.34-3641 Therefore, we showed the feasibility of deriving hepatic flow from clinical
routinely real-time PC-MRI acquisitions, which could be a new opportunity for evaluating the
hepatic blood flow in Fontan patients. However, a drawback of using real-time PC-MRI to
quantify hepatic blood flow is that a MATLAB programming code is needed to extract and
analyze the respiratory waveform and its corresponding flow rate waveform for each vessel.
The current MATLAB code that we generated is semi-automatic and still consists of a few
manual checks. However, it is possible to professionally optimize the code to a software
program that fully automatically evaluates the real-time PC-MRI data and its corresponding
respiratory signal. Nevertheless, future research is needed to elucidate the potential of deriving
hepatic blood flow from real-time PC-MRI on a clinically routine basis.

Additionally, regarding our third objective, the results confirmed our hypothesis that
the I'VC-tunnel mismatch increases during inspiration. This increased 1V C-tunnel mismatch
indicated a tremendous rise in velocity from the I\VVC towards the Fontan tunnel during the
inspiratory phase. Although far less prominent, also during expiration, there still existed an
IVC-tunnel mismatch in all three cases. These differences in velocity values within the
transition zone from 1'VC to Fontan tunnel cannot be healthy from a fluid dynamic perspective
since an 1'VVC-tunnel mismatch is highly correlated with energy losses in the Fontan circulation
and reduced exercise tolerance®2. Unfortunately, previous studies did not distinguish between
inspiratory and expiratory flow data, and therefore they could not investigate the impact of
respiration on the I'VC-tunnel mismatch parameter®2. This study's strength is that we evaluated
the IVC-tunnel mismatch parameter for three Fontan cases during inspiration, during
expiration, and throughout the entire respiratory cycle. Although we did not investigate the
energy loss due to the 1'VC-tunnel mismatch, we strongly believe, based on our findings, that
respiratory effects should play an essential role in future I'VVC-tunnel mismatch and energy loss
calculations.

Limitations
It is worth mentioning that the findings of part B1 are based on three Fontan patients. A larger
group of Fontan patients is needed forbeing able to translate results into generalizable insights.
Furthermore, the troubles that we experienced with defining the inspiratory and
expiratory phases on the respiratory waveform were not described in the PHILIPS Physlog
manual. The definition of inspiration and expiration, according to this manual, was not correct.
Although another research group discovered similar problems, the respiratory signal issues
have not been thoroughly investigated before. We created a solution to extract the respiratory
signal with a corrected definition of the inspiratory and expiratory phases. This corrected
definition provided us physiologically plausible flow values and normal inspiration to
expiration time ratios. Moreover, we validated our theory by monitoring the respiratory
waveform of one of our researchers. However, we have not fully examined what triggers the
drifts in the expiratory phase and if these troubles with the respiratory signal could be solved.
Additionally, all Fontan patients included in part B1 had an ECC-type Fontan tunnel.
Although the ECC and ILT-type Fontan tunnel are both TCPC connections, little different flow
patterns may exist within the 1TL-type tunnel compared to the ECC-type tunnel.
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Besides, it is known that the heart rate could vary with breathing, which is called
respiratory sinus arrhythmia (RSA). Due to RSA, the heart rate increases during inspiration
and reduces during expiration. RSA is a physiological phenomenon; however, RSA occurs
mostly in young and healthy subjects®’. Fontan patients are not categorized as healthy subjects,
but it is theoretically possible that the inspiratory augmentation of flow was due to
cardiorespiratory response instead of inspiration alone. Nevertheless, a few articles that studied
the cardiac and respiratory effects on blood flow separately using real-time PC-MRI
(sometimes in combination with CFD) has already demonstrated that respiration is primarily
responsible for the flow pulsatility in the Fontan tunnel and hepatic veins in Fontan
patients?4.26.27.29-31.34-37 Eyrthermore, these studies also showed that the cardiac cycle barely
affects the flow rate changes in Fontan circulations, which is quite logical since the Fontan
tunnel bypasses the heart and is directly connected to the lungs.

Furthermore, Hsia et al. demonstrated that the venous blood flow in Fontan patients is
significantly influenced by gravity, which is not considered in this study. We measured the
flow rates of patients that were in supine positions during their PC-MRI acquisitions. However,
Hsia et al. used Doppler Ultrasound to evaluate blood flow, whereas we used an MRI scanner.
Therefore, it was not possible to obtain the flow acquisitions in an upright position.

Conclusion

Respiration tremendously affects the hepatic blood flow and the Fontan tunnel flow. The flow
rates in the Fontan tunnel and hepatic increased dramatically during inspiration, then decreased
during expiration. For instance, the hepatic blood was 3.53 to 4.88 times higher during
inspiration than during expiration. Also, the blood flow in the SVC was considerably
influenced by breathing. However, respiration had a minimal effect on the blood flow in the
IVC. These findings were in close agreement with what has previously been described.
Therefore we showed it was feasible to quantify hepatic blood flow and analyze the respiratory
effects while using real-time PC-MRI. Although more research is needed, real-time PC-MRI
could be a new opportunity for evaluating the hepatic blood flow in Fontan patients instead of
using Doppler Ultrasound in the future. Besides, we showed that there was an increase in the
I'VVC-tunnel mismatch during inspiration compared to expiration. This I'VC-tunnel mismatch
indicated a tremendous increase in velocity fromthe I'VC towards the Fontan tunnel during the
inspiratory phase. Although we did not investigate the energy loss due to the IVC-tunnel
mismatch, we strongly believe, based on our findings, that respiratory effectsshould play an
essential role in future 1'VC-tunnel mismatch and energy loss calculations.
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Part B2.

The Influence of respiration on the assessment of mixing
between hepatic and inferior vena cava blood flow &
hepatic flow distribution quantification
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Introduction
Respiration is a physiologic influence on Fontan hemodynamics that has unfortunately not been
incorporated in most of the CFD models. However, previous clinical imaging studies and the
outcomes of part B1 of this master thesis showed that respiration has a tremendous impact on
the blood flow in the hepatic veins and Fontan tunnel in Fontan patients. The flow rates in the
Fontan tunnel and hepatic increased dramatically during inspiration. Then the flow rates
decreased during expiration23-27.29-41

The effects of respiration may have important implications for the CFD modeling
outcomes, such as hepatic flow distribution (HFD). Tang and colleagues are one of the few
who did investigate HFD using CFD models with boundary conditions that took both cardiac
and respiratory effects on blood flow into account?2. Tang et al. compared the HFD between
CFD models with and without respiration and found no significant difference in HFD values
between both models. They concluded that respiration did not significantly impact the HFD
parameter?2. However, also this study used the conventional HFD quantification method
by tracking particles that were uniformly seeded from a cross-section within the Fontan tunnel
and analyzing the distribution of these particles towards both lungs. As mentioned earlier, this
approach assumed that hepatic blood flow is uniformly distributed in the Fontan tunnel. In part
Al, we introduced a novel HFD quantification method, in which ‘hepatic’ particles are
directly seeded from the level of the inlets of the hepatic veins. Based on the outcomes of 15
CFD simulations that only considered the cardiac effects on blood flow, we concluded in part
Al that hepatic blood flow was non-uniformly distributed within the Fontan tunnel.
Furthermore, a significant difference was found between the novel and conventional HFD
quantification methods. Despite the fact that part Al already showed that there was a non-
uniformly mixing between hepatic and IVVC blood flow within the Fontan tunnel and a
significant difference in HFD values between the novel and conventional HFD quantification
methods, the respiratory effects on the blood flow were ignored in the CFD models of part Al.
Therefore, in part B2, we wanted to re-examine the mixing assessment of hepatic with 1VC
blood flow within the Fontan tunnel and HFD values of part Al using patient-specific CFD
models that did consider the cardiac and the respiratory effects on blood flow. So, in part B2,
we aimed to test the assessment of mixing between hepatic and 1'VC blood flow in the Fontan
tunnel and the differences between the novel and conventional HFD quantification method
again while taking respiration into account. Therefore, we used the same 3D geometrical
Fontan models and meshes of three cases as used in part A1, except that part B2 used boundary
conditions used that included both the cardiac and respiratory effects on blood flow. The first
objectives of part B2 of the master thesis project were to 1. evaluate the degree of mixing of
the hepatic blood with the IVC blood in the Fontan tunnel and 2.quantify HFD using particle
tracing directly from the hepatic veins (the novel approach), and compare results with the
conventional approach while using CFD models that consider both the cardiac and respiratory
effects on blood flow. We hypothesized that there is also a non-uniformly distribution of
hepatic blood in the Fontan tunnel when respiratory effects on blood flow are considered.
Furthermore, we believed that the HFD values between the conventional and novel methods
still vary a lot, similar to the CFD models that only considered cardiac effects (part Al).

In addition to separate analysis of the outcomes of the CFD simulations that consider
both the cardiac and respiratory effectson blood flow, we also wanted to compare the degree
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mixing between 1VC and hepatic blood flow in the Fontan tunnel and HFD values between the
CFD models with (part B2) and without respiration (part Al). This comparison made it possible
to test the statement of Tang et al. that respiration not (significantly) affects the HFD. We
hypothesized that including respiratory effects in the CFD simulations would provide a
different degree of mixing between hepatic and 1VC blood flow and different HFD values
compared to the CFD models that ignore respiration, which would disapprove Tang et al.’s
statement.

Aside from the different seeding locations (the novel versus conventional HFD
quantification method), HFD can also be quantified with convection diffusion modeling (The
Eulerian method), as stated before in chapter 2. The difference between the Lagrangian particle
tracking and the Eulerian convection diffusionmodeling method is more a technical issue from
a computational efficiency perspective. The Lagrangian particle tracking method is the golden
standard for HFD quantification in Fontan patients and widely used by other research groups.
However, a pilot study by Prof. Dr. S. Kenjere§ and his student D. Gaillard of the TU Delft,
who are also members of the TOP-FLOW consortium, demonstrated that the Eulerian method
might be an elegant alternative for HFD quantification instead of the Lagrangian method. The
Eulerian method uses the concentration of particles and computes the overall convection and
diffusion of a number of particles. Since we wanted to explore the efficiency of the Eulerian
method, we compared the HFD values obtained from the Lagrangian and Eulerian method for
one similar case in part B2. For both the Lagrangian and the Eulerian method, we used the inlet
of the hepatic veins as the starting point for HFD quantification. So in the Lagrangian method,
we used the novel HFD quantification method, in which particles were seeded directly from
the level of the hepatic veins. For the Eulerian method, we needed to model the hepatic blood
flow and the remaining blood flows as two separate mass flow rates. The hepatic blood mass
flow rate was prescribed as boundary condition at the inlets of the hepatic veins. We
hypothesized that the Lagrangian and Eulerian methods would give similar HFD results.

Besides, an additional analysis of part B2 was to investigate the amount of hepatic
backflow during one respiratory cycle. Hsia et al. studied the hepatic backflow in healthy and
Fontan subjects. The researchers explained that since the Fontan tunnel bypasses the heart,
Fontan patients are excluded from the atrial systolic flow that provides physiological retrograde
hepatic flow pattern?4. They concluded that hepatic backflow in Fontan patients was mainly
driven by respiration that occurred mainly during expiration2. To investigate respiration's role
on the hepatic backflow in Fontan patients, part B2 analyzed the hepatic backflow during one
respiratory cycle. Although this sub-analysis is purely a flow analysis without the use of CFD
and therefore seems to fit better in part B1, we performed our hepatic backflow analysis on the
average total hepatic volumetric flow rate waveform that was used as a boundary condition in
the CFD models of part B2. Therefore, all the steps below also had to be undertaken until the
CFD implementation to make it possible to study the amount of hepatic backflow throughout
the respiratory cycle. For that reason, the sub-analysis of hepatic backflow is included in part
B2. We hypothesized that hepatic backflow mainly occurs during expiration.
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Methods

Study group

Three Fontan patients were studied with a TCPC (ECC-type) Fontan tunnel. These three
patients were the same subjects whose CFD simulation outcomes were pointed out in part Al.
Patient characteristics are demonstrated in table 7, page 64 in part Al.

CFD simulations
In part B2, we conducted unsteady CFD simulations with boundary conditions that consider

both the respiratory and cardiac effectson blood flow in contrast to part A1, which CFD models
only considered the cardiac effects on blood flow. Since we wanted to make a proper
comparison between CFD models with and without respiration, we used the same 3D
geometrical Fontan models that incorporated the hepatic veins in the computational fluid
domain, meshes, material properties, convergence criteria and discretization schemes as used
in the CFD models that only considered the cardiac effects on blood flow in part Al. More
information on meshes, material properties and discretization schemes can be found in chapter
3. We only changed the boundary conditions and some simulation details in the CFD models
of part B2 compared to the CFD models of part Al. Furthermore, we had to run an extra CFD
simulation to implement the convection diffusion model (the Eulerian method).

Inlet boundary conditions
For the reconstruction of the inlet boundary conditions, we used free-breathing non-ECG gated

non-navigator gated 2D PC-MRI, or real-time PC-MRI, slices perpendicular to IVC, Fontan
tunnel, and SVC to acquire through-plane velocity profiles. During velocity segmentation, the
velocity over the vessel's segmented area is integrated over the area to acquire volumetric flow
rate waveforms. Real-time PC-MRI acquisitions take both cardiac and respiratory effects on
blood flow waveforms into account. Since research revealed that respiration is primarily
responsible for the flow pulsatility in the Fontan tunnel and hepatic veins, whereas the cardiac
cycle barely influences the flow pulsatility in Fontan patients, we only corrected the phase-
shifts of the respiratory cycle between the time-varying flow rate waveforms for every inlet
vessel. Asperformed in part B1, the initial processing steps were also needed in part B2 for the
reconstruction of the inlet boundary conditions. We took the extracted respiratory waveforms
and their corresponding interpolated volumetric flow rate waveforms for every vessel from part
B1, which served as the first step in creating the inlet boundary conditions in the CFD models
of part B2. Figure 41 demonstrates an example of an interpolated volumetric flow rate wave
and its corresponding respiratory waveform of the Fontan tunnel of case 1, as we obtained in
part B1. As illustrated in figure 41, the extracted interpolated volumetric flow rate and
respiratory waveform contain data of four respiratory cycles.

However, we only needed one average volumetric flow rate waveform of one average
respiratory cycle of each vessel for the CFD simulations instead of four respiratory cycles' flow
data. To obtain one average volumetric flow rate waveform of one average respiratory cycle
for each vessel, we had to perform a second interpolation (apart from the interpolation between
the volumetric flow rate and respiratory waveform as outlined in part B1). In the second
interpolation, we interpolated the different respiratory cycles and its corresponding volumetric
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flow rate waveforms on each other per vessel. To do this, we had to split the respiratory
waveformand its corresponding volumetric flow rate curve into separate vectors related to one
respiratory cycle and interpolate the different respiratory and corresponding flow rate
waveforms on each other. Besides, we used the end-inspiration index for each respiratory cycle
vector to correct for the phase-shifts between the individual vectors. The phase-shift correction
between the different respiratory cycle vectors was necessary to ensure the inspiratory and
expiratory phases of each of the different respiratory cycles had the same length of time.
Interpolation was performed using the Pchip function of MATLAB. After the second
interpolation and phase-shift correction step, we computed an average volumetric flow rate
waveform of one average respiratory cycle for each vessel (figure 42). The red dashed line and
the dark blue dashed line represent the average respiratory cycle and the average volumetric
flow rate waveform, in this particular figure, for the Fontan tunnel of case 1. The arrows in
figure 42 indicate the end of inspiration (and hence the start of expiration) of every respiratory
cycle. Asyou can see, the duration of inspiration and expiration are made equal between the
different respiratory curves and their corresponding volumetric flow rate waveforms due to the
second interpolation and phase-shift correction step. Although the volumetric flow rate
waveforms extracted from real-time PC-MRI also contain information about cardiac effects on
flow rates, we decided not to correct for the phases of the cardiac cycle, as explained above.

Interpol.

ic flow rate form and its cor
T

ponding respiratory waveform - of Fontan tunnel Case 1
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4 First respiratory cycle
\ Second respiratory cycle
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seconds
Figure 41: Interpolated volumetric flow rate waveform and its corresponding respiratory
waveform (of the Fontan tunnel flow of case 1)
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Figure 42: Average volumetric flow rate waveform (dark blue) of one average respiratory
cycle (red) (of the Fontan tunnel flow of case 1). Note that the volumetric flow rate and
respiratory curves in yellow, magenta, green and light blue are the same as in figure 41 above

We created such an average volumetric flow rate waveform of one average respiratory cycle
for the following blood vessels: the IVC, SVC, and Fontan tunnel.

Hereafter, we needed a third interpolation and phase-shift step because the volumetric
flow rate waveforms of the I'VC, SVC and Fontan tunnel also needed to be interpolated and
phase-shift corrected on each other. The reason for the third interpolation and phase-shift
correction step is that it was necessary to implement inlet boundary conditions that were in
phase to ensure the blood flow of every inlet boundary condition of the CFD model is either in
the inspiratory or expiratory phase at the same time. For this third interpolation, we used the
IVVC respiratory waveform as reference an interpolated the respiratory and volumetric flow rate
waveforms of the Fontan tunnel and SVC on the 1VC using the Pchip function of MATLAB.
Figure 43 shows the volumetric flow rate waveforms of each vessel after the third interpolation
and phase-shift correction. The unit of the y-axis is now converted to m3/s because that is the
unit used in CFD solver software.

The inlets of the CFD model were the 1VC, SVC, and hepatic veins (not the Fontan
tunnel). Since the hepatic veins were too small for real-time PC-MRI acquisitions, we indirectly
quantified the total hepatic venous blood by subtracting the average volumetric flow rate
waveform of the 1VC from average volumetric flow rate waveform of the Fontan tunnel,
leading to a volumetric flow rate waveform of the total hepatic blood flow (figure 44). In other
words, we only used the average volumetric flow rate waveform of the Fontan tunnel to
quantify the average volumetric flow rate waveform of the hepatic veins. We did not use the
average volumetric flow rate waveform of the Fontan tunnel as an inlet boundary condition.
Hereafter, the total hepatic venous blood flow was subdivided over the various hepatic veins
based on the ratio of their respective cross-sectional areas. The time-varying volumetric flow
rate waveforms needed to be decomposed with MATLAB into the Fourier series to make it
possible to prescribe the time-varying flow rate waveforms at all inlets. Time-varying flow
rates were imposed with a parabolic velocity profile at all inlet vessels’®.
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Figure 43: Average volumetric flow rate waveforms of Fontan tunnel, IVC and SVC of
Case 1 over the respiratory cycle after third interpolationand phase shift correction
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Figure 44: Average volumetric flow rate waveforms of Fontan tunnel, IVC and SVC of
Case 1 over the respiratory cycle after third interpolationand phase shift correction

Outlet boundary conditions

At the outlet vessels (the right and left pulmonary arteries), outflow boundary conditions were
enforced to guarantee mass convergence. The outflow boundary conditions were imposed as
an outflow ratio based on the average pulmonary flow distribution to the right and left lung
measured with ECG-gated 2D-3dir PC-MRI. Unfortunately, it was impossible to acquire real-
time PC-MRI data of high enough quality of the pulmonary arteries since these vessels were
too small. Therefore, we have used ECG-gated 2D-3dirPC-MRI dataof the pulmonary arteries
to prescribe outflow ratios
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Simulation details
Since we decided to only perform a phase-shift correction of the respiratory cycle, we used the

respiratory cycle as a reference period in the CFD simulations of part B2. Inpart B2, we carried
out unsteady CFD simulation for three respiratory cycles, simulating 5000 time steps per
respiratory cycle. The outcomes of the third respiratory cycle were used for the mixing
assessment between hepatic blood with 1VC flow within the Fontan tunnel and HFD
quantification since it was found that periodic behavior was achieved after simulation of two
respiratory cycles. CFD solver software ANSY S-Fluent (v17.1, ANSYS, Inc) was used for all
CFD simulations.

Hepatic backflow analysis
The hepatic backflow analysis was performed on the average total hepatic volumetric flow rate

waveform shown in figure 44 (without the use of CFD). The percentage of the absolute sum of
backward flow (i.e., the flow that is moving away from the heart towards the liver = negative
flow) relative to the sum of forward flow (positive flow) was calculated throughout the entire
respiratory cycle and during the expiratory and inspiratory phases to explore the percentage of
hepatic backflow in Fontan patients.

Post-processing of CFD outcomes
For post-processing, the velocity magnitude vectors for every mesh cell were written to an

Ensight Gold case file per every ten time steps as a binary format. Since we used 5000 time
steps per respiratory cycle, 5000/10 = 500 files per respiratory cycle were written and used for
post-processing.

The assessment of mixing between hepatic and IVC blood flow
We released particles from the hepatic veins and I\VVC level for the assessment of mixing

between the hepatic and 1VC blood flow and investigated the degree of mixing at two cross-
sections within the Fontan tunnel. The first cross-section was chosen just above the hepatic
veins entrance (i.e., caudal cross-section), the second cross-section was just below the
pulmonary artery bifurcation (i.e., cranial cross-section). The quantification of mixing between
the IVC and hepatic blood flow relies on the spatial distribution of both flows at both cross-
sections using the Lagrangian particle tracking tool of Paraview. Based on these velocity
magnitude vector files, Paraview created path lines, which are the trajectories that the
individual particles follow over time. At both cross-sections, the path line transsections for
every time step were registered and used in the mixing analysis. Furthermore, we divided each
cross-section in four section: left-anterior, right-anterior, left-posterior and right-posterior. For
the assessment of mixing between hepatic and 1VC blood flow, we used the time-averaged
degree of mixing per each of the four sections over one respiratory cycle (D,;ying average )
and the time-averaged degree of mixing of both entire caudal and cranial cross-sections over
one respiratory cycle (D,;ying average cs)+ @S €xplained in detail in chapter 3. The degree of
mixing was subdivided into six categories: no mixing <0.1, poor mixing 0.1-0.3, mild mixing
0.3-0.5, moderate mixing 0.5-0.7, good mixing 0.7-0.9, uniform mixing >0.9.
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Hepatic flow distribution (HFD) quantification (The Lagrangian method)
The second post-processing step was to analyze and compare the HFD towards the lungs

between the novel and conventional HFD quantification methods using the Lagrangian particle
tracking tool of Paraview. In the two conventional methods (HFD caudal tunnet & HFDcranial tunne),
hepatic blood flow particles were uniformly seeded from either a caudal or cranial cross-
section, whereas in the novel method, particles were directly seeded from the level of the
hepatic veins (HFDwv). Chapter 3 explains both the conventional and novel HFD
quantification approaches in detail. The HFD (HFDcaudal tunnet , HFDcranial tunnet @nd HFDHv)
towards the left and right lung was computed by counting the number of particles leaving the
left pulmonary artery and right pulmonary artery and expressed as a percentage of the total
particles that were seeded.

Hepatic flow distribution (HFD) quantification (The Eulerian method)
For one case in part B2, we evaluated the HFDnv with the Eulerian method and compared its

results with HFDnv outcomes of the Lagrangian method. For both the Lagrangian and the
Eulerian method, we used the inlet of the hepatic veins as starting point for HFDnv
guantification. So in the Lagrangian method we used the novel HFD quantification method, in
which particles were seeded directly from the level of the hepatic veins. For the Eulerian
method, we needed to model the hepatic blood flow and the remaining blood flows as two
separate mass flow rates. The hepatic blood mass flow rate was prescribed as boundary
condition at the inlets of the hepatic veins. The time-varying mass-fractions of both types of
flow were written to file and used in the post-processing. For HFDnv quantification, it was
necessary to use TECPLOT instead of Paraview. TECPLOT calculated the time-varying
hepatic (flow) mass leaving through the leftand right pulmonary artery by integrating the mass-
weighted flow rate over the time of one respiratory cycle. By calculating the average of the
time-varying hepatic (flow) mass over the respiratory cycle's time steps, the HFDHv towards
the left and right lung was quantified.

Results

The assessment of mixing between hepatic and IVC blood flow
As illustrated in figures 45 and 46, there was a clear hepatic bloodstream pattern within both

cross-sections during the entire respiratory cycle, leading to a uniform distribution of hepatic
blood flow in the Fontan tunnel. Notice how small the proportion of hepatic flow is during
expiration (figure 46) compared to inspiration (figure 45).
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Figure 45: Hepatic (red) and 1VC (yellow) bloodstreams at caudal and cranial level during_inspiration
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Figure 46: Hepatic (red) and IVC (yellow) bloodstreams at caudal and cranial level during expiration




Table 17 (right column) shows the outcomes of the time-averaged degree of mixing of the
entire cross-section for cases 1, 2 and 3 over the respiratory cycle for CFD models that
considered respiration. Asshown from table 17 (right column), there was no uniformly mixing
between the hepatic and I'VC blood flow in the Fontan tunnel at the caudal and cranial levels.
The caudal degree of mixing ranged from 0.56 to 0.76, whereas the cranial degree of mixing
varied between 0.68 and 0.94. Nevertheless, all cases showed improved mixing at the cranial
cross-section compared to the caudal cross-section. Figures 47 and 48 support this finding and
demonstrate the outcomes of the time-varying degree of mixing of each of the four sections of
the caudal and cranial cross-section over the respiratory cycle for the CFD models that
incorporated respiration. These figures revealed a clear increase of mixing from the caudal
cross-section towards the cranial cross-section.

Interestingly, when comparing the outcomes of CFD models that ignore and consider
respiratory effects (part Al versus part B2), it was found most of the cross-sections in part B2
showed a higher degree of mixing compared to the outcomes of similar cases in part A1, except for
the caudal cross-section of case 2. The third column of table 17 demonstrates the previous mixing
outcomes for CFD models that ignore respiration obtained in part A1. Although not statistically
proven, it seems that respiratory effects on blood flow rates increased the overall degree of
mixing at the caudal and cranial cross-sections within the Fontan tunnel.

Table 17: Time-averaged degree of mixing of the entire cross-section for three cases over the respiratory
cycle for CFD models that consider respiration

CASE Cross- Degree of mixing of entire Degree of mixing of entire cross-section
section cross-section for CFD models for CFD models that consider both
that consider only cardiac cardiac and respiratory effectson

effects on blood flow (part A1)  blood flow (part B2)

Caudal 0.49 0.56
Case 1l Cranial 0.58 0.68
Caudal 0.70 0.63
Case 2 Cranial 0.86 0.89
Caudal 0.70 0.76
Case 3 Cranial 0.86 0.94
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Figure 48: Time-varying degree of mixing for each of the four section of the caudal cross-

section of Case 3 over the respiratory cycle
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Figure 47: Time-varying degree of mixing for each of the four section of the cranial cross-

section of Case 3 over the respiratory cycle
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HFD quantification (The Lagrangian method)
The outcomes of HFD quantification of the conventional and novel methods for three cases are

demonstrated in table 18. It is clearly visible that there were different HFD results between the
conventional and novel HFD quantification methods. For example, concerning case 1, there
was an 8.97% difference between the HFD caudal el and HFD w1y contrary the to maximum
variation between the two conventional methods (HFDcaudal tunnet VErsus HF Dcranial tunnet)

which was only 4.64% for case 3.

Furthermore, we compared the HFD outcomes of both the conventional and novel
approaches between CFD models that consider only the cardiac effectson blood flow (part A1)
and CFD models that include both the cardiac and respiratory effects (part B2). Table 19
demonstrates the percentage difference between the HFD quantification methods of both types
of CFD models. It was captivating that the maximum difference between the conventional HFD
quantification method computed with only cardiac dependent flow and card iac and respiratory
dependent flow was maximal 5.53 percent. In contrast, the novel HFD quantification method
(HFD#v) findings showed a difference as high as 13.34 percent between CFD models that
ignore respiration and consider respiration.

Table 18: Outcomes of HFD quantification over the respiratory cycle of the two conventional and novel HFD
quantification methods for CFD models that considered both the cardiacand respiratory effects (part B2)

HFDcaudaltunnel - HFDcaudaltunnel ~ HFDcranialtunnel - HFDecranial tunnel HFDnv  HFDnv

(LPA) (RPA) (LPA) (RPA) (LPA)  (RPA)
Case 1 62.14% 37.86% 62.25% 37.75% 53.28% 46.72%
Case 2 21.90% 78.10% 21.47% 78.53% 22.81% 77.13%
Case 3 50.94% 49.06% 55.58% 44.42% 50.77% 49.23%

Tabel 19: Differences of HFD quantificationbetween the CFD models that ignore respiration (part A1) and

considered respiration (part B2)

HFDcaudal tunnel HFDcranial tunnel HFDHv

(LPA) (LPA) (LPA)
Case 1 0.57% 1.50% 13.34%
Case 2 4.55% 3.78% 3.53%
Case 3 3.71% 5.53% 7.04%
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HFD quantification using Convection Diffusion modeling (The Eulerian method)
Figure 49 demonstrates the time-varying hepatic flow leaving through the left and right
pulmonary artery over the respiratory cycle quantified with the Eulerian method. It is
interesting that most of the hepatic flow towards the pulmonary arteries occurs during the first
part of the respiratory cycle (during inspiration). The results HFDnv quantification using the
Eulerian method for one case (case 3) are shown in table 20. Table 20 also demonstrates that
the HFDHv measured with the Eulerian method and Lagrangian method were almost identical.
The HFDnv difference between both methods was only 0.62%. Both the Eulerian and
Langrangian methods showed their advantages and disadvantages, however, we have only
compared one CFD case and definitely further optimization steps that increase efficiency will
exist. The advantage of the Eulerian method was that it felt easier to use than the Lagrangian
method because after the Fluent data files were uploaded and converted in TECPLOT, a built-
in tool in TECPLOT evaluated the HFDnv directly. Furthermore, since the issue of missing
particles, however small it may be, does not apply for the Eulerian method, it seemed more
sophisticated than the Lagrangian method from an engineering perspective. Another benefit of
the Eulerian method was that it was convenient to plot the time-varying hepatic flow leaving
through the pulmonary arteries over the respiratory cycle (figure 49). The disadvantages were
that the duration of starting the simulation and obtaining the HFDnv outcomes using the
Eulerian method was much longer (around twodays longer) than the Lagrangian method since
the Eulerian method’s simulation took more time. Besides, uploading the Eulerian method’s
data files from the TU Delft cluster and converting the large Fluent data files into TECPLOT
lasted longer. Anotherdisadvantage of the Eulerian method is that more datastorage is required
than for the Lagrangian method. For case 3, there were 508 GB (after converting) and 69,6 GB
of data stored for the Eulerian and Lagrangian methods, respectively. Nevertheless, there may
be a profit to be gained regarding the data storage by converting the data files to other types of
files that are also suitable for TECPLOT.

Integrated hepatic blood mass flow rate leaving through LPA and RPA over the respiratory cycle (The Eulerian method)
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Time steps in one respiratory cycle

Figure 49: Integrated hepatic blood mass flow rate leaving through the left pulmonary artery (LPA) and right
pulmonary artery (RPA) over the respiratory cycle for case 3 of part B2 (Convection-diffusion modeling - The
Eulerian method)
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Table 20: HFDyy measured with the novel seeding approachand convection diffusion modeling (i.e., The
Eulerian method) and HFDyy measured with the Lagrangian method for one CFD case of part B2.

The Eulerian method HFDpyv (LPA) HFDpv (RPA)
Case 3 50.15% 49.85 %

The Lagrangian method HFDpv (LPA) HFDpv (RPA)
Case 3 50.77% 49.23%
Difference: 0.62%

Hepatic backflow analysis

The total hepatic average volumetric flow rate waveforms among the three different cases are
shown in figure 50, 51 and 52. The unit of the y-axis is m® per second. The red dot in each of
those three figures illustrates the end of inspiration and so the start of expiration. The hepatic
flow curves of these three Fontan patientsdemonstrated that retrograde flow primarily occurred
during expiration. This observation was supported by the percentages of the absolute sum of
backward flow relative to the sum of forward flow. As shown in tables 21, 22, and 23, hepatic
backflow was practically only found in the expiratory phase, with expiratory hepatic backflow
percentages varying between 1.49% and 30.40%.

Average volumetric flow rate waveform of total hepatic flow over the respiratory cycle - Case 1

m® per second
i)

seconds

Figure 50: Average volumetric flow rate waveform of total hepatic flow over the respiratory cycle - Case 1
The red dot illustratesthe end of inspiration and so the start of expiration
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Average volumetric flow rate waveform of total hepatic flow over the respiratory cycle - Case 2
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Figure 51: Average volumetric flow rate waveform of total hepatic flow over the respiratory cycle - Case 2
The red dot illustratesthe end of inspiration and so the start of expiration

Average vol: ic flow rate 'm of total ic flow over the respiratory cycle - Case 3
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seconds

Figure 52: Average volumetric flow rate waveform of total hepatic flow over the respiratory cycle - Case 3
The red dot illustratesthe end of inspiration and so the start of expiration

Table 21: Percentage of total backflow relative to total forward flow — Case 1

CASE 1 Percentage of total backflow relative to total forward flow
Full respiratory 4.02%

cycle

During expiration 17.0%

During inspiration 0.00%
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Table 22: Percentage of total backflow relative to total forward flow — Case 2

CASE 2 Percentage of total backflow relative to total forward flow
Full respiratory 11.90%

cycle

During expiration 30.40%

During inspiration 0.17%

Table 23: Percentage of total backflow relative to total forward flow — Case 3

CASE 3 Percentage of total backflow relative to total forward flow
Full respiratory 0.40%
cycle
During expiration 1.49%
During inspiration 0.00%
Discussion

In part B2, we wanted to re-examine the mixing assessment of hepatic with 1'VC blood flow
within the Fontan tunnel and HFD values of part Al using patient-specific CFD models that
did consider the cardiac and the respiratory effects on blood flow. So, in part B2, we aimed to
test the assessment of mixing between hepatic and 1VC blood flow in the Fontan tunnel and
the differences between the novel and conventional HFD quantification method again while
taking respiration into account. Therefore, we used the same 3D geometrical Fontan models
and meshes of three cases as used in part Al, except that part B2 used boundary conditions
used that included both the cardiac and respiratory effectson blood flow. The first objectives
of part B2 of the master thesis project were to 1. evaluate the degree of mixing of the hepatic
blood with the 1VC blood in the Fontan tunnel and 2.quantify HFD using particle tracing
directly from the hepatic veins (the novel approach), and compare results withthe conventional
approach while using CFD models that consider both the cardiac and respiratory effects on
blood flow.

Similar to chapter A1, the current chapter of this master thesis, there was also a non-
uniformly distribution of hepatic blood in the Fontan tunnel when respiratory effects on blood
flow were considered. Again, this non-uniform distribution of hepatic blood flow was most
noticeable in the caudal cross-section (just above the junction of hepatic veins with the IVC).

In addition, we were also interested in comparing the CFD simulation outcomes of
models that only consider the cardiac effects and models that include both the cardiac and the
respiratory effects. Interestingly, when comparing the outcomes of CFD models that ignore
and consider respiratory effects (part A1 versus part B2), most of the cross-sections in part B2
showed a higher degree of mixing than the outcomes of similar cases in part A1. However, in
this proof-of-concept study, we could not statistically prove these differences. We believed that
due to the fact that respiration provides more flow pulsatility than heartbeat alone, there was
an overall increase of the degree of mixing when comparing these results with the cases of part
ALl. From previous research, it is known that pulsatile flow can improve the mixing between
two separate laminar streams®8, as we find in the Fontan circulation.
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Aside from the mixing quantification, we compared the HFD value quantified with a
novel and the conventional HFD quantification methods. In the two conventional methods,
hepatic blood flow particles were uniformly seeded from either a caudal or cranial cross-
section, whereas in the novel method, particles were directly seeded from the level of the
hepatic veins. Differences up to 8.97 percent were found between the conventional and novel
HFD quantification methods when respiration was taken into account. Although we could not
perform statistical analysis, these differences might have a clinical impact on individual
patients.

Furthermore, as previously mentioned, clinicians use HFD as a crucial hemodynamic
parameter to evaluate Fontan performance. A recent study by Tang et al. investigated the
respiratory effects on HFD using the conventional HFD quantification approach, in which
'hepatic blood flow' particles were uniformly seeded from the caudal cross-section in the
Fontan tunnel. This conventional method relies on the assumption that hepatic blood flow is
uniformly distributed over the Fontan tunnel. Tang et al. compared the CFD-based average
HFD of models with and without respiration and found no significant difference in values of
the HFD between both the two methods. Therefore, they concluded that respiration did not
significantly affect the HFD parameter (1%, with a range of -3% to 7 &, p=0.28)%2. To test the
conclusion of this article by Tang et al, we also compared the HFD outcomes of both the
conventional and novel approaches between CFD models that consider only the cardiac effects
on blood flow (part Al) and CFD models that include both the cardiac and respiratory effects
(part B2). It was captivating that the maximum difference between the cardiac dependent and
the cardiac and respiratory dependent outcomes of the conventional HFD quantification
method was maximal 5.53 percent. In contrast, the novel HFD quantification method (HFD#v)
findings showed a difference as high as 13.34 percent between CFD models that ignored
respiration and considered respiration. These findings suggest that the HFD might change
substantially between CFD models with and without respiration if the novel HFD
quantification approach is applied instead of the conventional HFD quantification method. In
turn, this could imply that Tang et al. 's statement that respiration does not significantly affect
HFD might not be valid if the novel HFD quantification method is being used. Since this
current study only investigated three cases, more research is needed using the novel HFD
quantification method in patient-specific CFD models that incorporate the hepatic veins for the
evaluation of respiratory effects on the HFD.

Additionally, we also evaluated the Lagrangian and Eulerian method for HFD
quantification. This sub-analysis was purely an analysis from a CFD modeling perspective to
compare the results and both efficiency in terms of labor intensity and computational time. The
main finding was that the difference between both HFD quantification methods was only
0.62% and almost identical. This practically similar result between both methods implies that
the Eulerian method could be used as an alternative for HFD quantification; however a larger
study is needed to confirm this finding. The minimal difference between the Lagrangian and
Eulerian method might be explained by the fact that we had to prescribe a mass diffusivity of
1.54e-09 m2/s as material property for the blood to achieve convection-diffusion modeling (the
Eulerian method). The massless particles that we used in the Lagrangian method had no mass
diffusivity prescription. Another explanation could be that we missed 1.87% of the hepatic
flow particles in the HFD quantification with the Lagrangian method. However, we have
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verified that if we provided more time for the particles to reach both PAs, which reduces the
percentage of missing particles, it did not affect the HFDnv anymore. With regard to
computational efficiency, the Lagrangian method was by far the fastest and required
considerably fewer data storage than the Eulerian method. However, the Lagrangian method
needed more manual steps and was, therefore, more labor-intensive. The Eulerian method felt
intuitively more convenient and sophistaticated than the Lagrangian method. Furthermore, with
the Eulerian method, it was quite easy to plot the time-varying hepatic flow leaving through
the pulmonary arteries over the respiratory cycle, providing more insight into the hepatic flow
streams towards both lungs over the respiratory cycle.

Another fascinating aspect that has been investigated in this current chapter is the
respiratory effects on the hepatic backflow analysis. We confirmed the findings of previous
clinical imaging studies that retrograde hepatic flow in Fontan patients primarily occurred
during expiration. During expiration, the diaphragm moves up and the thoracic pressure
increases, leading to a decrease in forward hepatic blood flow*3, which could even turn into
reverse hepatic backflow. However, the percentages of hepatic backflow throughout the
complete respiratory cycle did not fully match the previous findings of Hsia et al., who found
a backflow-to-forward flow ratio of 0.27 + 0.1724. This difference in the amount of hepatic
backflow could be explained by the fact that Hsia and colleagues included mainly ILT-type
Fontan tunnels (inclusion ILT : ECC was 27 : 6)24, whereas all patients in our study (of part
B2) had an ECC-type Fontan tunnel. Hsia did not subdivide this group but analyzed the entire
group as the TCPC (Fontan) group. Although both the ECC-typeand ILT-type tunnels are both
categorized as TCPC (Fontan) tunnels, it is known that the patients with an ILT-type
connection still experience some hepatic backflow due to the contractility of the atrium since
the ILT-type connection uses native tissue of right atrial posterior wall to construct the ILT-
type Fontan tunnel®!. The right atrium provides physiological retrograde hepatic backflow
patterns during atrial systole, which also occur in healthy subjects24. Contrary to the ILT type
Fontan tunnel, the ECC-type connection uses a Fontan tunnel that is entirely located outside
the atrium, and therefore ECC-type Fontan patients are not subjected to hepatic backflow
caused by atrial systolic contractions®l. Moreover, Hsia et al. used the Doppler signal's
velocity-time integral as a surrogate for the flow rate. However, by doing this, they assumed a
constant cross-sectional area of the hepatic veins over time. During our clinical imaging
acquisitions, we noticed that hepatic veins’ cross-sectional areas were not constant over the
respiratory cycle because the areas could increase during inspiration and reduce during
expiration. Contrary to Hsia et al., we used velocity segmentation, in which the velocity over
the vessel's segmented area is integrated over the area to acquire volumetric flow rate
waveforms. Although we did not measure the hepatic blood flow directly, we believe that
because we used velocity segmentation for the 1VC and Fontan tunnel and thereby considered
the periodic area changes, the flow quantifications in this study were more reliable than without
any consideration of the changing cross-sectional blood vessel areas.

Limitations
Similar to part B1, the findings of part B2 were only based on three Fontan patients. A larger

group of Fontan patients is needed forbeing able to translate results into generalizable insights.
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Besides, since the hepatic veins are too small for real-time PC-MRI acquisitions, we indirectly
measured the total hepatic blood flow by subtracting the IVC flow (below the entrance of the
hepatic veins) from the Fontan tunnel flow. Additionally, we assumed that the total hepatic
blood flow was distributed over the different hepatic veins based on the ratio of their respective
cross-sectional areas. The validation study, as shown in chapter 3, showed that due phase-
correction and interpolation steps in order to acquire volumetric flow rate vectors forall inlets
of one respiratory cycle, the absolute magnitude of the flow of the individual blood vessels can
change a little compared to raw real-time PC-MRI data. Although we validated that the
pulmonary flow distribution between the left and right lung computed with CFD did not
change, we adjusted the programming code also to ensure that the computed flow magnitude
of all vessels were less than 2 percent different from the flow magnitudes extracted from the
real-time PC-MRI flow data. We applied this adjustment from (cardiac and respiratory
dependent) case 4 onward, which cases are unfortunately not included in this master thesis
report. The adjustment was that we did not use the I'VC as a reference blood vessel for the third
and final interpolation but created an average respiratory time vector with an average end-
inspiration index for interpolation of the Fontan tunnel, SVC and 1VC flow on each other.
Furthermore, the heart rate could increase during the inspiratory phase and decrease during the
expiratory phase, however this phenomenon, generally known as respiratory sinus arrhythmia,
mainly occurs in young and healthy subjects. Although it is known that heartbeat barely affects
the periodic flow rate changes in Fontan patients, it would have been even more correct if the
inlet boundary conditions were also in phase with regard to the cardiac cycle, just like the
respiratory cycle. Another limitation concerns the outlet boundary conditions. We
approximated the pulmonary vascular resistance of the left and right lung with a constant
outflow ratio based on the average pulmonary flow distribution to the right and left lung
measured with ECG-gated 2D-3dir PC-MRI. Unfortunately, it was impossible to acquire real-
time PC-MRI data of high enough quality of the pulmonary arteries since these vessels were
too small. Even though we believed this approach provides a reliable representation of the
average pulmonary vascular resistances, these assumptions made could provoke inaccuracies.
Furthermore, part B2 mainly focused on exploring the influences of respiration on the
assessment of mixing between hepatic and I'VC blood flow and HFD quantification. In order
to isolate these respiratory influences, we used in part B2 the same geometrical 3D models,
meshes and assumptions made in part Al except that we implemented boundary conditions
that consider heartbeat and respiration. Therefore, we assumed a rigid vessel wall in the CFD
models similar to part Al. A previously performed study showed that wall compliance barely
affects the time-averaged HFD; however, this study did not include the respiratory effectson
blood flow. Further research is needed, whetherthis still holds underthe impact of intrathoracic
pressure variations related to breathing. Besides, a relatively coarse mixing evaluation was
conducted by subdividing the entire cross-sections at the cranial and caudal levels into only
four sections. Unfortunately, we did not consider the degree of mixing on smaller scales.
Additionally, most Fontan patients included in this study had an ECC-type Fontan tunnel.
Although the ECCand ILT-type Fontan tunnel are both TCPC connections, little different flow
patterns may exist within the I TL-type tunnel compared to the ECC-type tunnel.
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Conclusion

In conclusion, the hepatic blood flow was non-uniformly distributed in the Fontan tunnel when
respiration was taken into account. This was most noticeable in the caudal part of the Fontan
tunnel. When we compared the CFD simulation results between CFD models that considered
only the cardiac effectsand both the cardiac and respiratory effects, several exciting findings
were found. First of all, most cross-sections in the CFD cases that incorporated the respiratory
effects showed a higher degree of mixing than the outcomes of similar cases that ignore the
respiratory effects on blood flow. The increased flow pulsatility related to respiration might
provide an overall higher degree of mixing of hepatic with 1VC blood flow in the Fontan tunnel.
Furthermore, the differences between only cardiac and cardiac and respiratory dependent
outcomes of the conventional HFD quantification methods were minimal. In contrast, the
findings of the novel HFD quantification method showed a difference as high as 13.34 percent
between CFD models that ignored respiration and considered respiration. These findings
suggest that the HFD might change substantially between CFD models with and without
respiration if the novel HFD quantification approach is applied instead of the conventional
HFD methods. Additionally, we showed that the Eulerian method could be used as an
alternative for HFD quantification; however a larger study is needed to confirm this finding.
Lastly, we confirmed the findings of previous clinical imaging studies that hepatic backflow in
Fontan patients primarily occur during expiration.

108



4. General discussion

In this master thesis, we have looked at the hemodynamics in Fontan circulations. Patients with
a Fontan circulation still suffer from various long-term complications. One of these long-term
complications is pulmonary artery venous malformations (PAVMs) formation. PAVMs are
dysfunctional regions in the lungs that cause poor blood oxygenation, resulting in hypoxia,
cyanosis, and exercise intolerance. The exact pathogenesis of PAVMs is still unknown, but it
is assumed that hepatic blood flow contains a group of molecules ‘the hepatic factors’ which
are crucial for the prevention of the development of PAVMs!3-15 |n other words, a lack of
hepatic factors in one of the lungs is associated with PAVMs formation. The liver secretes the
hepatic factors into the hepatic blood flow. The hepatic blood flow drains into I\VC and is via
the Fontan tunnel distributed in both lungs. Therefore, a balanced hepatic flow distribution
(HFD) towards both lungs is an important parameter and used by clinicians to evaluate the
Fontan performances. This study used computational fluid dynamic (CFD) modeling and
phase-contrast magnetic resonance imaging (PC-MRI) to evaluate the HFD. In part Al of this
master thesis, we performed CFD simulations of 15 Fontan patients. The boundary conditions
of the CFD models in part Al only considered the cardiac effects on blood flow. In part B2 of
this master thesis, we carried out CFD simulations of three Fontan cases and used boundary
conditions that incorporated both the cardiac and respiratory effects. We included the
respiratory effects into boundary conditions since previous clinical imaging studies showed
that respiration profoundly affectsthe blood flow in the hepatic veins and Fontan tunnel?3-27.23-
36,38-41 The comparison of HFD outcomes between CFD models that ignored respiratory effects
on blood flow and considered the impact of respiration gave insight into the influence of
respiration on hepatic blood flow and HFD. Besides, we also tested a few assumptions made
in previous CFD studies that have investigated HFD in Fontan patients. Moreover, since
previous clinical imaging studies reported that the hepatic blood flow in Fontan patients was
heavily affected by respiration, we also aimed at studying the impact of respiration on blood
flow in Fontan patients ourselves?3-27.29-36.38-41 Therefore, in addition to CFD modeling used
in part Al and part B2, we also performed an in-depth flow analysis in part B1, in which we
investigated the respiratory effects on the blood flow waveforms of the inferior vena cava
(I'VC), superior vena cava (SVC), Fontan tunnel and hepatic veins for three Fontan cases using
real-time PC-MRI flow acquisitions. Furthermore, part Bl also studied the impact of
respiration on the blood velocity waveforms of the IVC and the Fontan tunnel. The main
findings and corresponding discussion points of this master thesis are set out below.

Evaluation of mixing between hepaticand IVC blood flow in the Fontan tunnel

Recent CFD studies indirectly quantify HFD to the left pulmonary artery and right pulmonary
artery by tracking ‘hepatic flow’ particles that are uniformly seeded in the Fontan tunnel and
analyzing these particles' distribution towards both lungs (which we called the conventional
approach) 1822 However, this conventional approach is based on an unvalidated assumption
that there is a uniform distribution of hepatic blood in the Fontan tunnel. Because Reynolds
numbers in the Fontan tunnel are usually low, the Fontan tunnel's blood flow behaves laminar.
Due to this laminar flow behavior, the mixing of blood from the hepatic veins and the 1VC
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might be far from optimal contrary to what is generally assumed and so the question rises
whether this assumption of uniform hepatic flow distribution within the Fontan tunnel is
correct. Therefore, this study aimed to test this assumption of uniform distribution of hepatic
blood flow within the Fontan tunnel. To achieve this, we created patient-specific CFD models
that included the geometry of the hepatic veins into the computational fluid domain. These
CFD models that incorporated the hepatic veins made it possible to seed ‘hepatic flow’ particles
directly from the level of the hepatic veins (the novel approach). We believed that seeding
‘hepatic flow ‘particles directly from the hepatic veins would provide physiologically more
realistic hepatic blood flow patterns. Hereafter, we evaluated the degree of mixing between
hepatic and 1'VC blood flow in the Fontan tunnel at two cross-sections within the Fontan tunnel:
the caudal cross-section (just above the entrance of the hepatic veins into the IVC) and the
cranial cross-section (just below the pulmonary artery bifurcation). First, in part Al, we
quantified the degree of mixing between hepatic and 1VC blood flow at the two cross-sections
using CFD models that only took the cardiac effects on blood flow into account, but ignored
the respiratory effects on blood flow. Secondly, in part B2, we evaluated the degree of mixing
between hepatic and 1VC blood flow at similar cross-sections but using CFD models that
considered both the cardiac and respiratory effects on blood flow. One of the key findings of
this master thesis was that the 15 CFD simulations with boundary conditions that only
considered cardiac effectson blood flow in part A1, statistically proved that hepatic blood flow
was non-uniformly distributed within the Fontan tunnel. Furthermore, there was a significantly
better mixing between hepatic blood and I\VVC blood flow at the cranial level than at caudal
level, but the hepatic blood flow was still not uniformly mixed over the Fontan tunnel. The
explanation of this non-uniform mixing of hepatic with IVC blood flow in the Fontan tunnel is
that both bloodstreams have a laminar behavior with low pulsatility throughout the cardiac
cycle, resulting in less ideal mixing. The clarification for the higher degree of mixing of hepatic
with 1VC blood flow at the cranial level is that both the hepatic and 1'VC bloodstreams had
more time to mix at this more upstream level. Based on these findings of part Al, it can be
concluded that the previously used assumption of an even distribution of hepatic blood flow
within the Fontan tunnel is not valid 1821, at least in CFD models with only cardiac-dependent
boundary conditions.

Similar to the findings of part A1, the outcomes of CFD simulations that considered both the
cardiac and respiratory effectson blood flow (part B2) also showed that the hepatic blood flow
was non-uniformly distributed in the Fontan tunnel. Besides, part B2 also demonstrated a
higher degree of mixing between hepatic and 1VC blood flow in the cranial cross-section than
in the caudal cross-section. Interestingly, it seems that the respiratory effects increased the
overall degree of mixing between hepatic and 1VC blood flow compared to CFD models that
only considered the cardiac effects on blood flow. The improved mixing properties between
hepatic and 1VC blood flow when respiration is taken into account might be because respiration
is primarily responsible for the flow pulsatility in Fontan tunnel and hepatic veins in Fontan
patients?4.26.27.29-3134-37 |t is known that pulsatile flow can enhance the mixing between two
separate laminar streams?®, as we find in the Fontan circulation. The assessment of the mixing
of hepatic with IVC blood flow within the Fontan tunnel, when taken respiration into account
in this proof of concept, has only been investigated for three cases. Therefore, more research
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is needed to evaluate if there is a truly significant respiration role on the mixing properties
between hepatic and 1VC blood flow within the Fontan tunnel.

Blood flow analysisofthe SVC, IVC, Fontan tunnel and hepatic veins

In part B1, we used real-time PC-MRI flow acquisitions to evaluate the respiratory effectson
blood flow waveforms. In part B1, we performed purely in-depth flow (and velocity) analysis
without CFD. Real-time PC-MRI stands for free-breathing non-ECG gated non-navigator
gated two-dimensional through-plane PC-MR imaging. Due to the absence of navigator and
ECG-gating, and the fact that the patient could breathe freely during MRI acquisitions, real-
time PC-MRI data contains full information about the respiratory impact on blood flow
waveforms. Although it is not possible to measure the blood flow in the hepatic veins directly,
real-time PC-MRI has multiple advantages over Doppler Ultrasound. First, PC-MRI is less
dependent on the examiner and has, therefore, a higher inter-observer reproducibility*4%.
Secondly, when using Doppler Ultrasound, assumptions about basic flow profiles and cross-
sectional vessel areas, need to be made to calculate mean velocities and net flow rates. These
assumptions may produce imprecise flow calculations in the presence of complicated vessel
geometry or flow*é, which does not apply to PC-MRI measurements. Despite the fact that the
resolution of real-time PC-MRI is not yet good enough for the hepatic flow distribution, in this
master thesis, we introduced a novel approach to indirectly measure the hepatic flow in the
hepatic veins during the respiratory cycle using real-time PC-MRI. First, we measure the blood
flow in the Fontan tunnel, just proximal to the hepatic veins' entrance. Second, we derive the
IVVC blood flow caudal from the hepatic veins. By subtracting these mean flows, we indirectly
quantified the mean hepatic blood flow. Using this method, we were able to investigate the
respiratory effects on the blood flow of the SVC, IVC, Fontan tunnel and the hepatic veins
while using real-time PC-MRI (part B1). The main finding was that we confirmed what has
previously been described that respiration heavily influences the blood flow in the hepatic veins
and Fontan tunnel. The flow rates in the Fontan tunnel and hepatic veins increased dramatically
during inspiration, then decreased during expiration. The inspiration-to-expiration flow ratio
of the Fontan tunnel and hepatic veins varied, respectively, from 1.82 to 1.97 and from 3.53 to
4.88. Interestingly, the hepatic veins' inspiratory-to-expiratory flow ratios were in close
agreement to previous Doppler studies that revealed a hepatic inspiratory-to-expiratory flow
ratio, varying between 2.9 and 4.32434-3641 |f we compare the obtained inspiration-to-
expiration flow ratio of the hepatic veins in this study to the only the outcomes Hsia et al, our
findings fell exactly within their described standard deviation (3.4 +/- 1.5). Besides, we did
investigate not only the flow rate changes over the respiratory cycle but also studied the
percentage of flow that was solely depending on inspiration. Closely in line with the Doppler
Ultrasound measurements of Hsia et al., who described a 55 percentage of hepatic inspiratory
dependency, we found that the hepatic blood flow was for 55.0 % to 66.0% dependent on
inspiration. These results means the hepatic blood flow is dominated by inspiration. Not only
the measurements of the hepatic blood This study's Fontan tunnel flow was for 29.2% and
32.7% dependent on inspiration, similar to what has been previously described?4%,
Furthermore, the IVC and SVC flow were less affected by respiration, similar to earlier
described. Although the in-depth flow analyses of part B1 have been conducted for only three
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Fontan cases, the findings suggested two essential points: 1. Respiration is indeed important
and plays a major role in the flow dynamics of the Fontan tunnel and especially the hepatic
veins in Fontan patients, 2. The feasibility of deriving hepatic flow from real-time PC-MRI
acquisitions. Therefore, real-time PC-MRI might be a new opportunity for evaluating the
hepatic blood flow in Fontan patients and the respiratory effects on it instead of using the gold
standard Doppler Ultrasound. However, a drawback of using real-time PC-MRI to quantify
hepatic blood flow is that a MATLAB programming code is needed to extract and analyze the
respiratory waveform and its corresponding flow rate waveform for each vessel. The current
MATLAB code that we generated is semi-automatic and still consists of a few manual checks.
However, it is possible to professionally optimize the code to a software program that fully
automatically evaluates the real-time PC-MRI data and its corresponding respiratory signal.
Nevertheless, future research is needed to elucidate the potential of deriving hepatic blood flow
from real-time PC-MRI on a clinically routine basis. Another disadvantage, in contrast to
Doppler Ultrasound, the MRI machine is not portable, and therefore, the patient should always
come to the MRI scan if real-time PC-MRI acquisitions are desirable.

Blood velocity analysisofthe IVC and Fontan tunnel using real-time PC-MRI
Apart from the in-depth flow analysis, as described above, we also studied the respiratory
effectson the blood flow velocity in the 1VVC and Fontan tunnel while using real-time PC-MRI.
We analyzed the blood velocity in the IVC and Fontan tunnel because we used these velocity
values to calculate the so-called 1VC-tunnel mismatch. The I'VC-tunnel mismatch parameter
was introduced by Rijnberg et al. and defined as an increase of mean velocity from the 1VC
towards the Fontan tunnel®2. The relative difference between the mean velocity in the IVC and
Fontan tunnel needed to be calculated to evaluate if there was an 1VC-tunnel mismatch. This
article stated that I'VC-tunnel mismatch is highly correlated with energy loss. In its turn, energy
loss is related to reduced exercise tolerance and hence more inferior clinical outcomes®:,
Unfortunately, Rijnberg et al. did not distinguish between inspiratory and expiratory flow data,
and therefore they could not investigate the impact of respiration on the 1'VC-tunnel mismatch
parameter. This study's strength is that we evaluated the I'VC-tunnel mismatch parameter for
three Fontan cases during inspiration, during expiration, and throughout the entire respiratory
cycle. We discovered that I'VC-tunnel mismatch during inspiration varied between 80.5% and
291.0%, meaning an increase of velocity between 80.5 and 291.0 percent from the I'VC towards
the Fontan tunnel during the inspiratory phase. Interestingly, although the 1VC-tunnel
mismatch was much less pronounced during expiration (ranging from 29.7% to 124.3%), there
was still an 1VVC-tunnel mismatch during the expiratory phase. Although we only studied a
small sample size, these findings suggested two important things: 1. When evaluating the IVC-
tunnel mismatch, it is important to distinguish between the inspiratory and expiratory phase
since the I'VC-tunnel mismatch parameter showed large variations over the respiratory cycle,
2. There was an I'VC-tunnelmismatch during theentire respiratory cycle in all three cases. This
cannot be healthy from a fluid dynamic perspective since an 1VC-tunnel mismatch is highly
correlated with energy losses throughout the Fontan circulation and reduced exercise
tolerance®%:°3,
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Hepatic flow distribution (HFD) quantification

Ultimately, the most important hemodynamic parameter investigated in this study was the HFD
towards both lungs. An unbalanced HFD is associated with PAVMs formation in the affected
lung. We wanted to understand the mixing between hepatic blood and 1VC flow within the
Fontan tunnel and the respiratory effects on the blood flow waveforms as described in the
previous paragraphs since, after all, these aspects might influence the HFD or may invalidate
the way HFD was quantified in previous research. CFD simulations were performed to acquire
the time-varying velocity field. Based on the time-varying velocity data, particle tracking was
conducted using ParaView software (the Lagrangian method). We used three different HFD
quantification methods; In the two conventional methods, hepatic blood flow particles were
uniformly seeded from either a caudal or cranial cross-section similar to what has been done in
previous research. Inour novel invented method, particles were directly seeded from the inlets
of the hepatic veins. The HFD towards the left and right lung was computed by counting the
number of particles leaving the left pulmonary artery and right pulmonary over time. In part
Al, we used boundary conditions that only considered the cardiac effects on blood flow,
whereas in part B2, both the cardiac and the respiratory effects on blood flow were taken into
account at the boundary conditions. Since we performed 15 CFD simulations in part Al, we
were able to carry out additional statistical analysis. However, in part B2, we only investigated
three CFD cases.

HFD results of CFD simulations that only consider the cardiac effects on blood flow
(part Al)

A significant difference was found in HFD between the conventional method, in which hepatic
blood flow particles were uniformly seeded from either a caudal or cranial cross-section, and
the novel method, in which particles are directly seeded from the level of the hepatic veins.
However, although significant, these differences were relatively small and had no clinical
relevance on-group level. For this reason, the fact that there was a non-uniform distribution of
hepatic blood flow in the Fontan tunnel did, in general terms, not affect the HFD quantification
with clinical significance. Therefore, the findings of previously performed CFD studies that
only considered cardiac effects on blood flow are on group-level still valid18-21, Nevertheless,
it should be emphasized that on individual basis differences, as high as 14.9% were found in
patients, which may have implications for the patient-specific decision making about the need
for intervention and therefore, could have a meaningful clinical impact on individual patients.

HFD results of CFD simulations that consider both the cardiac and respiratory effects
on blood flow (part B2)
Similar to part A1, it was clearly visible that there were different HFD results between the

conventional and novel HFD quantification methods using CFD models with respiration.
Differences up to 8.97 percent were found between the conventional and novel HFD
quantification methods when respiration was taken into account. Although we could not
perform statistical analysis, these differences might have a clinical impact on individual
patients. Furthermore, as previously mentioned, clinicians use HFD as a crucial hemodynamic
parameter to evaluate Fontan performance. A recent study by Tang et al. investigated the
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respiratory effects on HFD using the conventional HFD quantification approach, in which
'hepatic blood flow' particles were uniformly seeded from the caudal cross-section in the
Fontan tunnel. This conventional method relies on the assumption that hepatic blood flow is
uniformly distributed over the Fontan tunnel. Tang et al. compared the CFD-based average
HFD of models with and without respiration and found no significant difference in values of
the HFD between both the two methods. Therefore, they concluded that respiration did not
significantly affect the HFD parameter (1%, with a range of -3% to 7 &, p=0.28)%2. To test the
conclusion of this article by Tang et al, we also compared the HFD outcomes of both the
conventional and novel approaches between CFD models that consider only the cardiac effects
on blood flow (part A1) and CFD models that include both the cardiac and respiratory effects
(part B2). It was captivating that the maximum difference between the cardiac dependent and
the cardiac and respiratory dependent outcomes of the conventional HFD quantification
method was maximal 5.53 percent. In contrast, the novel HFD quantification method (HFD#v)
findings showed a difference as high as 13.34 percent between CFD models that ignored
respiration and considered respiration. These findings suggest that the HFD might change
substantially between CFD models with and without respiration if the novel HFD
quantification approach is applied instead of the conventional HFD quantification method. In
turn, this could imply that Tang et al. 's statement that respiration does not significantly affect
HFD might not be valid if the novel HFD quantification method is being used. Since this
current study only investigated three cases, more research is needed using the novel HFD
quantification method in patient-specific CFD models that incorporate the hepatic veins for the
evaluation of respiratory effects on the HFD.

Additionally, we also evaluated the Lagrangian and Eulerian method for HFD
quantification for one CFD case that incorporated the respiratory effectson blood flow. The
Eulerian method uses the concentration of particles and computes the overall convection and
diffusion of a number of particles. This sub-analysis was purely an analysis from a CFD
modeling perspective to compare the results and efficiency in labor intensity and computational
time. The main finding was that the difference between both HFD quantification methods was
only 0.62% and almost identical. This practically similar result between both methods implies
that the Eulerian method could be used as an alternative for HFD quantification; however a
larger study is needed to confirm this finding.
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5. Future research and
recommendations

Future research could focus on different aspects. Future investigations can extend the current
findings of the in-depth flow analysis using real-time PC-MRI in chapter B1 or the current
outcomes of CFD simulations using boundary conditions that considered both the cardiac and
respiratory effectson blood flow in chapter B2. Both parts B1 and B2 only investigated three
cases, so more research is needed to perform statistical analysis and translate results into
generalizable insights. These insights will hopefully give answers to the following questions:
1. Isthere a truly significant respiration role on the mixing properties between hepatic and IVC
blood flow within the Fontan tunnel, 2. What is the effect of respiration on the HFD using the
novel HFD quantification method in CFD models that consider both the cardiac and respiratory
effects on blood flow? 3. What is the exact impact of respiration on blood flow in the SVC,
IVC, Fontan tunnel and hepatic veins using real-time PC-MRI and flow analysis as developed
in this study? 4. Could real-time PC-MRI be a reliable alternative imaging method to
investigate the hepatic blood flow in Fontan patients instead of using Doppler Ultrasound?

Future research can also explore the impact of various Fontan patient characteristics on
hemodynamic parameters such as inspiration-to-expiration flow ratio, I'\VC-tunnel mismatch,
and HFD. Examples of different Fontan characteristics are the type of TCPC connection (ILT
versus ECC-type Fontan tunnel), Fontan tunnel diameter size (small versus large diameters),
and well versus poor functioning Fontan patients. Besides, we have made some assumptions in
the CFD simulations. These assumptions are well-founded and commonly used in Fontan
hemodynamic modeling, but it would be interesting to analyze the impact of these assumptions.
Some specific recommendations are set out below in more detail.

Specific recommendations

Type of TCPC (Fontan) tunnel (ECC versus ILT)

It would be interesting to investigate whether the type of TCPC tunnel influences important
hemodynamic parameters, as investigated in this study. Both the ECC and ILT type tunnels are
categorized as TCPC tunnels. However, there may exist little differences in flow patterns
within the ITL-type tunnel compared to the ECC-type tunnel that could influence different
hemodynamic parameters such as HFD, mixing properties between hepatic and 1'VC blood flow
in the Fontan tunnel and the I'VC-tunnel mismatch parameter.

Diameter size of Fontan tunnel
The study of Rijnberg et al. showed that the 1VC-tunnel mismatch depends on the Fontan

tunnel's diameter. However, this article did not investigate the role of respiration on the IVC-
tunnel mismatch®2, Therefore, it would be worthwhile to study the influences of Fontan tunnel
diameter size and respiration on the I'VC-tunnel mismatch parameter. A next step could be to
evaluate the energy losses within the Fontan tunnel using CFD and relate this to the IVC-tunnel
mismatch. Hereafter, the poor functioning Fontan patients (i.e., energy losses) can be selected.
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With the usage of virtual surgery (also known as virtual surgical planning), the Fontan tunnel
can be ‘virtually’ adjusted to a desirable diameter size. With virtual surgery, it is possible to
‘virtually’ change the patient-specific geometrical model using software programs. These
adapted geometrical models can be used in new CFD simulations to investigate whether or not
energy losses improve.

Compliance of vessel wall

Inorder to isolate the respiratory influences on HFD quantification, we used a rigid vessel wall
assumption in both CFD models thatignored (part A1) and considered (part B2) the respiratory
effects on blood flow because we wanted to make a proper comparison between both types of
CFD models. A previously performed study showed that wall compliance barely affectsthe
time-averaged HFD; however, this study did not include the respiratory effects on blood flow.
Further research is needed, whether this still holds under the impact of intrathoracic pressure
changes related to respiration. A novel study could, for instance, implement wall compliances
at the wall of the following veins: 1VC, Fontan tunnel, hepatic veins and SVC. The left and
right pulmonary arteries are arteries instead of veins and therefore contain elastic fibers.
Therefore, arteries are more elastic than veins. To account for these elastic properties of the
pulmonary arteries, a commonly used three-element Windkessel (resistor-capacitor-resistor)
could be prescribed at the left and right pulmonary arteries. The first resistor represents the
pulmonary artery's resistance, whereas the second resistor accounts for the peripheral
resistance. The capacitor signifies the compliance of the pulmonary artery. Unfortunately,
pressure data or assumptions about the pressure field are necessary to be able to calculate the
compliance®”99, Pressure data are obtained using invasive cardiac interventions named
catheterizations, which are not conducted for research purposes only in the Netherlands.
However, some Fontan patients might have recent pressure data obtained from clinical
catheterizations that can be used to determine compliance. Otherwise, assumptions about the
pressure field or wall compliance based on literature may be used instead. Another word for
simultaneously modeling of the blood flow and wall deformation is fluid-solid interaction
modeling. After the determination of the compliances, the respiratory effects on HFD could be
examined. Hereafter, the assumption that wall compliance barely affects the time-averaged
HFD can be validated, also when respiratory effects on blood flow are taken into account.

Analyzing of the cardiac and respiratory effects on blood flow when using real -time
PC-MRI

Although the real-time PC-MRI flow datainclude both cardiac and respiratory effectson blood
flow, we only investigated the respiratory effectson blood flow in part B1. Besides, we only
corrected the inlet boundary conditions in the CFD simulations for the respiratory phase in part
B2. Both the analyzed blood flow waveforms in part B1 and the inlet boundary conditions of
part B2 also contain information about the cardiac effects on blood flow. Although the cardiac
effects on blood flow were included in all calculations made in part B1 and B2, we did not
analyze or visualize these cardiac effects separately. Since it is known that heart rate could vary
with respiration, which is called respiratory sinus arrhythmia (RSA)%7, it would be interesting
to study the cardiac and respiratory effects on blood flow separately from each other when
using real-time PC-MRI. On the other hand, it is known that RSA mostly occurs in young and
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healthy subjects®’, which Fontan patients are not. Moreover, previous research that studied the
cardiac and respiratory effects on blood flow separately using real-time PC-MRI has already
demonstrated that respiration is primarily responsible for the flow pulsatility in the Fontan
tunnel and hepatic veins in Fontan patients?4:26:27.29-31.34-37 Fyrthermore, these studies also
showed that the cardiac cycle barely affectsthe flow rate changes in Fontan circulations, which
is quite logical since the Fontan tunnel bypasses the heart and is directly connected to the lungs.

Flow instabilities at level of the pulmonary artery bifurcation
Blood flow is usually considered as laminar flow and therefore, most recent CFD studies

assumed laminar flow behavior’®:100-12 However, we discovered that peak Reynold’s number
within one case could reach values between roughly 1978 and 2748 for a short period during
the cardiac and respiratory cycle. These Reynolds numbers identify regions that are in
transition between laminar and turbulent flow behavior. Related to the latter observation, it
was found that exactly at the locations where Reynolds numbers indicate that flow is in
transition to turbulence, the periodic flow behavior was not achieved probably due to the flow
instabilities. Nevertheless, because there were low Reynolds numbers most of the time,
representing the laminar flow, we assumed laminar behavior in our CFD simulations similar to
previous CFD studies that investigate Fontan circulations’®-100-192 However, it would be
interesting to thoroughly investigate the time-varying Reynolds numbers throughout the entire
Fontan geometry for multiple cases to understand the flow behavior within Fontan patients
exactly. Based on these Reynolds numbers, it would be worthwhile to explore the possibility
of turbulence modeling of the Fontan circulations.
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6. General Conclusion

In this master thesis, we have looked at the hemodynamics in patients with a Fontan
circulations. We showed that hepatic blood was non-uniformly distributed within the Fontan
tunnel in CFD models that considered only the cardiac effects on blood flow and CFD models
that took both the cardiac and respiratory effects on blood flow into account. The CFD models
that included only the cardiac effects demonstrated a significantly higher degree of mixing
between hepatic and 1'VC blood flow at the cranial level (just below the pulmonary artery
bifurcation) than at the caudal level (just above the entrance of the hepatic veins into the IVC)
within the Fontan tunnel. However, also at the cranial part of the Fontan tunnel, the hepatic
blood flow was still not uniformly mixed. Similar to the CFD simulations that included only
cardiac-dependent flow, the CFD models that considered both the cardiac and respiratory
effects on blood also showed a higher degree of mixing at the cranial level compared to the
caudal level; however, because of the small sample size, statistical analyses could not be
performed. Interestingly, including respiratory effectsinto CFD modeling increased the overall
degree of mixing between hepatic and 1'VC blood flow in the Fontan tunnel compared to CFD
models that only considered the cardiac effectson blood flow. The improved mixing properties
of hepatic with I'VC flow when respiration is taken into account might be due to the fact that
respiration is primarily responsible for the flow pulsatility in Fontan tunnel and hepatic veins.
From previous research, it is known that pulsatile flow can improve the mixing between two
separate laminar streams.

Regarding the HFD quantification, the CFD models that ignored respiration showed a
significant difference in HFD between the conventional method, in which hepatic blood flow
particles are uniformly seeded from either a caudal or cranial cross-section, and the novel
method, in which particles are directly seeded from the level of the hepatic veins. However,
although significant, these differences were relatively small and had no clinical relevance on-
group level. For this reason, the fact that there was a non-uniform distribution of hepatic blood
flow in the Fontan tunnel did, in general terms, not affect the HFD quantification with clinical
significance. Therefore, the findings of previously performed CFD studies that only considered
cardiac effects on blood flow are on the group-level still valid. Nevertheless, it should be
emphasized that on an individual basis, differences as high as 14.9% were found in patients,
which may have implications for the patient-specific decision making about the need for
intervention and, therefore, could have a meaningful clinical impact on individual patients.
When considering CFD models that include both the cardiac and respiratory effects on blood
flow, also substantial differenceswere found in HFD between the conventional and novel HFD
quantification approaches. Since this current study only investigated three CFD cases that
included both the cardiac and respiratory effectsat the boundary conditions, more research is
needed using the novel HFD quantification method in patient-specific CFD models for the
evaluation of respiratory effects on the HFD.

Inaddition to the CFD simulations, the in-depth flow analysis using real-time PC-
MRI showed that respiration tremendously affected the blood flow in the Fontan tunnel and
hepatic veins. Therefore, we could confirm that inspiration and expiration are responsible for
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the large variations in hepatic and Fontan tunnel flow rate over the respiratory cycle. Besides,
we demonstrated the feasibility of deriving hepatic flow from real-time PC-MRI acquisitions.
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Supplement

A. Example of user defined function for IVC

/***********************************************************************/

/* Unsteady_parabolic velocity profile

*/

I* UDFs for specifying time dependent, parabolic velocity profile boundary condition

*/
/***********************************************************************/

#include "udf.h"

DEFINE_PROFILE(IVC_unsteady,thread,position)

{

real A,Q;

real x,y,z;

real posvec[ND_ND]; /* this will hold the position vector */
real x0,y0,z0;

real vmean,vmax;

real pi,r,r2,w,T;

real a0,al,b1,a2,b2,a3,b3,a4,b4,a5,b5,a6,b6,a7,b7,a8,b8;/*Fourier coeffiecients*/
real flow_time;

face tf;

f=0;

pi= 3.14159265358979;

#if IRP_HOST /*SERIAL or NODE*/

flow_time = RP_Get_Real("flow-time");

/***********************************************************/

[* CASE SPECIFIC PARAMETERS

MAKE SURE TO ADAPT TO THE CURRENT CASE */
A =434.675903e-6; /* inlet area (M"3) */
X0 = 26.0896560452961¢e-3; /* x coordinate of inlet center */
y0 =-51.4629509276748e-3; /* y coordinate of inlet center */
20 =-104.2060524545644e-3; [* z coordinate of inlet center */

/***********************************************************/

[*Fourier series, order 8*/

a0 = 3.433721e-5;
al = 3.743449¢-6;
bl =-8.804122e-7;
a2 =-2.739592¢e-6;
b2 =-4.780673e-7;
a3 = 6.527257e-7;
b3 = 3.247201e-7;
a4 = -7.809801e-8;

125



b4 =-9.915715e-8;
a5 = 9.976531e-7;

b5 = -7.600093e-7;
a6 = -1.764704e-6;
b6 = -7.900711e-7;
ar’ = -2.819482e-7;
b7 = -3.447752e-7;
a8 = -3.445331e-7;
b8 = -3.041645e-7;

w = 2.137490e+0;

Q = a0 + al*cos(flow_time*w) + b1*sin(flow_time*w) +a2*cos(2*flow_time*w) +
b2*sin(2*flow_time*w) +a3*cos(3*flow_time*w) + b3*sin(3*flow_time*w)
+ad*cos(4*flow_time*w) + b4*sin(4*flow_time*w) +a5*cos(5*flow_time*w) +
b5*sin(5*flow_time*w) +a6*cos(6*flow_time*w) + b6*sin(6*flow_time*w)
+a7*cos(7*flow_time*w) + b7*sin(7*flow_time*w) +a8*cos(8*flow_time*w) +
b8*sin(8*flow_time*w);

vmean = Q/A;

vmax = 2*vmean;

r = sqrt(A/pi);

r2 = (pow((r),2));

/* PARABOLOID-SHAPED VELOCITY PROFILE */
begin_f _loop (f,thread)
{
F_CENTROID(posvec,f,thread);
x=posvec|[0];

y=posvec[1];
z=posvec[2];

F_PROFILE(f,thread,position)= - (vmax/r2)*( (pow((x-x0),2))+(pow((y-
y0),2))+(pow((z-20),2)) ) + vmax;

¥
end_f_loop(f,thread)

#endif *IRP_HOST*/

}
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B. Additional figures of partB1

Scan markers within Physlog file
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Figure 53: Scan markers within Physlog file. Scan marker equal to 100 is the start marker.
Scan marker equal to 20 is the stop marker
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Figure 54: MRI gradient signal within Physlog file
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MRI gradient signal and scan markers
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Figure 55: MRI gradient signal and scan markers within Physlog file in one

figure
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Figure 56: Close-up of MRI gradient signal and stop marker identified with the black
circle. As you can see, the stop-marker does not fully match the end of the MRI gradient.
Therefore, start- and stop-markers were not accurate enough to extract the respiratory
waveform.
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Respiratory waveform of researcher during normal breathing
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Figure 57: Respiratory waveform of a researcher of our group during normal
breathing. As you can see, there is a short drift period during expiration

Respiratory waveform of researcher during breath-holding after expi
T
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Figure 58: Respiratory waveform of a researcher of our group during breath-holding after
expiration. As you can see, the expiratory drift period increases compared to normal breathing
in figure 34. Therefore, we concluded that expirationindeed could cause a drift periodin the

respiratorysignal
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C. MATLAB scriptfor finding the different respiratory cycles on the
respiratory waveform

clear all
clc

%% %$Finding respiration curve and ecg curve on the basis of gz MRI GRADIENT
fname =
E:\MASTERTHESISPROJECT\MATLABfileS\CASEl\Tunnel\SCANPHYSLOGZ01901161846047t
unnel.log'

DATA =read physio SLF nontrigdata SW(fname) % Reading PHYSLOG FILE

% DATA marker 100 is start-marker real-time PC-MRI scan
b= find(DATA.mark(:)== 100,1, "first")

% DATA marker 20 is stop-marker real-time PC-MRI scan
c= find (DATA.mark (:)==20)

oe

ix=find (c>b, 1, 'first"')
d=c (ix)
marker

Searching first start-marker
d is index of first stop-marker after start

oe

base=DATA(:);
base.gz(l:b,:) = 0;
base.gz (d:end, :) 0;
r=find (base.gz ( =
s=find (base.gz (

Creating new data structure named base
Searching for MRI gradient

oe oo

y~= 0,1, "first")
y~= 0,1, "last")

[

respiration=base.resp(r:s) % respiratory waveform signal

%$plot Respiratory Curve

figure (1)

plot (respiration, 'linewidth',2)
title('Respiration Curve')

freq=1/496;
duration scan=freg*length (respiration)

%% %% Smoothing curve
% smooth function does not work on int32 data file, so you need to convert

)

K = cast(respiration, "single'); % convert to single file
F=1l:length (respiration)
Time respiration=F.*freq

Respiration smooth = smooth(Time respiration,K,0.05, 'loess')
plot (Time respiration, Respiration smooth, 'r', '"linewidth',2)
T=cast (Respiration_smooth, 'single’)

title('Respiratory waveform of Case 1', 'Fontsize', 16)
xlabel ('Seconds', 'Fontsize', 16)

ylabel ('Respiratory signal', 'Fontsize', 16)

%% First and second serivative of smooth respiration curve
o)

% first derivative
dydx=gradient (Respiration smooth(:))./gradient (Time respiration(:))
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[

% second derivative
dydx2=gradient(dydx(:))./gradient(Time_res

$plot first and second derivative

pl = plot(Time respiration,Respiration_ smo
hold on
p2 = plot(Time respiration, dydx./10,'b','
hold on
p3 = plot(Time respiration, dydx2./50,'g’,

title('Respiratory waveform and its first
'Fontsize',16)

xlabel ('Seconds', 'Fontsize',
ylabel ('Respiratory signal',
hline = refline (0, 0);
hline.Color = 'k'

legend ([pl p2 p3], {'Repiratory waveform',
derivative'}, 'Fontsize',18)

16)
'Fontsize', 1

%$finding 2nd derivative equal to zero:
curve
m=linspace (0, length (dydx2),1)

for N=2:1length (dydx2)

piration(:))

oth, 'r','"linewidth', 2)
linewidth', 2)
'linewidth', 2)

and second derivative -

6)

'First derivative', 'Second

inflection points of respiratory

if sign(dydx2 (N-1)) *sign (dydx2 (N))~= 1
m(N)=1
elseif sign(dydx2 (N-1))*sign (dydx2 (N))== 1
m(N)=0;
end
end
points zero=find(m(:)==1); find indices for which m = 1

val d2 pzero=dydx2 (points_ zero) %
val dl pzero=dydx (points zero)s find value

$ find values second derivative (for m=1)
(for m=1) almost negative < 0.2e4

d2 pos dl neg=find(val d2 pzero>0 & val dl
ind final=points zero(d2 pos dl neq)

s of first derivative for m=1

positive and first derivative

_pzero <=0.2e4)

%% %% Finding maximum and minima of Respiration curve

[PKS _max,LOCS max]=findpeaks (Respiration smooth, 'MinPeakHeight', 2000,

'MinPeakDistance', 1000);

[PKS min, LOCS min]=findpeaks (-Respiration

is=find (LOCS max(:)>LOCS min(1l),1, "first")
minimum
it=find (LOCS min(:)<LOCS max(end),1l,'last’
maximum

LOCS max fin=LOCS max (is:end)
LOCS min fin=LOCS min(l:it)

smooth, 'MinPeakDistance',
%$Start respiratory cuve at

) $End respiratory curve at

%/10 for plotting

%/50 for plotting

Case 1",

find values of second derivative for m=1

1000) ;
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%% %% Checking if ind final are within increasing part of Respiratory

curve.

HH=cell (length (LOCS min fin),1

)
for N=1l:length(LOCS min fin) % finding increasing parts of respiratory

curve

HH{N} =LOCS min fin(N):1:LOCS max fin (N)-400
end

[vl, v2, v3, v4,v5] = deal (HH{:})

V_final=transpose([vl,v2,v3,v4,v5])

o)

% Give "true" if the element in "V_final" is a member of "ind final".
ind final increas.part = ismember (V_final, ind final)

% Extract the elements of a at those indexes.
indexes = find(ind final increas.part)

Start insp=V_final (ind final increas.part(:))

Jjump=diff (Start insp)>500; % 1f more drifts exist
index jump=Start insp ([jump;true]);

%% Checking if we need LOCS min_ fin as start inspiration if no expiratory

drifts exist

11=1[]

for jj=1:5

tt=ismember (HH{jj}, index jump)

if any(ismember (tt, 1))==
disp('YES")
11(33)=0

else
disp('no variable'")
11(33)=1

end

end

11 T=transpose(1ll)
11 T 1=logical(1ll_T)
LOCS min add=LOCS min_ fin([11 T 17])

% Adding LOCS min_add
Index jump 2=[index jump;LOCS min_ add]

Inspiration_ start idx=sort(Index jump 2)%final indices of start inspiration
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%% Checking Inspiration_start_idx by plotting

plot (Time respiration, Respiration smooth./100,'r', 'linewidth', 1)
%respiratory waveform divided by 100 --> allows plotting of flow and
respiratory curve in one figure

hold on
C={'Y','C'rm g
hline = refline (0, 0);
hline.Color = 'k'
hold on
for N=1: length(Inspiration start idx)-1

hold on

plot (Time respiration((Inspiration start idx(N)+1):
Inspiration_start idx(N+1)),
Respiration_smooth((Inspiration start idx(N)+1):
Inspiration start idx(N+1))./100, 'Color',C{N}, 'linewidth',62)
end
hold on

) ) |l
14

plot (Time respiration, Flow tunnel interpoleerdl, 'b', 'linewidth', 1)
for N=1: length(Inspiration start idx)-1

hold on

plot (Time respiration((Inspiration start idx(N)+1):
Inspiration start idx(N+1)),
Flow tunnel interpoleerdl ((Inspiration start idx(N)+1):
Inspiration start idx(N+1l)), 'color',C{N}, 'linewidth',2)
end

title('Interpolated volumetric flow rate waveform and its corresponding
respiratory waveform - of Fontan tunnel Case 1', 'Fontsize', 18)

xlabel ('seconds', 'Fontsize',18)

ylabel ('Milliliter per second', 'Fontsize', 18)

legend ({'Respiratory waveform', 'First respiratory cycle', 'Second
respiratory cycle', 'Third respiratory cycle', 'Fourth respiratory cycle',
'Volumetric flow rate waveform'}, 'Fontsize', 18)

133



