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Populérvetenskaplig sammanfattning

Avhandlingens syfte ar att utveckla en metod for datorsimulering av blodfléden som
kan forutsdga utkomsten av invasiva ingrepp hos barn med medfodda hjartfel, och
att bedoma hur precisa sddana prediktioner kan vara.

Patientgruppen som studerats &r barn med s.k. enkammarhjirtan, dir den
fungerande kammaren anvénds for att pumpa syresatt blod genom aorta och vidare
ut till kroppen. Tillbakastrémmande syrefattigt blod frdn de stora halvenerna
kopplas pa kirurgisk vég forbi hjartat direkt till lungartirerna som leder till lungorna.
Ibland far man gora uppfoljande kateterburna eller kirurgiska ingrepp i forsok att
forbattra blodflodesfordelningen till lungorna. Detta dr belastande for det redan
sjuka barnet och dess fordldrar, och dessutom resurskravande. Det skulle darfor
finnas mycket att vinna om man pé forhand kunde rdkna ut hur blodflédena blir hos
dessa patienter, vilket denna avhandling syftar till.

Fyra arbeten ingér i avhandlingen.

Det forsta arbetet dr en metodstudie som beskriver hur bilder frdn magnet-resonans
(MR) kamera anvinds for att skapa tre-dimensionella modeller for
blodflodesberdkning, for barn med enkammarhjirta. Studien innehéller ocksa tva
patientfall som visar hur metoden kan anvindas for att forutsdga blodflodet efter
ingrepp pa de berorda blodkérlen.

Det andra arbetet jimfor resultaten fran var metod med en mer avancerad
berdkningsmetod, och med resultat fran patientspecifika flodesmétningar i MR-
kamera. Resultaten visar en betydande tidsbesparing med vir metod jamfort med
den avancerade metoden, med berdkningstider som kan minskas fran 10-12 timmar
till c:a fem minuter utan ndmnvérd skillnad 1 berdkningsresultaten, och med god
overensstimmelse med MR-métningar av blodfldden i patienter.

Det tredje arbetet studerar sambandet mellan andelen blod fran levern som néar
lungorna hos barn med enkammarhjérta, och lungornas egenskaper. Resultaten visar
ett tydligt samband mellan fordelningen av leverblodet till lungorna och lungornas
resistans och syresittande formaga. Arbetet innehdller dven ett patientfall dér
prediktiva berdkningar anvandes for att utforma ingreppet och dér utfallet blev som
forutsagt.

Det fjarde arbetet studerar metodens prediktiva forméga for barn som opereras i det
sista steget i inforandet av cirkulation med enkammarhjirta. Patienterna skannas i
MR-kamera dagen fore kirurgi, och sedan c:a sex méanader efter kirurgi. Resultaten
visar god Overensstimmelse mellan de prediktiva berdkningarna och métningarna
utforda efter operationen.

Sammanfattningsvis visar avhandlingen att patientspecifika berdkningar kan utforas
med god noggrannhet inom en dag fran MR-undersdkning.
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Popular summary in English

The aims of this thesis are to develop a method for computer simulation of blood
flow that can predict the outcome of invasive procedures in children with congenital
heart disease, and to determine how accurate such predictions are.

The studied group of patients are children with univentricular hearts, where the
functional chamber pumps oxygenated blood via the aorta to the rest of the body.
The vessels carrying returning deoxygenated blood from the body are surgically
connected directly to the pulmonary arteries leading to the lungs, thereby bypassing
the heart. Sometimes follow-up invasive procedures are required to improve the
blood flow distribution to the Iungs. These are hard on the patient and family and
are resource intensive. Therefore, there is much to gain if the blood flow to the lungs
could be predicted, which indeed is the aim of this thesis.

This thesis is supported by four papers.

The first paper is a method study that describes how images from a magnetic
resonance (MR) camera are used to create three-dimensional models for
calculations of blood flow. The study also includes two patient cases that show how
the method can be used to predict blood flow following invasive changes to the
involved blood vessels.

The second paper compares results from our method with a more advanced
calculation method, and with patient specific results measured with MR. The results
show large time savings with our method compared to the advanced method, with
calculation times that could be reduced from 10-12 hours to approximately five
minutes with very small differences in the computational results, and with good
agreement with MR measurements of blood flow in patients.

The third paper studies the relationship between the amount of blood from the liver
that goes to the lungs in children with univentricular hearts, and the function of the
lungs. The work also presents a patient case where simulations were used to design
an invasive intervention and where the outcome was as predicted.

The fourth paper studies the predictive ability of the method for children operated
in the final stage of creating a circulation with a univentricular heart. Patients were
scanned in MR on the day before surgery, and approximately six months after. The
results show good agreement between the pre-surgical predictions and the results
measured in MR after surgery.

In summary, this thesis showed that simulations can predict pulmonary flow in
patients with Fontan circulation and that such simulations can be performed within
a day of an MRI examination.
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1 Introduction

1.1 Overall purpose of this thesis

Congenital heart disease (CHD) is the most common form of birth defect and is the
leading cause of mortality in children with congenital malformations. The
prevalence of congenital heart defects is reported to be in the range of 8 to 10 per
1000 live births (1-3). While there are countless variants of CHD, modern medicine
also provides a wide range of diagnostics and treatment options. In cases where the
congenital heart defect is severe, invasive interventions may be required (4,5).

The focus of this thesis is patients with congenital heart malformations resulting in
palliation with univentricular heart circulation. To help guide the design of the initial
palliation, and when additional invasive interventions are needed to address
hemodynamic problems, computational simulations may be helpful in selection and
planning of invasive treatment (6-S8).

In this context, the overall purpose of this thesis is to help improve the likelihood of
successful invasive procedures and reduce the burden of interventions on the
patients and on the health care system. The aim is to provide a framework for routine
use of predictive computer simulations of pulmonary flow based on data obtained
from non-invasive magnetic resonance imaging (MRI).

There are also personal reasons to undertake this work. After fifteen years of
international work in the field of mechanical engineering, I attended and graduated
from medical school at the Faulty of Medicine, Lund, Sweden. Today, the prospect
to combine previous engineering experience with medicine, aimed to help patients
with congenital heart disease instils in me a sense of meaning, passion and direction.

1.2 Normal cardiac anatomy and physiology

The human cardiopulmonary system is remarkable in its ability to sustain the needs
of the body under near-instantaneous changes in workload as well as in its ability to
modify itself in response to longer term changes (9,10).

Contraction of the heart is called systole, and relaxation is called diastole. The
normal heart has four chambers: the left atrium (LA), the right atrium (RA), the left
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ventricle (LV) and right ventricle (RV) (Figure 1.2.1 A). The right side of the heart
provides for the pulmonary circulation in series with the left side of the heart which
provides for the systemic circulation. In a healthy adult at rest, the serially connected
systemic and pulmonary cardiac output are approximately 5 liters per minute each,
which means that the heart as a whole produces 10 liters per minute. Under vigorous
exercise, the heart can increase its cardiac output by a factor of five (10).

Deoxygenated blood reaches the heart from the superior vena cava (SVC) and the
inferior vena cava (IVC) and enters the RV through the RA and the tricuspid valve.
The RV then pumps deoxygenated blood through the pulmonary valve to the lungs
(blue path in figure 1.2.1 B). Oxygenated blood returns to the heart from the lungs
via the left- and right pulmonary veins to the LA. The LV receives blood from the
LA through the mitral valve, and pumps blood across the aortic valve to the body
via the aorta (green path in figure 1.2.1 B).

While it was long believed the heart squeezed blood to the body like a clinched fist,
the function of the heart is more like a piston. During systole, the atrioventricular
(AV) plane between the atria and the ventricles is pulled longitudinally towards the
apex, causing systolic ejection of blood from the RV to the main pulmonary artery,
and from the LV to the aorta (11). This contraction causes thickening of the
ventricular walls, particularly on in the LV, which additionally contributes to the
ejected volume. While the heart also has circumferential contraction, longitudinal
contraction is the main contributor to stroke volume, producing 80% of the RV
stroke volume and 60% of the LV stroke volume, while the total volume of the heart
remains relatively constant (12,13).

18



Figure 1.2.1. A normal heart

A: Magnetic resonance imaging four-chamber view of a heart. B: Schematic sectioned frontal view of a
healthy heart. LV: Left ventricle. RV: Right ventricle. LA: Left atrium. RA: Right atrium. AV-plane:
atrioventricular plane. RPA: Right pulmonary artery. LPA: Left pulmonary artery. LPV: Left pulmonary
veins. RPV: Right pulmonary veins. IVC: Inferior vena cava. SVC: Superior vena cava. Ao: Aorta. Blue:
The path of deoxygenated venous blood from the upper and lower body to the lungs. Green: The path of
oxygenated arterial blood from the lungs to the body.

In a healthy heart, filling of the heart occurs to a great extent due to the suction and
pressure gradients following relaxation after contraction (14). During systole the
AV-valves are closed, and as the AV-plane is pulled toward the apex, blood is
sucked into the atria. During diastolic relaxation, blood is sucked into the ventricles
as the AV plane springs backward towards the base of the heart. Thus, filling of the
atria occurs both during ventricular systole and diastole. Near the end of diastole,
the atria contract as well, further pulling the AV plane towards the base. This
contributes to the filling of the ventricles, as well as pre-stretching the ventricles to
further augment the following ventricular contraction.

Pulmonary resistance is approximately one fifth of systemic resistance (10).
Therefore, pulmonary pressure is much lower than in the aorta, and the RV requires
less energy to produce the same stroke volume as the LV. In this context we observe
that the RV has a much thinner wall than the LV (Figure 1.2.1 A).

The low resistance of the pulmonary vasculature is a prerequisite for passive flow
to the lungs, as occurs in the circulation with a univentricular heart, which will be
described next.
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1.3 Univentricular hearts and the Fontan circulation

Congenital heart defects may occur such that the heart after birth cannot sustain a
serial pulmonary and systemic circulation that is conducive to growth and a healthy
life. The functional single ventricle provides both pulmonary and systemic
circulation in parallel and is volume overloaded (15).

When a biventricular repair aimed to achieve a serial pulmonary and systemic
circulation is not possible, implementation of a univentricular heart with a Fontan
circulation is a well-established surgical option, named after Dr. Francis Fontan who
first demonstrated the principal procedure (16). The aim is to provide the patient
with a self-sustained circulation by utilizing the functional ventricle to solely
provide for the systemic circulation, with serial pulmonary circulation is provided
by passive venous inflow from the caval veins directly to the pulmonary arteries
(16,17).

The Fontan circulation is typically introduced in three surgical stages. The first
surgery is performed shortly after birth and aims to stabilize the patient while
maintaining a mixed venous/arterial circulation with saturation levels conducive to
life. The precise procedure depends greatly on the underlying heart defect. In the
case of a hypoplastic left heart syndrome (HLHS, Figure 1.3.1 A), a Norwood
procedure is performed whereby the right ventricle (RV) pumps to the aorta and
unrestricted oxygenated blood flow from the pulmonary veins to the RV is assured
with partial resection of the septum between the left and right atrium.

At this stage, the heart has a common ventricle that only pumps to the aorta.
Pulmonary circulation is provided via either a Blalock-Taussig (BT) shunt between
an aortic branch and a pulmonary artery, or via a Sano-shunt directly from an
anterior wall of the ventricle to a pulmonary artery.

The second surgery (often referred to as bidirectional Glenn) is the first step in
separating the pulmonary circulation from the systemic circulation and is typically
performed 3-6 months after birth. Surgically imposed shunts are taken down and the
superior vena cava (SVC) is surgically attached directly to the right pulmonary
artery, in what is called a Glenn anastomosis (Figure 1.3.1 B). The pulmonary and
systemic circulation are now serial, and the volume loading of the heart is reduced.

The third surgery is typically performed at the age of 18-24 months and aims to also
connect the inferior vena cava (IVC) to the pulmonary circulation. The child is then
said to have a total cavo-pulmonary connection (TCPC), with the pulmonary
circulation completely provided by the passive inflow of all systemic venous blood
to the pulmonary arteries. There are variations in the procedure to connect the IVC
to the pulmonary arteries. The initial approach by Dr. Fontan (16) utilized the right
atrium as a conduit from IVC to the pulmonary arteries. Today, the most common
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method is to use an extracardiac GoreTex™ graft as conduit (Figure 1.3.1 B), which
has been shown to reduce risk of complications such as arrythmias (18).

Conduit IVC RA RV

Figure 1.3.1. Univentricular heart with hypoplastic left heart syndrome (HLHS)

A: Magnetic resonance imaging transverse view of a univentricular heart. B: Schematic sectioned frontal
view of a univentricular heart. LV: Hypoplastic left ventricle. RV: Right ventricle. LA: Left atrium. RA: Right
atrium. RPA: Right pulmonary artery. LPA: Left pulmonary artery. LPV: Left pulmonary veins. RPV: Right
pulmonary veins. IVC: Inferior vena cava. SVC: Superior vena cava. Ao: Aorta. Blue: deoxygenated
venous blood. Green: oxygenated arterial blood.

While many children with univentricular hearts fare well with a transplant free
survival after 10 to 20 years in the range of 88-94%, longer 40-year survival has
been shown to be around 40% with higher mortality and morbidity seen in patients
with right heart morphology (18-22).

There are many known complications due to the heterogenous nature of the original
heart defects (23,24). These are often due to altered hemodynamics of the surgically
imposed circulation itself, and may result in severe liver fibrosis and cirrhosis,
lymphatic congestion, desaturation due to veno-venous collaterals (VVC) or
pulmonary arteriovenous malformations (PAVMs) and impaired cardiac output.
Complications such as these are often related to elevated central venous pressure
and impaired pulmonary hemodynamics. The reduced pulsatility of the venous
return has been suggested to adversely affect the vasculature in Fontan patients (25).

The anatomic dimensions and overall design of the Glenn or TCPC anastomosis
influence the flow patterns of the blood and therefore the distribution of the
pulmonary circulation. It has been shown that unbalanced pulmonary blood flow is
associated with worse exercise capacity (26). If a patient develops clinical
complications in context of having a narrow pulmonary arteries or related vessel
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segments in the Fontan pathway, invasive interventions to dilate narrow sections
may be considered (27,28).

Collaterals

Patients with Fontan circulation frequently present with aorto-pulmonary collaterals
(APC) that may constitute a significant fraction of the pulmonary perfusion (29—
31). APCs often originate from the superior aortic neck vessels such as the
subclavian or mammary arteries and diffusely perfuse the pulmonary arterial
vasculature. Such collaterals constitute a left to right shunt which increase volume
loading on the systemic ventricle (32). While it has been suggested that increased
APC flow has no significant effect on the outcome of a Fontan procedure, APC’s
have been also been associated with longer hospital stay after TCPC surgery as well
as poor New York Heart Association functional class (30,33,34). Altogether, the
precise significance of APCs and indications for embolization remain of great
interest (35-37).

Another form of collaterals are veno-venous collaterals (VVC). VVCs bypass the
pulmonary circulation in the Fontan pathway and may thus form a natural
fenestration that reduce systemic venous pressure (38).

Hepatic blood

In patients with Fontan circulation, it is widely accepted and observed that a lung
that does not receive a certain fraction of the total amount of blood from the liver
will develop pulmonary arterial vascular malformations (PAVMs) resulting in
intrapulmonary shunting. These shunts bypass the filtering capillary networks of the
oxygenating alveoli, causing hypoxia and exercise intolerance (39—44). While the
literature mentions that blood from the liver contains “hepatic factors” which are
required to maintain pulmonary vascular health, these factors remain unidentified
(42,45,46). The literature provides mainly case-related guidance of the relationship
between hepatic to pulmonary flow, intrapulmonary shunting and PAVMs (41,47).

1.4 Cardiac Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is a non-invasive, non-ionizing radiological
method used to obtain anatomic images, assess cardiac function, measure flow, and
obtain quantitative and qualitative tissue characteristics in patients.

While the magnetic field of the MRI scanner is completely harmless to biological
tissue, the major safety concern with MRI is presence of magnetic objects in the
room which can become dangerous projectiles in the strong magnetic field.
Similarly, metal objects inside the body such as pieces of shrapnel or non-MRI
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compatible intracerebral clips are additional safety concerns that must be carefully
screened for prior to undergoing an MRI examination.

Additionally, the magnetic field can interfere with the function of medical devices
such as pacemakers if they are not certified to function in an MRI scanner.
Furthermore, the associated radiofrequency (RF) signals can induce heating in
pacemaker leads. Some patients may also feel claustrophobic while inside the bore
of the scanner.

The magnetic resonance signal

Protons in atomic nuclei are thought of as having a spin-axis with a random
orientation relative to a spatial coordinate system. In a strong magnetic field, there
is a tendency for the net magnetization of the protons to align with the magnetic
field. Furthermore, the net magnetization vector M of the protons will precess with
an angular frequency ® around the vector of the external magnetic field By (Figure
1.4.1). The frequency is governed by the strength of the field, according to the
Larmor equation,

w=Y"By

In the Larmor equation, v is the gyromagnetic ratio, which is specific for the nuclear
species. In a typical magnetic field of 1.5 T of an MRI scanner, the net magnetization
vector M of protons will precess with a frequency of 64 MHz.

Figure 1.4.1. Spin-axis precession of a proton in a magnetic field
M: Net magnetization vector. w: Angular precession frequency. Bo: External magnetic field.

At the iso-centre of the MRI scanner, By is aligned with longitudinal (z) axis of the
bore, in which the patient is laying on the scanner bed. The volume of interest in the
patient, for example the heart, should ideally be as close to the iso-centre as possible.
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Radiofrequency (RF) signals emitted by the MRI scanner at the Larmor frequency
will resonate with the protons, causing them to precess in phase around By, and the
net magnetization vector M will also shift away from By with a flip angle o governed
by the energy (time and power) deposited by the RF signal. The magnetization
vector M will induce measurable electric signals in receiver coils aligned in the
scanner’s x-, y- and z-directions. After the RF pulse, the magnetization vector will
both de-phase in the x-y-plane and recover alignment with the By direction. The
time constant associated with re-alignment along the By direction is called T1, and
the time constant associated with de-phasing in the x-y plane is called T2. T1 and
T2 are different in different tissues, which allows tissue characterization with the
MRI scanner.

Spatial encoding

The MRI scanner has additional, controllable magnetic gradient coils along x-, y-
and z-directions of the scanner. If a slight magnetic gradient is applied along the
length of the bore (the z-direction), the resonance frequency will be altered
depending on the z-location, and therefore an RF pulse in a narrow frequency band
can be chosen to select the observed “slice”, and the “slice thickness”.

Signal encoding in the transverse x-y plane is more complex. In one transverse
direction, a magnetic gradient is applied during signal acquisition whereby the
received signal magnitude is stronger at frequencies with more protons along the
transverse coordinates of the gradient. This is called frequency encoding. Finally,
the phase of the RF pulse can be altered along the remaining perpendicular
transverse direction. The signal rate of phase change is interpreted as a frequency
and is called phase encoding.

At each slice, the collected data is stored in an x-y diagram of “k-space” where the
axes are frequencies obtained in the x- and y-direction, and the brightness at each
x-y coordinate is the combined magnitude of the signals. An image is created at each
slice by graphical superposition of sine signals in the x- and y- direction obtained
from reverse Fourier transformation of frequencies and magnitudes in k-space. Low
frequencies correspond to large-scale structures, and high frequencies correspond to
small, or fine-detailed structures.

The MRI acquisition can be gated by a signal from an electrocardiogram (ECG) to
repeatedly aggregate signal from the same phase in the cardiac cycle and obtain
images at different time phases over the cardiac cycle. Additionally, MRI
acquisition can be gated to occur at a chosen phase of the breathing cycle which can
help reduce blurring due to breathing motion.

Measurement of flow

A slice can be selected in a cross-section of interest in a blood vessel. A time-
sequenced bipolar gradient of opposing magnitude is given such the magnetization
of the first is cancelled by the second. Stationary tissue in the slice will therefore
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give no signal. In contrast with stationary tissue, blood entering the slice will
aggregate phase as it flows through the slice. The net phase of the signal from within
the slice after the bipolar gradient will therefore be proportional to the velocity of
the blood. The two-dimensional phase contrast (2D PC) MRI signal is reconstructed
as velocity at each pixel in the cross section and integrated across the area of interest,
which gives the flow at a given moment in time.

Similarly, four-dimensional phase contrast (4D-PC) MRI signals can be obtained in
the x-, y- and z-direction, albeit with lower spatial and temporal resolution to allow
data collection within approximately ten minutes (48,49). A three-dimensional
velocity vector is obtained at each spatial location and moment in time over a pre-
determined volume. 4D-PC MRI thus gives the benefit over 2D-PC MRI that it can
be used to retrospectively measure flow at arbitrary locations within the pre-
determined volume, even after the patient has left the scanner. In contrast, the
locations of 2D-PC MRI measurements must be carefully planned while the patient
is in the scanner. Furthermore, 4D-PC MRI can be used to trace the path of virtual
particles through blood vessels.

1.5 Patient specific Computational Fluid Dynamics

Broadly speaking, computational fluid dynamics (CFD) is the numerical method by
which fluids flow can be computationally evaluated (50). CFD has a vast span of
practical applications in different fields of engineering such as turbines, ships,
spacecraft, and combustion to name a few. In patient specific simulation related to
the hemodynamics of blood flow, the effort typically involves a workflow with a
sequence of steps (Figure 1.5.1).

In established CFD methods, the CFD simulation process is often performed using
different softwares which require import of data created in the previous step.

25



Patient data collection CFD simulation

A MR scanning D | Preparation E Simulation F Evaluation
+
i > <, — LE=
N
[
A — P
| |
L
C Segmentation
\ 1
D &

Figure 1.5.1. Steps to create a CFD simulation from MR images
A: MR scanning. B: Analysis of MR data. C: Segmentation. D: Preparation of simulation model. E:
Performing the simulation. F: Evaluation of simulation results. G: Modification of model and iteration.

This general workflow for performing a CFD simulation (Figure 1.5.1 C-G) is
outlined in more detail as follows.

1.5.1 Segmentation

In the context of CFD simulation, segmentation is the process to create a separate
three-dimensional model from information provided by medical imaging, such that
this model becomes usable for CFD analysis. Without an adequate geometric model
no CFD simulations can be performed. While imaging modalities such as computed
tomography (CT) or MRI can obtain patient specific anatomy, three-dimensional
ultrasound may also provide detailed local information on for example cardiac
valves (51).

Medical imaging data can usually be exported in the Digital Imaging and
Communications in Medicine (DICOM) format. The literature mentions several
commercial and open-source software packages that can read DICOM data and
process it to produce a 3-dimensional model for use in CFD, and for other purposes
such as 3D-printing (52,53).

While recent advances in machine learning (ML) have shown promise in automizing
the segmentation procedure (54,55), the segmentation process is typically semi-
manual or manual.

For semi-manual segmentation, the imaging data is generally required to be
isotropic, meaning that the size of each volumetric pixel (voxel) has the same size
in the x-, y- and z-direction, and ideally with a resolution of 1 mm or less (53). Once
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loaded into the segmentation software, areas of interest are separated by
thresholding, meaning to select a range of image contrast values that will separate
areas of interest from each other, and from areas that should ideally be excluded
(Figure 1.5.2 A). Next, manual steps can be performed to isolate objects, remove
redundant volumes and smooth surfaces from undesired irregularities (Figure 1.5.2
B, C, D).

Figure 1.5.2. Segmentation of DICOM data by thresholding

A: Image contrast thresholds are used to separate areas of interest. B:Segmentation of pulmonay
arteries, heart and aorta in a patient. C: Separation of pulmonary arteries. D: Separation of heart and
aorta. Screenshots from software Segment 3DPrint, Medviso AB, Lund, Sweden

While the resulting model in this stage may be adequate for visual purposes or 3D-
printing, further use in CFD will require truncating the model at locations
corresponding to inlets and outlets. The surface of the final model is represented by
a mesh of very small triangular planes, and the surfaces are said to be tessellated.

While some CFD packages can read tessellated files directly, others may require
conversion to a smoothed, mathematically defined boundary representation as is
used in modern mechanical computer aided design (MCAD) softwares (56—58).
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1.5.2 Preparation

Prior to running the simulation, the model is prepared with required CFD-specific
information that govern how the model will be solved, given the physiological
assumptions of the simulation. In the terminology of computational simulation, this
is called pre-processing.

Meshing

The internal volume of the model is spatially discretized into many small volumes
called elements; a process commonly referred to as meshing. This process is
generally dependent on the type of problem that is to be solved and may require
specialized software that is different from the CFD solver software. Local element
sizes govern how local changes of flow quantities can be captured during the
solution process. Therefore, in areas where the solution is expected to change
rapidly over short distances, such as near vessel walls, smaller elements may be
required whereas larger elements may provide sufficient accuracy if the local flow
is steady at larger scales, for example at the centre of a vessel. High mesh densities
will produce more accurate results, at the cost of longer computation times.

Choosing an adequate mesh is therefore a balance between accuracy and solution
time. A good modelling practice to find this balance is to perform mesh sensitivity
tests. The user runs a model with increasing mesh densities until resulting quantities
of interest remain stable within subjectively acceptable limits. If the validation
model is principally similar to future models, the user may forego mesh sensitivity
tests and apply a previously validated meshing scheme.

In conventional CFD, the elements are aligned with the boundaries of the model,
where the solution is known. The discretization of the model with elements is
therefore required to conform with geometrical model whose internal volume is of
interest in the simulation (50,59).

In contrast, in immersed boundary methods, the elements are not required to
conform with the outer boundary. Instead, the solution at the boundaries of the
elements is numerically solved such that it counteracts the inner solution of the
element, at the boundary of the geometric model. While numerically complex, such
approached greatly simplify meshing and may simplify simulated motion of solid
structures in the fluid without complex re-meshing algorithms (59,60). The
immersed boundary method has previously been used in Fontan CFD simulations

(61).

Boundary conditions

A CFD model can only simulate flow in a small fraction of the universe as we know
it. The fraction of the universe we choose to simulate is called the simulation
domain. While the simulation can calculate values of interest within the simulation
domain, such as in a blood vessel in the body of a child, we must provide an
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approximation or assumption of what happens at the boundaries of the simulation
domain, where the simulation is disconnected from the rest of the world. These are
the boundary conditions of the model.

Common boundary conditions in vascular simulation are patient specific, time-
averaged, or pulsatile blood flow at the inlets and outlets of the model, often
obtained from MRI. Constrained flow at the outlets negates any possibility to
analyse changed outlet flows following anatomic interventions on the model.

By instead imposing pressure at the outlets, outlet flow can change at different inlet
flow rates and with changed vessel anatomies. Pressure at the outlets can
additionally be made dependant of flow rate, flow velocity and net flow volume,
representing the resistive, inductive, and capacitive properties of the vasculature
distal to the outlets.

Furthermore, the boundary conditions at the outlets and inlets can be connected in
a more physiologically complex, closed loop circular system including
approximations of the peripheral circulatory system and the function of the heart
itself. Such simulations may require a co-simulation, or a separate program or
software process representing the peripheral cardiovascular system, running in
synchrony with the CFD software, with bi-directional updates between the programs
(62,63).

Vessel walls may be approximated as rigid or compliant. Pulsatile pressure may
cause compliant vessels to stretch slightly and thereby affect the flow patterns in the
vessel lumen. While the effects of such vessel deformation on flow can be analysed
numerically and experimentally (64—66), in venous vessels of the Fontan circulation
where pressure variability is relatively low, a common approximation is to use rigid
vessel walls (61,67,68).

Blood viscosity

Viscosity is the relation between shear stress and shear rate between layers in a fluid
volume. Simply put, shear stress (T) is the traction between two fluid layers, and

shear rate is the difference in velocity (g—;) between two fluid layers (Figure 1.5.2

A). In blood vessels, velocity transitions from low velocity near the vessel walls to
high velocity at the centre of the vessel, and viscosity affects the shape of the flow
profile (Figure 1.5.2 B).
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Figure 1.5.2. Shear stress and fluid velocity

A: Over a short distanze (y), shear stress (t) between layers of fluid is proportional to the change of
velocity u over this distance (du/dy). B: In a blood vessel the velocity profile (red) is affected by shear
stress between layers of different velocity.

The velocity profile affects the path of blood, and therefore viscosity is of interest
in simulations of blood flow in patients with Fontan circulation. In a Newtonian
description, viscosity (1) is approximated as constant according to,

T = ou
=u 3y
Blood is however a bi-phase liquid of cells and plasma, and net viscosity is affected
by several parameters such as haematocrit, plasma viscosity and temperature (69).
Additionally, interactions between blood cells are different at different shear rates
(70). Therefore, blood viscosity may be considered as non-Newtonian fluid where
viscosity is not constant. An example of an non-Newtonian fluid approximation is
the Carreau model,

N =10+ (o — 1)+ GO T

In this formulation, viscosity n(y) is dependent on shear rate vy, zero shear viscosity
Mo, infinite shear viscosity 1-, time constant A and power law index n.

It has indeed been shown that blood exhibits non-Newtonian properties in Fontan
patients (71). Both Newtonian and non-Newtonian models have been used in
simulations of Fontan blood flow (72—75). A study by Wei et al. compared the effect
of Newtonian and non-Newtonian blood models on computational hemodynamics
in 12 Fontan patients and found only small differences on a population level but
large intra-patient differences, as well as computational time savings when using a
non-Newtonian model (57).
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1.5.3 Simulation

The CFD solution is a numerical and iterative process whereby the governing
equations of fluid flow are considered at each fluid element, such that the
conservation laws of physics, such as conservation of mass, rate of energy change
and rate of change of momentum are preserved locally and globally (50). A central
equation within the field of fluid dynamics is the Navier-Stokes equation, which
essentially is Newton’s second law of motion in context of fluid flow,

ou . _ ”e
p(§+(u-V)u> =pg— Ap+ p-Au
Here, p is density, u is velocity, g is gravity, p is pressure and p is viscosity. The left

side of the equation is mass and acceleration, and the right side is force.

Within each discrete fluid volume, if the sum of quantities which should be
preserved are not zero, the remainder is called a residual, which should trend to be
lower with each successive iteration if the solution is numerically stable. These
residuals are tracked, and the solution is considered converged when residuals are
below a subjectively acceptable level. Convergence does however not automatically
translate to an accurate solution. An insufficiently discretized model may converge
to non-accurate solution. Therefore, a common practice is to test the model at
increasing mesh densities until further mesh refinement does not significantly
change the solution.

Numerical progression from the current iteration can occur explicitly based only on
results from the previous iteration, or implicitly by considering results from both the
previous and next iteration. Explicit solutions are generally numerically stable,
while they may take longer time since a maximum time-step must be provided.
Explicit solutions may be faster at the risk of becoming numerically unstable.

1.5.4 Evaluation

Once the solution is complete, results can be visualized or measured in many various
ways. In the terminology of computational simulation, this is called post-processing.

Streamlines show tangential lines of simultaneous velocity vectors in the studied
volume at a given moment in time and can be colour coded with any result available
at local points within the volume. In the context of hemodynamics, typical
measurements used for colour coding are velocity and pressure but there are
numerous other parameters that may be visualized.

Pathlines are similar to streamlines in that they show tangential lines of velocity
vectors but represent traces of individual particles over the course of time, starting
from their release points. As with streamlines, numerous parameters may be
visualized. In steady-state simulations, streamlines and pathlines will be identical.
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Flow can be measured through user-specified cross-sections of interest.

1.5.5 lteration

Once results are evaluated and put in context of other clinical information, it may
be of interest to change the model and evaluate effects of planned surgical or
endovascular interventions aimed at improving patient hemodynamics. As an
example, Figure 1.5.1 G shows a hypothetical dilatation of a narrow LPA. Software
capable of suitably altering the segmented model is used to modify the anatomy to
reflect the planned changes, and the process in steps C — F can be iterated as required
to reflect various endovascular or surgical alternatives.

1.6 History and previous research in the field

Studies of simplified models in the form of computational fluid dynamics (CFD)
simulations have investigated various placement options of the inferior conduit in
relation to the SVC to obtain a reasonable balance between the distribution of blood
from the liver to the lungs, and power loss in the anastomosis (73,75,76). Perhaps
more importantly, patient-specific computer modelling has proved to be a valuable
tool to evaluate various hemodynamic aspects of different anatomical designs at rest
and during simulated exercise (8,62,65,67,68,72,77-80).

However, it has been shown that significant resources are required in terms of
technical skills, computer power and, not least, calendar lead time to perform such
simulations. Trusty et al. showed that predictive pre-interventional simulations may
require up to a calendar month of lead time, computer simulation time of up to 48
hours, and total work time of 60 hours to simulate just one surgical option at one
physiological condition (81).

In this context, research efforts have been directed at finding ways to reduce
computational simulation time, with sufficient numerical accuracy and with
reasonable physiological approximations, to provide safe and accurate clinical
guidance (6,56,57,82—-84).

At the time of the writing of this thesis, the total amount of resources required to
perform pre-interventional simulations remains a significant hurdle to achieve
routine clinical computational support to help guide invasive interventions in
children with univentricular hearts (81,85).
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2 Aims

The purpose of this thesis was to help improve the likelihood of successful invasive
procedures and reduce the burden of interventions on the patients and on the health
care system. Therefore, the aim was to provide a framework for fast and routine pre-
interventional simulations based on non-invasive MRI in patients with Fontan
circulation.

Paper |

The aim was to develop a fundamental method to create CFD simulations from
previously acquired non-invasive MRI data, with as little complexity as possible,
such that it could be used to predict interventional outcomes. An additional aim was
to provide a method to include the effects of aorto-pulmonary collaterals on the
distribution of flow to the pulmonary arteries.

Paper 11

The aim was to validate results obtained with methods developed in Paper I, with a
more advanced and established CFD software, and with flow measurements from
MRI. A secondary aim was to determine whether steady-state simulations gave
acceptable results compared with simulations performed under pulsatile conditions,
and potential time savings thereof.

Paper 111

The aim was to establish the relationship between hepatic-to-pulmonary flow and
pulmonary vein flow, saturation at rest and simulated pulmonary vascular
resistance, such that results of interventional changes on the hepatic-to-pulmonary
pathway can be predicted.

Paper IV

The aim was to prospectively determine the predictive capabilities of the previously
developed simulation methods by comparing pre-surgical predictions based on MRI
on the day before TCPC surgery, with post-surgical MRI measurements obtained
approximately six months after surgery.
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3 Methods

3.1 Study population

In this thesis, in total 31 patients with univentricular hearts, palliated with either
Glenn or TCPC were retrospectively and prospectively included. Some patients
were included in more than one study and the overlap is shown in Table 3.1. Patients
12-22 were prospectively included with both Glenn and TCPC palliation, whereas
the remainder of the patients were retrospectively included with TCPC palliation.
All studies were performed in accordance with approved ethical permissions from
the regional ethics review board in Lund, the national ethics review board in Sweden
and the principles of the Helsinki declaration.

Paper |

Eleven patients (median age 11 years, age range 3 to 29 years, 3 females) with TCPC
palliation who had previously undergone MRI examination were retrospectively
included. All patients underwent cardiac catheterization in a dedicated paediatric
catheterization laboratory. Six patients had significant aorto-pulmonary collaterals
(APC), defined as pulmonary vein flow that exceeded pulmonary artery flow. This
was supported by findings from catheterization, with visible collaterals and
saturation step-up in the distal pulmonary arteries (86).

Patient 4 underwent a subsequent stent dilatation of LPA, and patient 3 underwent
a surgical implantation of a Y-graft intended to evenly distribute blood from the
liver to LPA and RPA. Both patients underwent post-interventional MRI.

Paper 11

Nine of the eleven patients from Paper I were included (median age 11 years, age
range 3 to 17 years, 2 females). One of the patients from Paper [ was excluded due
to a severely dilated atrium used as conduit from VCI to RPA, which made tracking
of hepatic blood from VCI to the pulmonary arteries unfeasible. Another patient
from Paper I was excluded due to reversed flow in LPA due to APC inflow. This
pre-determined that all hepatic blood from IVC flowed to RPA and was therefore
not a meaningful result for the study, which aimed to simulate the distribution of
hepatic blood. Additionally, 6 patients (median age 2.5 years, age range 2.3 to 3.1
years, 3 females) with Glenn palliation were prospectively included.
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Paper 111

Eighteen patients with TCPC palliation (median age 7 years, age range 3 to 14 years,
8 females) were included, whereof nine were prospectively included. An
experienced reader in paediatric radiology, blinded from the simulation results,
examined MRI, CT, and catheterization images for presence of veno-venous
collaterals (VVCs) and pulmonary arteriovenous malformations (PAVMs). Two
patients were found to have VVCs draining to the pulmonary veins, and two other
patients were previously diagnosed with PAVMs. Patient 31 underwent a staged,
minimally invasive endovascular intervention aimed at redirecting some of the
blood from the liver veins towards the left lung.

Paper IV

Eleven patients (median age 2.5 years, age range 1.8 to 8.3 years, six females) with
Glenn palliation were prospectively included to a pre-surgical MRI scan prior to
TCPC surgery, and a follow-up MRI scan planned to occur six months after surgery.
Due to the Covid19 pandemic, median follow-up time was 9 months, range 1 to 18
months. Patient 18 was re-admitted for MRI after one month due to low arterial
saturation and was successfully treated with a stent dilatation of LPA and
administration of sildenafil due to high net pulmonary resistance in the left lung.
Patient 21 was readmitted after one month due to pulmonary effusions and was
successfully treated with invasive drainage.
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Table 3.1. Patient inclusion in the studies
TCPC: Total cavo-pulmonary connection. (*) Dextrocardia, left isomerism, bilateral Glenn/Kawashima,
azygos continuation of VCI, liver veins to LPA. DILV: Double inlet left ventricle. ccTGA: congenitally
corrected transposition of the great arteries. PS: pulmonary stenosis. DORV: Double outlet right ventricle.
VSD: ventricle septum defect. HLHS: hypoplastil left heart syndrome. PA/IVS: pulmonary atresia, intact
ventricular septum. HRHS: hypoplastic right heart syndrome. MS: mitral stenosis. AVSD: atrio ventricular
septum defect. (**) HLHS, left isomerism, bilateral Glenn/Kawashima, azygos continuation of VCI, main
pulmonary artery towards LPA. (***) HLHS, left isomerism, bilateral Glenn/Kawashima, azygos
continuation of VCI, liver veins to RPA.. VCI: vena cava inferior. LPA: left pulmonary artery. RPA: right

pulmonary artery.

Patient Paper Paper Paper Paper Diagnosis Sex Age at
| I 1] \Y; MRI
1 TCPC TCPC DILV, TGA, PS M B
2 TCPC TCPC DORYV, VSD, PS M 16
3 TCPC TCPC *) F 11
4 TCPC TCPC DORYV, VSD M 3
5 TCPC TCPC DORYV, TGA M 17
6 TCPC TCPC HLHS M 4
7 TCPC TCPC TGA, VSD F 13
8 TCPC TCPC HLHS M 11
9 TCPC PA/IVS, HRHS M 10
10 TCPC TCPC AVSD, TGA, PA M 3
11 TCPC TA M 29
12 Glenn TCPC Glenn, TCPC DILV, PA, VSD M 25,3
13 Glenn TCPC Glenn, TCPC PA/IVS F 3.1,35
14 Glenn TCPC Glenn, TCPC HLHS M 1.8,3.2
15 Glenn TCPC Glenn, TCPC HLHS F 28,35
16 Glenn TCPC Glenn, TCPC PA/IVS F 23,45
17 Glenn TCPC Glenn, TCPC HLHS F 21,29
18 TCPC Glenn, TCPC **) M 8.3,84
19 TCPC Glenn, TCPC DORYV, AVSD F 25,35
20 TCPC Glenn, TCPC HLHS M 23,3
21 Glenn, TCPC ccTGA, VSD, PA M 26,28
22 Glenn, TCPC DORYV, ccTGA, VSD F 35,44
23 TCPC HLHS F 7
24 TCPC TA, HRHS M 12
25 TCPC HLHS M 13
26 TCPC HLHS M 12
27 TCPC HLHS M 15
28 TCPC PA, VSD, HRHS M 12
29 TCPC PA, TGA F 14
30 TCPC MS, VSD M 8
31 TCPC (***) F 14
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3.2 Magnetic resonance imaging

Magnetic resonance imaging (MRI) was used to obtain anatomic images, cine
images and flow measurements under free breathing in all patients.

Patients 1-11 (Table 3.1) were scanned in a 1.5 T Philips Achieva (Philips
Healthcare, Best, The Netherlands). Patients 12-31 (Table 3.1) were scanned in a
1.5 T Siemens Aera (Siemens Healthineers, Erlangen, Germany). Patient 3
underwent pre-interventional MRI in the Philips Achieva and, following surgical
implantation of a Y-graft (Figure 4.1 C-D), post-interventional MRI in the Siemens
Aera. Some, but not all patients underwent four-dimensional phase contrast (4D PC)
MRI, validated in vivo, in vitro, and in large and small vessels (48,87-89). Typical
MRI sequence parameters are shown in Table 3.2.

For the purposes of clinical method development, additional sequences were
performed when there was opportunity to do so, such as a T2-weighted sequence
for visualization of lymphatic pathways, which provided data that was not explicitly
used in this thesis.

Patients need to lie still in the scanner for the duration of the examination, which
may take up to an hour. Therefore, the young prospectively included patients
(patients 12-22, Table 3.1) were sedated with intranasal administration of
dexmedetomidine. The first dose of dexmedetomidine (100 pg/ml), 2-3 pg/kg, was
given approximately 40 minutes prior to start of examination. A second dose of 1
ug/kg was given at the start of the examination. A paediatric cardiologist was on
call during all examinations where dexmedetomidine was administered. There were
no complications related to sedation or the MRI examinations.
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Table 3.2. Magnetic resonance imaging parameters
bSSSP: balanced steady state free precession. TR: recovery time. TE: echo time. VENC: velocity
encoding. 2D-PC: two-dimensional phase contrast. 4D-PC: four-dimensional phase contrast

Scanner

TR/ TE/ Flip angle
Slice thickness

In-plane resolution

TR /TE/ Flip angle

In-plane resolution

Philips Achieva
bSSFP cine
29ms/1.5ms/60°
5 mm
1.2x1.2mm
2D-PC flow measurement
10ms/6.5ms/15°
1.2x1.2mm

Aorta: 200cm /s

Siemens Aera

40ms/1.4ms/51°
4-5 mm

1x1mm

40ms/2.6ms/20°
2 x2mm

Aorta: 200cm /s

VENC

Other vessels: 80 cm /s Other vessels: 80 cm /s

4D-PC flow measurement

TR/ TE/ Flip angle 6.2ms/3.6ms/8° 46 ms/3.5ms /8

Spatial resolution 3x3x3mm 3x3x3mm

VENC 100cm/s 50-100cm /s

3.3 Computational fluid dynamics

A method was developed using commercial software, aiming to provide a workflow
for safe, predictive pre-interventional CFD simulations with minimum complexity
and minimum required lead time.

In Paper 11, this process was titled “lean” in the sense of its aim to minimize wasteful
steps and embrace continuous improvement. Results of this process were compared
with results from a more established method which may be considered more
accurate, or at least more widely adopted by expert CFD users. The steps to perform
these processes follow the steps in Figure 1.5.1 and are outlined as follows.

3.3.1 The “Lean” CFD method

Many patients in this thesis were retrospectively included and scanned according to
routine clinical MRI protocols, with anatomical sequences of 1 x 1 x 5 mm
resolution in three projections. This resolution is not sufficient for semi-manual
segmentation (Figure 1.5.2).
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Thus, a process was developed for manual segmentation based on vessel contours.
Manually drawn endocardial contours is the clinical stan