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Abstract

Tetralogy of Fallot (ToF) is a congenital heart defect a ecting 1 in 2500 live births
annually in the United States, making it the most common defect with de cient blood
oxygenation. ToF is comprised of four di erent defects: a ventricular septal defect
(VSD), an overriding aorta, right ventricular hypertrophy, and right ventricular out-

ow tract (RVOT) obstruction. Typical surgical repair for ToF requires an initial
surgery at a few months of age to close the VSD and reconstruct the RVOT. The
defects and repair often leave the patient without a fully functional pulmonary valve.
Pulmonary valve replacement (PVR) is necessary in most ToF patients in their early
teen years to restore pulmonary valve function. Bioprosthetic valves, which are the
commonly used prostheses in PVR, are subject to degradation and dysfunction over
time, typically within 15 years of implantation and often leading to additional sur-
gical interventions. However, these valves fail early and unpredictably in as many
as 30% of ToF patients and there is currently little understanding of what hemody-
namic and anatomic factors may lead to early valve dysfunction. The objectives of
this thesis were to determine the impact of patient-speci ¢ features such as RVOT
anatomy, cardiac output, and valve orientation and placement during PVR on the
hemodynamics local to the bioprosthetic valve.

We developed a physiological ow loop to study hemodynamics in 3D printed
anatomical models of the RVOT with an implanted 25mm St. Jude Medical Epic
surgical valve. Full 3D, three-component, phase-averaged velocity elds were obtained
using 4D ow MRI. The scans were phase-locked with the trigger signal driving the
pulsatile ow, allowing us to capture multiple time points over the cardiac cycle.

The e ects of RVOT anatomy were evaluated by comparing a healthy control



model to a diseased model with a dilated main pulmonary artery (MPA). For both
models, we also studied two valve orientations: the native orientation of healthy
pulmonary valves and an orientation rotated 180 degrees from native. The cardiac
output was 3.5 L/min for these experiments. Flow features, such as recirculation,
vortex formation, and reversed ow regions, di ered signi cantly with the RVOT
anatomy and valve orientation. All cases produced asymmetry in the streamwise
velocity while the dilated MPA anatomy revealed additional asymmetry in the ra-
dial ows. Quantitative integral metrics quanti ed the streamwise momentum and
secondary ow strength in each of the cases. The dilated MPA geometry with the
rotated orientation had increased secondary ow strength and recirculation, which
demonstrated the compound e ect of RVOT anatomy and valve orientation on the
hemodynamics.

The dilated MPA model was used to assess the impact of varying cardiac output.
We conducted 4D ow MRI experiments for three cardiac outputs with the native
valve orientation: 2 L/min, 3.5 L/min, and 5 L/min. The 2 L/min and 3.5 L/min
cases were also studied with the rotated orientation. High-speed imaging experiments
visualized the valve lea et behavior in all three cases, each with the two valve ori-
entations. Varying the cardiac output through the same 25mm valve corresponds to
the clinical question of valve sizing. The 2 L/min case represents valve oversizing,
the 3.5 L/min case represents standard sizing, and the 5 L/min case presents valve
undersizing.

The ow elds in the dilated MPA model varied substantially with cardiac output,
including di erences in jet shape, size and location of recirculation regions, and areas
of reversed ow. In the 2 L/min case, the jet through the valve was more asymmetric
and the secondary ows were stronger than the other cases. We calculated the valve
ori ce area using the high-speed imaging experiments. The 5 L/min case had the
largest ori ce area, indicating the valve was most e cient at this cardiac output.

The valve lea et behavior over the cycles revealed that at 2 L/min, certain portions
of the lea ets remained partially closed throughout systole, blocking ow through the
valve ori ce. This produced the asymmetry seen in the corresponding ow elds
from 4D ow MRI scans in both the native and rotated orientation. This connection



demonstrates how ow features can reveal valve lea et behavior. Overall, we discov-
ered multiple adverse ow and lea et features in the 2 L/min case, indicating that
valve oversizing may produce a hemodynamic environment that predisposes the valve
for failure.

The e ects of valve position were examined in two RVOT models with an acute
angle between the RV and MPA. In one case, the valve annulus was aligned with the
RV. The other case aligned the valve with the MPA. Four 4D ow MRI scans were
conducted: the native and rotated orientation for each of the models. Each valve
alignment produced a di erent hemodynamic environment in the models. When the
valve was aligned with the MPA in the native orientation, it produced jet impingement
on the vessel wall above the bifurcation, though this was largely alleviated in the
rotated orientation case. When the valve was aligned with the RV, the ow was
characterized by large reversed ow volumes and high secondary ow strength. The
jet impacted the MPA vessel wall in this case, with the valve orientation shifting the
location of impingement. These studies illustrated the importance of valve position
in anatomies with extreme curvature as the global ow features were signi cantly
di erent in these two cases.

The 4D ow MRI data from the healthy control model with the native orientation
were used to validate a design-based mechanistic valve model using the immersed
boundary method for uid-structure interaction simulations. This process demon-
strated how the experiments conducted in this work provide high quality data for
comparisons with computational results. The simulations successfully captured the
jet angle and reversed ow regions present in the experimental data. Further tuning
for the simulations is necessary to better match the triangular shape of the jet.

Overall, this work demonstrated that RVOT anatomy, cardiac output, valve ori-
entation, and valve position have a signi cant impact on the hemodynamics local to
bioprosthetic valves in ToF patients. This emphasizes the need for a better clini-
cal understanding of how the hemodynamic environment impacts early valve failure.
Ultimately, this research could aid clinicians in determining the optimal pulmonary
valve placement for long-term performance on a patient-speci ¢ basis, enabling per-
sonalized care for ToF patients.
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Chapter 1

Introduction

1.1 Background and Motivation

1.1.1 Congenital Heart Disease

Congenital heart disease (CHD) is the most common congenital disorder, occurring
in approximately 1 of 125 live births every year. Nearly all CHDs require repair
early in the patient’s life, with the most severe CHDs necessitating palliative surgery
within the rst few months after birth. Before the successful development of the
cardiopulmonary bypass and other surgical techniques in the 1950s, severe CHD was
almost universally fatal (Wu et al., 2020). The surgical procedures that have devel-
oped since then allow children with CHD to survive into adulthood, with the overall
survival of all CHD patients increasing from 15% in the 1950s to 90% today (Brida
and Gatzoulis, 2020). The remarkable success of early surgical repair for CHD and
continued development of innovative surgical techniques has led to a rapidly growing
population of adult patients with CHD (Gilboa et al., 2016; Ho man and Kaplan,
2002; Schwartz et al., 2018; Marelli et al., 2007; lonescu-Ittu et al., 2010; Bouma and
Mulder, 2017; Brida and Gatzoulis, 2020; Lui et al., 2014). In fact, in 2010, adults
accounted for approximately 66% of the entire CHD population (Marelli et al., 2014).

Patients with CHD are at risk for lifelong comorbidities and often require multiple
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reinterventions, as early surgical treatment of these diseases is rarely curative (Lui
et al., 2014; Bouma and Mulder, 2017; Schwartz et al., 2018). As such, especially with
the growing CHD population, there is increasing focus on improving intermediate
and long-term care for CHD patients following an initial repair. Various studies
have highlighted the improvements in surgical techniques and examined longitudinal
data to review the long-term outcomes for CHD patients beyond early childhood
(Holst et al., 2017; Martin and Jonas, 2018; Smith et al., 2019). However, there is
naturally large variation within the CHD population, as each disease type comes with
di erent defects and requires di erent forms of repair. Therefore, improvements to
the treatment of CHD are typically directed towards speci ¢ diseases.

1.1.2 Tetralogy of Fallot

Tetralogy of Fallot (ToF) is the most common cyanotic (characterized by de cient
blood oxygenation) CHD, a ecting 1 in 2500 live births annually in the United States.
ToF patients of all ages account for 7-10% of all cardiac malformations (van Doorn,
2002; Louvelle et al., 2019). ToF is comprised of four di erent defects: a ventricular
septal defect (VSD), an overriding aorta, right ventricular hypertrophy, and right
ventricular out ow tract (RVOT) obstruction, often with a stenotic pulmonary valve,
as seen in Figure 1.1. ToF was universally fatal until the rst palliation was suc-
cessfully conducted by Blalock and Taussig using a systemic artery to pulmonary
shunt in 1945, which extended ToF patient life expectancy from a few months to a
few years (Blalock and Taussig, 1984; Holmes, 2012). In 1954, Lillehei performed the

rst full open-heart repair of ToF, making it a correctable malformation with most
of Lillehei’s ToF patients surviving into adolescence and adulthood (Lillehei et al.,
1955, 1986). In current surgical practice, ToF patients typically undergo surgical re-
pair during the rst few months of life. During this initial open-heart surgery, the
VSD is closed, which also corrects the overriding aorta, and the RVOT obstruction
is relieved, typically with a transannular patch or right ventricle (RV) to pulmonary
artery (PA) conduit (Hirsch et al., 2000). Due to the remarkable success of this initial
repair surgery, 90% of ToF patients are expected to live beyond 40 years old, which
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makes ToF the fastest growing CHD patient population (Suleiman et al., 2015; Moons
et al., 2010).

Correcting the RVOT obstruction is a crucial part of ToF surgical repair, as it
creates an unobstructed path for blood ow from the RV to the lungs. However,
widening the RVOT during this surgery typically leaves patients without a fully func-
tioning pulmonary valve and they acquire pulmonary regurgitation or insu ciency
(Kogon et al., 2007). Achieving pulmonary competence during the initial repair is
di cult and generally unsuccessful, as attempts to construct or insert valves at this
stage fail due to structural deterioration and lack of growth (van Doorn, 2002). While
the pulmonary regurgitation from the initial surgery can be well-tolerated through-
out the early postoperative years, it increases RV volume load and eventually results
in progressive RV dilation and dysfunction as the compensatory mechanisms in the
right heart break down (Geva, 2011; Suleiman et al., 2015; van Doorn, 2002; Holmes,
2012). Chronic pulmonary regurgitation and RV dysfunction are important risk fac-
tors for long-term adverse outcomes, including ventricular arrhythmias and sudden
death (van Doorn, 2002; Holmes, 2012; DiLorenzo et al., 2018). Pulmonary regur-
gitation can be treated with the placement of a competent pulmonary valve, which
relieves the RV volume overload and can restore RV function, decreasing the risk
of sudden cardiac death (Fuller, 2014). The details of pulmonary valve replacement
(PVR) surgery are discussed in depth in Section 1.2.

In addition to complications caused by widening the RVOT, the initial repair of
ToF and the ToF defects themselves lead to patient anatomies that are signi cantly
di erent from a healthy right heart and pulmonary anatomy. Clinical observation also
reveals a wide range of RVOT anatomies among the ToF patient population, with
signi cant variations in vessel dilation, radius of curvature, RVOT angle as it extends
from the RV, and angle at the rst pulmonary artery bifurcation (Schievano et al.,
2007). Figure 1.2 illustrates two of the variations seen in the ToF patient population
compared to a healthy anatomy, including dilation in the main pulmonary artery
(MPA), which is one of the most common variations, and an acute angle of curvature
in the RVOT.
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Tetralogy of Fallot

Stenotic

pulmonary valve
Ventricular

septal defect

Thickened muscle

Figure 1.1: Schematic of ToF, which is comprised of four defects: a ventricular septal
defect, an overriding aorta, right ventricular hypertrophy, and RVOT obstruction
with a stenotic pulmonary valve. The overriding aorta is shown where the light
blue arrow indicates blood ow going into the aorta from the right ventricle. Right
ventricular hypertrophy results in the thickened muscle around the right ventricle
(source: American Heart Association).
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Figure 1.2: Simpli ed illustrations of a healthy RVOT (left), an RVOT with a dilated
MPA (middle), and an RVOT with an acute angle of curvature (right). The middle
and right images depict common variations seen in ToF (illustrations provided by Dr.
Do McElhinney).

1.1.3 ToF Geometric Features Associated with Surgical
Outcomes

Geometric variations in ToF patients may impact the implementation and success of
future reinterventions, including PVR. Studies have found that patient morphology
can be associated with both the short-term outcome (Kirklin et al., 1992) and long-
term function (Shen et al., 2021) after the initial ToF repair. The recent study by
Shen et al. (2021) examined patients with repaired ToF and found that the shape of
RVOT was associated with RV volume remodeling and other indicators of poor RV
function over 10 years after their initial repair. This study measured a wide range
of geometric parameters, but focused on the patient function before their rst PVR
surgery. Henkens et al. (2007) examined the role of geometry on PVR outcomes by
measuring RV size and function before and after the surgery. Their ndings indi-
cated that RV end-systolic volume was the best predictor for RV volumes after PVR
and should be a key factor in determining the timing of surgery. In another study
examining patients with homografts inserted during PVR, the geometry of the homo-
graft itself in uenced the likelihood of valve incompetence (Nordmeyer et al., 2009).
These studies emphasize the role geometry plays in heart function and outcomes for
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ToF patients, but there is limited literature that focuses on PVR speci cally while
accounting for numerous measurements of RVOT and PA geometry.

In collaboration with clinical colleagues, we examined image data of a cohort
of 81 ToF patients to determine associations between pre-operative anatomy and
outcomes after PVR surgery (Arana et al., 2021). We measured a wide range of
geometric features for each patient, including the lengths of the RVOT, MPA, and
branch PAs, the diameters of those segments at various cross-sections, and the angles
of the vessels at the RV and at the bifurcation. We also calculated segment volumes,
cross-sectional areas and eccentricities, and area ratios along vessel segments based
on those measurements. From the vessel diameters, we were able to categorize the
patients into six RVOT shape types, based on the de nitions of ve types provided in
a study of RVOT morphology by Schievano et al. (2007) with an additional category
for patients who did not t in the original ve types. These shape types group
patients by changes in diameter along the RVOT. For example, Type | represents an
RVOT that decreases in diameter from the RV to the PA bifurcation, starting with a
dilated MPA, while Type 111 is an RVOT that increases in diameter along its length.
While these morphological types are useful for categorizing RVOTs, we found that
there were signi cant variations in eccentricity along the RVOT within each type;
the circumferential shape at the cross-sections does not follow the same patterns as
the diameters. The bifurcation angles also varied greatly within each shape category.
Thus, the RVOT morphology classi cation based on the variation of vessel diameter
along its length oversimpli es the complex geometry, as the eccentricity and angles
of the vessel can also have signi cant impacts on the environment of the pulmonary
valve. This highlights the complex nature of the RVOT anatomy in ToF patients.

We also performed a preliminary analysis with this 81 patient cohort to identify
associations between the pre-operative geometric features and freedom from valve dys-
function, an important outcome in ToF patients after pulmonary valve replacement.
Due to the limited size of the patient cohort, the number of parameters measured for
this study was close to the number of patients, with 74 parameters and 81 patients.
Therefore, we explored associations between pre-PVR parameters and freedom from
valve dysfunction using a conditional inference forest (CIF), a random-forest method
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that handles time-to-event data and di ers from common survival random forest al-
gorithms by avoiding the bias towards variables with many split points (Nasejje et al.,
2017). For the nal version of the model, we selected 36 parameters out of the 74
total to include the most comprehensive set of parameters while minimizing redun-
dancy. The CIF identi ed the most important parameters in determining freedom
from dysfunction, but we could not use this model alone to evaluate the association
since we did not have a testing data set. Therefore, we assessed the top 25% most
important parameters using univariable and multivariable Cox proportional hazards
regression, with statistical signi cance de ned as p < 0.05.

The CIF model ranked the ratio between the surgical pulmonary valve size and the
preoperative pulmonary valve annulus and the RVOT and RPA length, both indexed
by body surface area, within the top ve most important parameters associated with
shorter freedom from valve dysfunction (Figure 1.3). Several branch PA parameters
were also assigned importance values within the top 25%, with smaller volume left
pulmonary arteries (LPA) (p = 0.018) and narrowing right pulmonary arteries (RPA)
(p = 0.024) signi cantly associated with shorter freedom from valve dysfunction.
While there are limitations in this preliminary study, particularly the small cohort
size and the use of retrospective data which did not always document the pulmonary
valve location su ciently, the overall ndings suggest that the preoperative geometric
features of the RVOT and PA bifurcation may be related to valve dysfunction. Further
details can be found in Arana et al. (2021).



CHAPTER 1. INTRODUCTION

RVOT Length Indexed -

Age at PVR -

RPA Length Indexed -

BSA at PVR -

Valve Size / Annulus Area Ratio -
LPA Volume Estimate Indexed -
RPA Distal / Proximal Area Ratio -
RPA-LPA Angle -

Proximal RVOT Eccentricity -

LPA Distal / Proximal Area Ratio -
Pulmonary Trunk Volume Estimate Indexed -
RVOT Distal / Proximal Area Ratio -
Pulmonary Valve Annulus Eccentricity -
Pulmonary Valve Annulus Area Indexed -
PT-LPA Angle -

.
.
PT Distal / Proximal Area Ratio - .
Gender - .
PT-RPA Angle - .
RV / LV Systolic Ratio - .
RVOT Shape Type (1-6) - .
Pulmonary Regurgitant Franction = .
Mid RPA Eccentricity = .
Mid LPA Eccentricity - .
LPA Length Indexed - .
.
.
L
.
.
L]
.
.
.

Parameter

RVEDV Indexed -

RVESV Indexed -
Complete RVOT Ellipticity Variation Coefficient -
RVOT Volume Estimate Indexed -
RPA Volume Estimate Indexed ~
Pulmonary Trunk Length Indexed -
RV / LV Diastolic Ratio -
RVEF -
RVOT-Pulmonary Trunk Angle -

RPA Area Ratio at Bifurcation- @

Complete RVOT Diameter Variation Coefficient- e

Mid Pumonary Trunk Eccentricity - e

) 0.010 0.015

0.000 0.005
Importance

Figure 1.3: Results from the multi-parameter valve function survival analysis using a
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operative geometric features and patient demographics. The top 25% of parameters
(red box) were further evaluated with Cox proportional hazards regression ( gure

reproduced from Arana et al. (2021)).
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1.2 Pulmonary Valve Replacement

1.2.1 Current Surgical Practices

PVR is necessary in most ToF patients to restore pulmonary valve function and elim-
inate the pulmonary regurgitation created by the initial repair. The indications for
when to perform PVR are varied and still debated in the clinical literature (Geva,
2011; Holmes, 2012). For ToF patients with pulmonary regurgitation, the presence
of symptoms such as fatigue and decreased exercise tolerance often serves as an in-
dication for PVR surgery (Fuller, 2014). For asymptomatic patients with pulmonary
regurgitation from varied causes, the criteria for surgery are not completely standard-
ized. Most recommendations include increased RV volume and a higher fraction of
pulmonary regurgitation, though the exact threshold for these values varies (Fuller,
2014; Frigiola et al., 2006; Geva, 2011; Oosterhof et al., 2007; Holmes, 2012). Holmes
et al. (2012) note that the decision for PVR timing is a balance between preserv-
ing RV function, which indicates operating earlier before dysfunction becomes irre-
versible, and minimizing the potential number of future interventions, which tends
to be higher for patients who undergo PVR earlier. Regardless of these variations
in indications for PVR, all studies concur that successful PVR reduces or eliminates
pulmonary regurgitation by placing a functioning valve, which in turn allows for RV
recovery in volume and function (Gengsakul et al., 2007). For most ToF patients,
PVR is performed in late childhood or adolescence, due to the bene ts of relieving
the chronic pulmonary regurgitation (Kanter et al., 2002; Mitropoulos et al., 2017
Fuller, 2014).

Kogon et al. (2007) provide a detailed description of typical PVR technique. Sur-
gical PVR is an open-heart procedure performed with the patient on cardiopulmonary
bypass, conducted with either cold cardioplegic arrest or a beating heart technique
depending on the patient-speci ¢ defects and anatomy. An incision is made in the
MPA and partially into the RV to provide access to the pulmonary valve annulus.
Typically, the surgeon will excise any pulmonary valve lea et tissue left from the
native valve. Then the surgeon will use valve sizers to choose the replacement valve
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size and sew the valve in place along the posterior side into the native MPA vessel.
To close the incision, an RVOT patch made of bovine or pericardium is shaped to t
over the incision area. The RVOT patch is sutured to the MPA, then the anterior
section of the valve annulus is sewn in, followed by closing the RV end of the incision
with the patch.

Xenograft bioprosthetic valves, along with allograft or xenograft valved conduits,
are the most commonly used prostheses for RVOT reconstruction in patients with ToF
and other forms of congenital heart disease in which PVR is necessary (Kogon et al.,
2007; Batlivala et al., 2012; Chen et al., 2012; Babu-Narayan et al., 2014; Zubairi
et al., 2011; Lee et al., 2012). In particular, Kogon et al. (2007) note that they
prefer to use bovine, porcine, and pericardial bioprosthetic valves for PVR because
they are easy to implant, durable in the low-pressure system of the right heart, and
have cost and availability advantages. While mechanical valves are more durable than
bioprostheses, they require long-term anti-coagulation therapy, which poses high risks
in children (Siddiqui et al., 2009). The main disadvantage of bioprosthetic valves,
however, is that most are subject to structural degeneration and dysfunction over
time, often within 10-15 years of implantation depending on patient age, size, and
other factors (McElhinney et al., 2011; Siddiqui et al., 2009; Vongpatanasin et al.,
1996).

Bioprosthetic pulmonary valves are placed during surgical PVR, which is still re-
garded by most as the gold standard procedure for adolescent and adult ToF patients
(Suleiman et al., 2015). However, transcatheter pulmonary valves are emerging as an
option for PVR. The rst transcatheter replacement of a pulmonary valve installed
a bovine bioprosthetic valve in an RV to PA conduit with valve dysfunction (Bon-
hoe er et al., 2000). This rst operation and subsequent trials on larger cohorts of
patients have demonstrated the success and safety of using transcatheter valves for
PVR (Bonhoe er et al., 2000; Khambadkone et al., 2005; Lurz et al., 2008). The
Melody valve (Medtronic Inc, Minneapolis, Minn), a modi ed version of the original
device used by Bonhoe er, has been approved by the United States Food and Drug
Association (FDA) for use in dysfunctional RVOT conduits and is commercially avail-
able throughout the world (McElhinney et al., 2010). McElhinney et al. conducted a
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multicenter US clinical trial which demonstrated that Melody implants provide pul-
monary valve competency, reduce RVOT obstruction, improve RV function, and can
be safely placed by experienced interventional cardiologists (McElhinney et al., 2010;
Zahn et al., 2009). However, all of these Melody valve studies were conducted in
dysfunctional RVOT conduits, which are not placed in all ToF patients, and tran-
scatheter valve use is limited by patient size and RVOT anatomy. Since most ToF
patients undergo an initial repair with a transannular patch and are left with a dilated
native RVOT, transcatheter techniques generally cannot be used in these situations,
which constitutes over 85% of ToF patients who require PVR (Suleiman et al., 2015;
Fuller, 2014). Though there is early-stage development for transcatheter valves that
can be used in native RVOTs (Cao et al., 2014; Schievano et al., 2010) and tech-
niques for using multiple stents with existing transcatheter valves in large RVOTs
(Boudjemline et al., 2012), these options are still far from ready for regular clinical
use (Suleiman et al., 2015). Therefore, while transcatheter valves are emerging as an
attractive option for treating RVOT obstruction, they are rarely a viable solution for
ToF patients undergoing their rst PVR.

Valve sizing and position during surgical PVR are often left to the surgeon’s
discretion. Kogon et al. (2007) note that the size should be chosen such that two
thirds of bioprosthetic valve t within the native pulmonary annulus. However, some
surgeons often oversize the valve to allow for somatic growth (Kwak et al., 2016;
Maeda et al., 2021). In contrast, some studies have found that valve oversizing may
actually contribute to early bioprosthetic valve failure (Wells et al., 2002; Karamlou
et al., 2005; Chen et al., 2012). Thus, there are discrepancies in surgical practice
for determining valve size during PVR and the e ects of valve oversizing are not
fully understood. Valve position within the MPA and rotational orientation can be
di cult to standardize due to the wide variation in ToF anatomies. It is important
to place the valve and its supportive struts in a location that avoids coronary artery
compression (McElhinney et al., 2010; Kogon et al., 2007). The valve placement
also has to facilitate closure by the RVOT patch. Kogon et al. (2007) make a
recommendation to orient the valve such that it aligns with the downstream PAs, but
it is not clear if this is possible in all ToF patients. Beyond these considerations and
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normative dimensions, there are no standard clinical guidelines for valve placement
or sizing during PVR surgery.

1.2.2 Early Bioprosthetic Valve Dysfunction

PVR surgeries in ToF patients successfully restore pulmonary valve competency in the
early postoperative years. However, bioprosthetic valves are subject to dysfunction
over time, which typically presents as pulmonary regurgitation, pulmonary stenosis,
or a combination of both (Batlivala et al., 2012; Lee et al., 2016; Nordmeyer et al.,
2009). While this eventual dysfunction is expected over a period of 10-15 years,
these valves fail early and unpredictably in as many as 30% of ToF patients despite
extensive clinical experience with bioprosthetic valves in the RVOT (Oliver et al.,
2015; Khanna et al., 2015). Several studies have identi ed younger age is a predictor
of shorter longevity in bioprosthetic valves and valved conduits (Maeda et al., 2021;
Chen et al., 2012; Oliver et al., 2015; Batlivala et al., 2012; Kwak et al., 2016; Zubairi
et al., 2011; Lee et al., 2011). For young patients, valve failure may be partially a
function of somatic growth, as the valve cannot accommodate the increasing cardiac
output as a patient grows. Oliver et al. (2015) found that when the patient was
older that 20.5 years at the time of PVR, freedom from reintervention for pulmonary
valve failure at 15 years was 70%. When the patient was younger than 20.5 years, the
freedom from reintervention dropped to 33%. Chen et al. (2012) identi ed a similar
cut-o point with patients younger than 20 years at PVR having increased risk of
structural valve deterioration. Even within a cohort where all patients were under
21 years at PVR, younger age was still found to be associated with shorter freedom
from reintervention (Batlivala et al.,, 2012). This repeated nding highlights the
risk of early valve dysfunction in the ToF patient population, who typically undergo
PVR during adolescence. Bioprosthetic valve degeneration and dysfunction, and the
reinterventions necessary to replace them, are important causes of morbidity in these
patients. Thus, extending long-term valve function is crucial in improving overall
outcomes for ToF patients who undergo PVR.
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There are various modes of valve failure that lead to dysfunction, including calci-
cation, valve lea et tears, and pannus growth (Siddiqui et al., 2009; Konakci et al.,
2005; Schoen et al., 1987; Butany and Leask, 2001). Calci cation is the most com-
mon mode of valve degeneration; it can produce regurgitation or stenosis and is also
considered a predisposing factor in lea et tears. Calci ¢ deposits can begin to form
within 3 years of valve implantation and the most common sites are the commis-
sures and the basal area of the lea ets, which is where the lea ets meet the annulus.
Calci c lea ets are prone to tearing, which then leads to regurgitation through the
damaged lea et. Alternatively, these calci ¢ lea ets can sti en and prevent full mo-
tion, leading to pulmonary stenosis. Calci cation may be caused by several possible
factors, including immune system response, chemical interaction in the blood, and
mechanical stress (Siddiqui et al., 2009; Schoen and Levy, 1999; Liao et al., 2008).
Additionally, immunologic factors may contribute to other modes of dysfunction when
valved homograft conduits are placed during PVR (Christenson et al., 2004; Baskett
et al., 2003). In addition to calci cation, bioprosthetic valve failure can be caused
by lea et tears and pannus, which is the growth of the patient native tissue onto
the implanted valve. Lea et tears can be generated directly by high pressures dur-
ing opening and closing periods and are commonly seen at the commissures, where
the stress is highest (Siddiqui et al., 2009). Some pannus is expected as part of the
natural healing process after PVR, but when pannus extends onto the valve lea ets,
it can lead to thickening that sti ens the lea ets and xes them in place, which in
turn causes stenosis (Siddiqui et al., 2009). Valve degeneration and failure can also
be caused by rarer modes, such as infective endocarditis or valve thrombosis.

The complex hemodynamics and blood ow patterns produced by bioprosthetic
valves can play a signi cant role in producing these failure modes and in their overall
function. Several overview studies provide an in-depth description of the uid dy-
namics of native pulmonary valves, which involve a high-speed jet through the valve
opening together with small regions of reverse ow during later systole (Sacks and
Yoganathan, 2007; Sacks et al., 2009). Similar uid dynamics reviews of prosthetic
valves demonstrate their impact on hemodynamics in producing ow patterns not
seen in native heart valves (Yoganathan et al., 2004, 2005; Sotiropoulos et al., 2016;
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Dasi et al., 2009). Prosthetic valves are shown to produce regions with higher velocity
and higher turbulent shear stress than native valves, along with ow instabilities and
large recirculation regions outside of the jet (Yoganathan et al., 2005; Dasi et al.,
2009). These complex hemodynamic features have been linked to clinical complica-
tions, such as increased uid stresses that induce lea et calci cation or tearing and
a ect red blood cells and endothelial cells (Yoganathan et al., 2005; Dasi et al., 2009;
Sotiropoulos et al., 2016; Raghav et al., 2018; Nordmeyer et al., 2009). Reversed ow
is a key feature for valve performance as some literature suggests some reversed ow
enables more e cient valve closure, but other studies indicate that too much reversed
ow produces regions where hemolysis and hemostasis can occur (Yoganathan et al.,
2005; Sotiropoulos et al., 2016). Regions of ow stagnation and ow separation in the
vicinity of the valve have also been linked to tissue overgrowth and calci cation (Yo-
ganathan et al., 2004). Overall, these studies demonstrate that bioprosthetic heart
valve hemodynamics can have a signi cant impact on long-term valve function.

The blood ow patterns local to bioprosthetic valves are not only created by the
valves themselves, but also by the surrounding anatomy. Sotiropoulous et al. (2016)
found that bioprosthetic valves generate complex ow structures and vortex rings that
interact with the surrounding cardiac anatomy to generate shear layers and regions of
recirculation. They noted that the location and orientation of prosthetic heart valves
during implantation, in addition to the geometry of the valves, have an important
role in the resulting hemodynamics. The relationship between geometric features and
hemodynamics has been extensively studied in other cardiovascular environments,
such as the carotid artery bifurcation and stenotic coronary arteries, revealing key
relationships between geometry and clinical outcomes (Lee et al., 2008; Niu et al.,
2018; Bresslo , 2007; Morbiducci et al., 2016; Peng et al., 2016; Cheung et al., 2010;
Manbachi et al., 2011; Nguyen et al., 2008). On the pulmonary side, examinations of
healthy PA bifurcations have demonstrated complex three-dimensional ows, includ-
ing swirling ow in the LPA and RPA, that vary with patient-speci ¢ anatomy and
with resting versus exercise conditions (Tang et al., 2011; Capuano et al., 2019).

In the ToF patient population, the in uence of geometric features on hemody-
namics is particularly crucial due to the wide range of anatomic variations. After
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initial repair, geometric complexity in ToF, such as bifurcation angles and vessel di-
ameters and tortuosities, can impact ow separation, recirculation, and regurgitation
and reverse ow in the MPA and branch PAs (Louvelle et al., 2019; Zhang et al., 2016;
Chern et al., 2012, 2008). PVR procedures introduce additional geometric complexity
and variations in ToF patients, which can alter the hemodynamic and biomechanical
characteristics of the right heart compared to normal anatomies, leading to adverse
e ects on RV function (DiLorenzo et al., 2018; Lee et al., 2013; Das et al., 2010; van
Straten et al., 2004).

These previous studies provide a wealth of knowledge on the hemodynamics of
native and prosthetic pulmonary valves, the role hemodynamics can play in valve
function, and the relationship between geometric features and ow characteristics
in ToF. However, there has only been limited work examining the role of speci ¢
anatomic variations or the impact of valve placement during surgery, particularly in
the pulmonary position (Schievano et al., 2011; Biglino et al., 2013b; Vismara et al.,
2009; Louvelle et al., 2019). In general, PVR outcomes in ToF patients remain poorly
understood. While modes of valve failure have been identi ed, the anatomic and
hemodynamic factors that contribute to the degeneration and dysfunction of biopros-
thetic valves in the RVOT reamin poorly understood. Though studies have identi ed
younger age as one risk factor for early valve dysfunction, within this younger co-
hort it is currently not possible to predict which patients will experience earlier valve
dysfunction. Thus, it remains unknown why the trajectory of bioprosthetic valve
failure varies so extensively in the RVOT. At present, there are no surgical or clinical
measures proven to extend bioprosthetic pulmonary valve longevity.

1.3 Present Work

The objectives of this project were to discover how patient-speci ¢ features such as
RVOT anatomy, cardiac output (particularly relative to bioprosthetic valve size),
valve orientation, and valve position within the RVOT impact the hemodynamics lo-
cal to the valve placed during PVR in ToF patients. We believe that the ow features
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generated by these parameters will impact the environment of the valve and its long-
term performance. In particular, we wanted to analyze full three-dimensional (3D),
three-component velocity elds over the cardiac cycle in models that accurately rep-
resented typical ToF anatomies and surgical valve behavior. To accomplish this goal,
we chose to design and examine experimental models using 4D ow magnetic reso-
nance imaging (MRI), which is also called magnetic resonance velocimetry (MRV).
The speci ¢ objectives of this work are:

Design and print anatomical models of the RvOT which allow for surgical valve
placement and represent key variations seen in the ToF patient population.

Develop an MRI-compatible physiological ow loop which can accurately cap-
ture pulmonary pressure and ows. The ow loop should be reusable for all
RVOT models.

Analyze full 3D, three-component ow elds over the cardiac cycle for a variety
of ToF anatomies and valve positions that would be considered during surgical
PVR.

Characterize the hemodynamic di erences between healthy and diseased geome-
tries, between di erent valve orientations or placements within those geometries,
and between varied cardiac outputs.

Validate a novel simulation technique for ow through valves in realistic anatom-
ical models and demonstrate use of experimental data as a gold standard for
validating valve lea et simulation methods.

Chapter 2 describes our methodology in detail. There are many bene ts to using
4D ow MRI for this project. It does not require optical access to measure velocity
elds, allowing us to 3D print complex opaque models that capture key anatomical
features of the RVOT anatomy. This in vitro study enables us to change valve posi-
tion, orientation, and cardiac output with the same geometry, which is not possible
in vivo. While 4D ow MRI is the same technique that is used in vivo, longer scan
times are possible with experimental phantoms which leads to better spatial reso-
lution in the data. Though the rigid printed models do not represent anatomical
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material properties, they facilitate the scan procedure, providing greater consistency

in measurement resolution and uncertainty between cases. Critically, this experi-

mental project is designed to use clinical surgical valves, guaranteeing that we are

capturing true valve lea et dynamics. Computational methods are limited in this

capacity due to the di culty of accurately simulating valve lea ets along with uid
ow and the surrounding anatomy.

A series of experiments were carefully designed to test various aspects of patient
variability and valve hemodynamics. Four di erent modular ToF anatomy models
were printed: a healthy control, a disease case with a dilated MPA, and two diseased
cases for di erent valve placements within an RVOT and MPA with acute curvature.
Two di erent valve orientations were analyzed for all four models and three di erent
cardiac outputs were studied in the dilated MPA model. 4D ow MRI experiments
were conducted for all of these cases. Additionally, high-speed video was used to
capture instantaneous lea et motion for selected con gurations.

Chapter 3 compares the ow elds of the healthy control model to the dilated MPA
model, each with two valve orientations. We illustrate the qualitative and quantitative
di erences in key ow features between the two cases. In particular, we demonstrate
the compound impacts of changing both RVOT anatomy and bioprosthetic valve
orientation.

Chapter 4 examines the e ect of changing cardiac output in the dilated MPA
model. We employ both 4D ow MRI and high-speed video experiments to study
the di erences in the hemodynamics throughout the model and the instantaneous
behavior of the valve lea ets.

Chapter 5 analyzes the two models that represent an RVOT with an acute angle.
Clinically, surgeons presented with this anatomy often have to make a choice on
whether to align the valve with the RV or with the downstream PA. We analyze these
choices with two di erent models based on the same curved anatomy and examine
how the valve position and orientation change the overall hemodynamics.

In Chapter 6, we use the experimental data from the healthy control model to vali-
date a novel simulation method. This preliminary work demonstrates the capabilities
of this method, which utilizes an immersed boundary method and a mechanistic
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valve model to capture realistic valve lea et motion. This work also illustrates how
the data collected during this project can be used as a gold standard for validating
valve simulations.

Finally, Chapter 7 presents conclusions and suggests future research. We discuss
the learnings from our experimental models and the potential for linking hemody-
namic features to clinical outcomes in ToF patients.



Chapter 2

Experimental Methodology

2.1 4D Flow Magnetic Resonance Imaging

The experiments in this study utilize 4D ow magnetic resonance imaging (MRI),
also called 4D phase contrast MRI or magnetic resonance velocimetry, to obtain full
3D, three-component, phase-averaged velocity elds in physical models of the RVOT.
This section summarizes the basic principles of MRI and describes how velocity data
are generated over the cardiac cycle using 4D ow MRI sequences. Detailed reviews
of the development and use of these methods in analyzing uid dynamics problems
is provided by Elkins et al. (2003) and Elkins and Alley (2007).

2.1.1 Principles of MRI

MRI utilizes the resonant properties of hydrogen protons in water molecules when
subject to an applied magnetic eld. The hydrogen protons precess around the strong
magnetic eld, called By, at a rate called the Larmor frequency, de ned as

1,= Bpg; (21)

where is the gyromagnetic ratio, a material property of the resonant species. The
gyromagnetic ratio of hydrogen is 42.58 MHz/T and all studies in this work were

19
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conducted in a magnet with a eld strength of 3T. To generate signal, a radiofrequency
(RF) pulse tips the hydrogen proton spins out of alignment with the main magnetic

eld. The spins relax after the pulse is provided, still precessing around the applied
magnetic eld. The RF signal produced by the relaxing spins is measured by receiving
coils in the MRI scanner. In addition to the static B, eld, weak magnetic eld
gradients are applied along the three physical axes of the magnet. This allows spatial
information to be encoded in the acquired signal, since the frequency of the spins is
directly proportional to the external magnetic eld.

In4D ow MRI, velocity information is obtained using the phase of the MR signal.
In a static, uniform magnetic eld, the phase of stationary and moving spins, subject
to an RF pulse, would be the same since they would precess at the same frequency.
To encode velocity information, a magnetic eld gradient is applied in the direction of
the desired velocity component. A spin moving in this eld will be subject to spatially
varying magnetic eld strength, which results in varying precession frequency. The
phase of the signal for each spin re ects this varying precession frequency, which was
caused by the movement of the spin, thereby encoding velocity information. When
these magnetic eld gradients are applied in all three principle directions, the MRI
data produces three-component velocity elds.

While applying magnetic eld gradients allows velocity information to be encoded
in the signal phase, the initial position of a spin can also be encoded in the phase
depending on how the gradients are applied. To avoid this, scanning sequences in
velocity encoding typically use a bipolar pair of magnetic eld gradients. This pair
has equal positive and negative lobes to produce a gradient signal with zero mean
magnetization over time. This eliminates the e ect of the initial spin position. In
addition, the signal phase can be dependent on other sources, such as By or RF
inhomogeneity, susceptibility di erences, and o -resonance e ects (Pelc, 1995). To
eliminate these other dependencies, two acquisitions of phase signal are used for each
component of velocity. Each of the phase acquisitions is produced from the same
underlying velocity eld and experiences the same B, inhomogeneity and other static
properties that may e ect phase. The phase information that is only sensitive to
velocity is calculated by taking the di erence of these two acquisitions. This procedure
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is called phase contrast imaging. Further details of the scanning sequence and the
timing of the applied magnetic eld gradients for the data acquisition done in this
work are described in Pelc et al. (1994) and Elkins et al. (2003).

The velocities that can be measured in a given phase contrast scan are limited by
the range of the phase di erences, which is[ ; ] radians. The maximum velocity
produces a phase shift of radians and is known as the velocity encoding value, or
VENC. The VENC is typically set to be slightly higher than a user estimate of the
largest expected velocity in a given study. The magnitude of the applied magnetic

eld gradients are then set such that the range of velocities [-VENC,VENC] are
represented by the range of phase di erences.

The expected uncertainty of 4D ow MRI velocity measurements is given by

_ P35 VENC _

‘TSR 22)

where SNR is the signal to noise ratio. For the experiments in this work, the signal
to noise ratio was calculated as the ratio of the signal in the ow region to the signal
in the solid wall, as done in Banko et al. (2015). The signal in the ow region was
averaged over a region of interest in the free stream ow. The solid wall of the model
within the domain was identi ed using a threshold for signal magnitude. The signal
of the wall was averaged over the voxels denoted by this threshold. The uncertainty
is calculated individually for each case and presented with the data analysis in the
later chapters.

The MRI sequence for measuring ow can be gated in order to measure pulsatile
time-varying ows. The trigger signal that indicates the start of each cardiac cycle is
recorded by the MRI along with the velocity data. The data are then sorted into a
speci ed number of time bins, or phases, during the acquisition. Over the acquisition
process, the velocity data are averaged within each phase. Note that for 4D ow MRI
scans, the VENC must be set high enough to prevent velocity aliasing during phases
with high velocity ow, but still low enough to allow for su cient resolution at low
velocities. This 4D ow MRI procedure results in time-resolved, three-component,
phase-averaged velocity data over the 3D volume encompassing the test section for
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each study.

2.1.2 Scan Procedure

The experiments were performed in a whole body, 3 Tesla General Electric MRI
scanner at the Richard M. Lucas Center for Imaging at Stanford University. The ow
loop, as described in Section 2.3, was assembled in the magnet room with the test
section passing through the bore of the magnet for each session (Figure 2.1). For each
study, multiple 4D ow MRI scans were conducted and averaged to increase signal
strength and reduce noise. Additionally, scans were conducted both with the pump
on and with the pump o . The scans with the pump o were taken when the ow had
completely come to rest. These pump-o scans were averaged and subtracted from
the pump-on scans to reduce various sources of error, including eddy current e ects
(Elkins and Alley, 2007). To account for drift in the eddy currents and other signal
properties, pump-on and pump-o0 scans were alternated. Only the pump-0 scans
taken immediately before and after each pump-on scan was used for the subtraction
for that particular scan. All of the pump-on scans, with the pump-o data already
subtracted, were then averaged to comprise the nal data set. Four pump-on scans
and three pump-o0 scans were taken for each case in this work, with each individual
scan taking approximately 20 minutes to run.

The scanning sequence for all cases was mm4d ow, developed by Christopher
Elkins and Marcus Alley. The acquisition was extended dynamic range with gating,
with a temporal resolution of 0.077s resulting in 10-11 measured phases. The velocity
data were interpolated during reconstruction to provide 20 phases over the cardiac
cycle. The spatial resolution was 0.9mm in all three directions. During data acquisi-
tion, the x and y corners of the domain were cut o to decrease scan time. Additional
scan parameters for most of the cases in this work are detailed in Table 2.1. The eld
of view (FOV) values, echo time (TE), and repetition time (TR) were varied for the
cases discussed in Chapter 5 and their values are noted there.



Figure 2.1: Experimental
M. Lucas Center for Imaging at Stanford University.
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Scan Parameter Value

Slice Direction Sagittal
Frequency FOV 16.0cm

Phase FOV 0.6

Slice Thickness 0.9mm

Number of Slices 88

Imagining Matrix  178x178

Flip Angle 15 degrees
Bandwidth 62.5kHz

TE 1502 microseconds
TR 3952 microseconds

Views per Segment
Gating Setting

5
ECG Il Inverted

Table 2.1: 4D ow MRI scan parameters

23

ow loop setup on the MRI magnet table in the Richard
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2.1.3 Advantages and Limitations of 4D Flow MRI

Using 4D ow MRI to acquire the velocity data for the studies in this work has
numerous bene ts. MRI captures the full mean velocity elds throughout the domain
without the need for optical access that is required by other methods, such as particle
image velocimetry (PI1V). This allows interrogation of complex geometries that are
3D printed with non-transparent materials. Thus, we were able to design and print
our geometries based on clinical insight and anatomic accuracy, without being limited
by our experimental method.

The 4D ow MRI method provides three-component velocity elds on a Cartesian
grid over the entire 3D domain, which facilitates direct comparison to computational
data as explored in Chapter 6. In addition, our sequence is nearly identical to those
used in clinical scans, allowing for future comparison to in vivo data. Phase-locked
MRI is being used increasingly in various clinical contexts for assessing ow behavior
(Stankovic et al., 2014; Lawley et al., 2017; Bachler et al., 2013; Reiter et al., 2008;
Barker et al., 2015; Hess et al., 2013; Schafer et al., 2018). Experimental 4D ow
MRI scans can also be completed in one day. For this work, we typically conducted
two cases in each session with each case requiring approximately 4 hours of scan time
and an additional 4 hours needed for setup and break down in the magnet room as
well as transitioning between cases.

Limitations of 4D ow MRI must also be considered. The conventional 4D ow
MRI technique is limited to measuring mean velocity elds and thus it cannot pro-
vide instantaneous ow behavior. The 4D ow MRI sequence also presents tradeo s
between spatial resolution, temporal resolution, and scan time, with higher resolu-
tions resulting in longer scans. While studying experimental models allows for more

exibility in scan time than in vivo settings, the spatial and temporal resolutions of
4D ow MRI data are typically lower than PIV data. However, comparison studies
have described the quantitative similarities between 4D ow MRI and PIV data, de-
spite the di erences in resolutions between the two techniques (Medero et al., 2018,
2020). Measurements from 4D ow MRI also have limitations near solid surfaces, as
voxels at the boundary may contain both the uid and the solid surface. The signal
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in such voxels is decreased and the data there cannot be reliably used to calculate
quantitative metrics that are used commonly in computational studies, such as wall
shear stress.

There are also challenges in experimental design, due to the strong magnetic elds
present in MRI. All components that will be placed in the bore or close to the magnet
cannot contain any ferromagnetic material, as that can damage the MRI equipment
and be dangerous for those operating the scanner. The test section must also be free
of all metals and any other materials that may cause artifacts in the MRI data. Thus,
the vast majority of the components used in these experiments are plastic or nylon,
with the necessary metal components kept far away from the magnet.

2.2 RVOT Geometry Design

The anatomic models used in this work were designed to analyze the ow elds local
to bioprosthetic valves in healthy and various diseased ToF anatomies. Each model
extends from the outlet of the RV to the left and right branches of the PAs after the

rst bifurcation. The same 25mm St. Jude Medical Epic valve was used for all cases.
It is a porcine trilea et surgical valve with support sca olding at the commissures
and a sewing ring that is used to suture the valve to the RVOT vessel in the patient
(Figure 2.2).

The base model design is modular to allow for adjustments in overall geometry
and valve placement. Each model consists of three components: the RV, the valve-
holder, and the downstream MPA, LPA, and RPA. The details of the RV component
are discussed in Section 2.3.3 due to its role in driving the experimental ow loop.
The valve-holder is a two-piece component with a groove that matches the dimensions
of the sewing ring on the 25mm St. Jude valve. This groove is clamped around the
sewing ring with the two pieces screwed together to secure the valve, as shown in
Figure 2.4b. The valve-holder can rotate independently of the other components,
allowing for experiments to be run with the valve in di erent rotational orientations.
The downstream component was designed individually for each case to represent a
di erent healthy or ToF anatomy.
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Figure 2.2: The St. Jude Medical Epic Valve, which is produced by Abbott (source:
Abbott).

The entire model design process was supervised by Dr. Do McElhinney, a pe-
diatric interventional cardiologist at Stanford Hospital. The individual components
and the overall geometry for every case were carefully reviewed and approved by Dr.
McElhinney to ensure they accurately represent clinical scenarios. The models were
designed in SolidWorks (Waltham, MA) and were manufactured using stereolithog-
raphy (SLA) with DSM Somos WaterShed XC 11122 resin at the W.M. Keck Center
at the University of Texas, El Paso. All components of models and the valve itself
are fully MR compatible.

2.2.1 Healthy Control Model

A model of a healthy patient without ToF was designed as a control model and
as a baseline for designing the diseased anatomies and comparing the results that
will be discussed in the subsequent chapters. The healthy control model is based
on measurements made from MRI data of the right heart and PAs of six healthy
subjects between ages 11 and 13, the typical age range for the rst PVR surgery in
ToF patients. MRI data were collected for clinical purposes and used for modeling
under an IRB-approved protocol. For each patient, we measured the diameters of
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Figure 2.3: Sagittal slices of MRI data from healthy patients used to design the control
model. The RV and MPA are labeled on each image. The image on the left has a
red line indicating the location of the valve annulus where measurements were taken,
and the image on the right shows two yellow lines demonstrating the measurement
of MPA radius of curvature.

the MPA, LPA, and RPA in the sagittal and axial planes. The MPA measurement
location was at the valve annulus while the locations for the LPA and RPA were
immediately downstream of the bifurcation.

In a sagittal plane approximately through the center of the RVOT, we measured
the turning angle, radius of curvature, and arc length of the RV outlet to the MPA
and of the MPA from the valve annulus to the bifurcation. Figure 2.3 shows examples
of the valve annulus located on the MRI data (performed by Dr. McElhinney) and
of the radius of curvature measurements for the MPA. We also measured the turning
angle, radius of curvature, and arc length of the MPA in an axial slice cutting through
the vessel and the bifurcation. The other key parameters were the three angles at
the bifurcation: LPA to RPA, MPA to LPA, and MPA to RPA. Measurements were
done in ImageJ (Bethesda, MD).

Median values for all subjects of the diameters, lengths, radii of curvature, and
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Parameter

Model Value (mm)

MPA Diameter

LPA Diameter

RPA Diameter

Centerline Length from Annulus to LPA Outlet
RV Radius of Curvature - Sagittal

MPA Radius of Curvature - Sagittal

MPA Radius of Curvature - Axial

LPA to RPA Bifurcation Angle

MPA to LPA Bifurcation Angle

MPA to RPA Bifurcation Angle

25

12

14

62.2

49.6

41

38

108 degrees
116 degrees
129 degrees

Table 2.2: Healthy control model dimensions

bifurcation angles were used to construct the healthy control model. Median val-

ues were chosen to reduce the e ect of outliers in the patient measurements, though

di erences between median and mean were generally small. The model design was

scaled to t the 25mm bioprosthetic valve, resulting in an MPA diameter of 25mm,

LPA diameter of 12mm, and RPA diameter of 14mm. All scaled values fell within

the range of measured values from the patient cohort, resulting in a scaled model

that accurately represented the 11 to 13 year-old patient population. The key de-

sign dimensions for the healthy control model are summarized in Table 2.2. The

printed healthy control model is shown in Figure 2.4a, with the RV, valve-holder, and

downstream components fully assembled.
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Figure 2.4: 3D printed healthy control model in full assembly (a) and with the valve
clamped in the valve-holder component (b)

2.3 Physiological Flow Loop

It is necessary to develop a ow loop that replicates physiological conditions in order
for in vitro studies to provide clinically relevant results. We developed an experimen-
tal setup that reasonably matches the ow rate and pressure values and waveforms
over the cardiac cycle for the pediatric pulmonary system. We wanted the entire ow
loop, including the 3D printed RVOT models, to be modular so that ow rate, left
and right ow balance, valve position, valve orientation, and downstream vessel ge-
ometry could be easily adjusted within the same experiment to match typical clinical
values.

In this section, we summarize our initial experimental design and describe the
changes that were made to achieve reasonable ow rates and pressures within our
system. We provide extensive detail on the nal ow loop design and illustrate how
di erent components can be tuned to allow for experiments with di erent cardiac
outputs or other clinical parameters while still matching physiological values.
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2.3.1 Working Fluid

The working uid for all experiments was a blood analog consisting of 60% water and
40% glycerin, with a density of 1.1 g/cm? and a viscosity of 3.9 centipoise at room
temperature in the magnet room. Gadolinium was added to the blood-analog uid
to increase the signal contrast during the 4D ow MRI scan. The uid was Itered
before each experiment to remove debris.

The density and viscosity of the uid were measured for each experiment. The
density was calculated by weighing a 2 liter volume, measured in a graduated cylin-
der, of the working uid and dividing the weight by the volume. The viscosity was
measured using a glass viscometer. The viscometer was charged with the working

uid using a vacuum pump and the e ux time for the uid to drain from the test
section of the viscometer was measured. The e ux time multiplied by the uid den-
sity and given viscometer constant yields the viscosity of the uid. Occasionally, the
density and viscosity would increase slightly between experiments, due to the uid
laying in storage over time. In these cases, water was added to return the uid to the
original values, so that the working uid had the same properties for all experiments.

2.3.2 Initial Experimental Design

In our initial experiment design, we produced pulsatile ow using a cylindrical piston
pump. This pump was programmable, allowing us to input any initial ow waveform
and adjust the heart rate, ow rate, and percentage of the cycle experiencing forward

ow. We used a physiological waveform for pulmonary blood ow in healthy patients
to drive the pump (Cheng et al., 2005). However, the cylindrical piston pump included
ferromagnetic components, so it had to be located approximately 12 feet from the
magnet to avoid damage to the equipment and artifacts in the data collected. To
accommodate this distance, we ran 1 inch diameter, semi- exible tubing from the
cylindrical piston pump to a 2 inch diameter rigid tube that sat on the magnet table
and fed into the original RVOT model. This rigid tube was approximately 3 feet long
and connected to a 3D printed component representing the RV outlet, which in turn
was connected to the valve-holder and downstream PA anatomy.
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Figure 2.5: Flow rate (left) and pressure (right) waveforms for our initial experimental
ow loop design. The MPA and RPA ow rate waveforms are realistic, but the RV
and MPA pressures are much higher than physiological values.

With this ow loop, we were able to achieve our target cardiac output and observe
the valve opening and closing. Speci ¢ details on our targets for physiological ows
and pressures are discussed in Section 2.3.5. The ow rate waveforms had gener-
ally the correct shape and values. However, the pressure in this initial system was
drastically outside of physiological values, with peak systolic pressures nearing 400
mmHg when they should be 30 mmHg (Figure 2.5). We determined that these high
pressures were due to a water hammer e ect. Since the cylindrical piston pump had
to be distanced from the magnet, we were pulsing all of the uid between the pump
and RVOT model. We concluded that in order to achieve physiological pressures, we
had to initiate the pulsatile ow much closer to the model. This led to our design of
a pneumatic right ventricle, which became our nal ow loop setup after iteration on
various components.

2.3.3 Pneumatic Right Ventricle Model

We developed an MRI compatible RV model so that the mechanism driving the pul-
satile ow could be inside the magnet bore, thus eliminating the need to pulse the
large volume of uid which led to the water hammer e ect. The custom designed ven-
tricle box was inspired by pulsatile ventricular assist devices, such as the Berlin Heart
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EXCOR (The Woodlands, TX). The ventricle box is a two-component piece. The RV
is modeled as a cylindrical cavity within a 101.6mm by 101.6mm by 107.95mm box
separated in the center by a thin silicone rubber membrane (0.01 inches thick). One
half of the ventricle box contains the working uid with a 27mm trilea et biopros-
thetic valve at the inlet, acting as the tricuspid valve, and an exit that contracts from
72.6mm diameter to 25mm diameter, which models the RVOT and connects to the
valve-holder.

The other half of the ventricle box is an air chamber supplied with pulsatile pres-
surized air. This air supply is controlled by a programmable proportional pressure
regulating valve (Parker Hoerbiger Origa, Richland, MI; model PS120006-020-035)
and a binary solenoid valve. A constant air pressure source is fed through the pro-
grammable valve that outputs the air as a sine squared wave. This pulsatile air supply
pushes the membrane in the ventricle box to create systole and diastole. The solenoid
valve provides venting from the ventricle box to replicate the relaxation of the RV
during diastole. The digital trigger signal governing the pneumatic ventricle box,
thus producing the pulsatile ow, was connected to the ECG converter and trigger
on the MRI system to signal the start of each cardiac cycle, allowing us to collect
gated phase-locked data. The amplitude, frequency, and duration of the air supply
sine squared wave, as well as the timing of the venting during the cardiac cycle, are
all tunable parameters. Changing these parameters allows us to achieve a range of
cardiac outputs and gives us control over the shape of the pressure waveform to reach
nearly physiological conditions.

The ventricle box is one of the 3D printed components of the RVOT model.
The close connection between the pneumatic system and the RVOT model greatly
improved our control over the ow rate and pressure waveforms. This box is the
key component that drives the full ow loop to replicate right heart circulation and
pulmonary physiology, shown in the schematic in Figure 2.6. The ow loop also
includes an upstream inlet tank fed by a steady centrifugal pump from a supply
reservoir. This connects to a exible bag that acts as a right atrium. The centrifugal
pump contains ferromagnetic components and must remain 12 feet away from the
magnet. However, the role of the pump is simply to keep the inlet tank supplied, so
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Figure 2.6: Schematic of the experimental ow loop.

the large amount of water moving steadily through the tubing connecting the pump
and the tank does not a ect the RVOT model itself. The atrium proxy feeds the
ventricle box through the 27mm bioprosthetic tricuspid valve.

2.3.4 Downstream Flow Loop Elements

The ow loop elements downstream of the printed RVOT were a major source of it-
eration in order to produce physiological ow and pressure waveforms. In our design
of these components, we drew on the experience of Professor R. Figliola (Clemson
University, SC) and collaborators, who have developed a successful system of physical
resistance and capacitance elements that can accurately capture a variety of cardio-
vascular conditions (Figliola et al., 2010; Gohean et al., 2006; Biglino et al., 2013a;
Camp et al., 2007; Hang et al., 2016; Vukicevic et al., 2014). Similar concepts were
utilized in our ow loop.

The outlets of the model connect to exible tubing, which in turn connect to
capacitor elements. The capacitor elements exit into another segment of exible
tubing which runs to the outlet tank of the ow loop. The two segments of exible
tubing and the capacitor on each outlet branch replicate a resistor-capacitor-resistor
Windkessel model that can be tuned to change the outlet boundary conditions for the
test section. These elements are the building blocks of lumped parameter networks
(LPN), which leverage electric circuit analogies to represent ow loops. LPNs have
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been used in a wide variety of clinical studies to provide low-order models for in vitro
and in vivo studies (Kung and Taylor, 2011; Kung et al., 2011a,b; Migliavacca et al.,
2001; Shi et al., 2011). In addition to resistors and capacitors, inductors are used to
represent the amount of inertia in the ow. Using Poiseuille’s Law, the resistance R
and inductance | of a cylindrical tube can be de ned as

oo

R=——; (2.3)

r4

L
—; 2.4
A (2.4)
where L, r, and A are the length, radius, and cross-sectional area of the tube, re-
spectively, and where and are the dynamic viscosity and density of the uid,

respectively. The capacitance of a uid system is de ned as

C=—: (2.5)

The capacitor that we designed for this experimental ow loop is a column of air
in a closed tube that sits above the working uid. For this con guration, Kung et al.
(2011b) showed that the capacitance of the air, when the changes in air volume are
small relative to the reference volume, is

Vair
Cair = -5+ (2.6)

With these equations, it is possible to estimate the resistance, capacitance, and

inductance of a given uid system and use the resulting LPN equations to predict the

ows and pressures in the system. Due to the nature of our 3D printed model and
the numerous connection pieces in the experiment ow loop, which can have sharp
contractions and expansions, it was not possible to generate a fully accurate LPN for
our setup. However, the LPN did allow us to con rm that lowering the amount of
inductance, or inertia, in our system would reduce the overall pressure and prevent
highly negative pressures after valve closure. This supported our design change to
have the pulsatile ow generated close to the model and to use the inlet tank and
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atrium proxy to decouple the system from the long inlet supply tube from the steady
pump. The decrease in inertia provided the largest improvement in our pressure
waveforms.

Iteration with our setup, aided by insight from LPN concepts, revealed that the
proximal resistance to the model also played a large role in lowering the pressures
and a ected the timing of valve closure. We therefore changed the tubing at the
LPA and RPA outlets of the model to exible Tygon 15.88mm diameter tubing, up
from 12.7mm diameter tubing, taking advantage of the relationship between tubing
radius and resistance demonstrated in Equation 2.3 to drastically lower the resistance.
The capacitors are made of capped 101.6mm diameter PVC pipe, which stand at
241.3mm, based on designs by Figliola et al. (2010). The capacitors can be tuned to
contain di erent volumes of the working uid and of air. Increasing the volume of air
introduces additional compliance to the ow loop. The amount of capacitance gave
us control over the timing of valve closure, which was a key component in achieving
physiological pressure di erences during diastole. Flexible silicone 12.7mm diameter
tubing connects the capacitor outlets to an outlet tank, which drains back to the
supply reservoir that feeds the pump. We used an external pinch valve on one of the
distal tubing branches to tune the left-right ow split as necessary. The height of
the outlet tank was adjusted to replicate the desired downstream pulmonary vascular
resistance, which in uences the downstream pressure during diastole.

2.3.5 Physiological Flow and Pressure Waveforms

For reference physiological ow waveforms, we used the MPA and branch PA ow
rates from the study by Cheng et al. (2005) on proximal pulmonary blood ow in
healthy patients, scaled to match our standard cardiac output of 3.5 L/min. For
reference pressure waveforms, we used the right heart catherization data from the
study by Bangalore and Bhatt (2011). The relevant waveforms from both studies
are reproduced in Figure 2.7. Our goal in matching the ow rate conditions was to
reach reasonable peak MPA ow of 12-14 L/min and peak branch PA ow of 6-8
L/min, with waveforms with a rounded peak during systole and settling back down
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Figure 2.7: Physiological ow rate waveforms in the MPA and RPA (left) and physi-
ological pressure waveforms in the RV and MPA (right). Flow rate data were plotted
based on data and gures in Cheng et al. (2005). The pressure waveform on the right
is directly reproduced from Bangalore and Bhatt (2011).

to zero ow during diastole. Our goal in matching the pressure conditions was 20-30
mmHG for systolic pressure with the RV pressure dropping to 5-10 mmHG during
diastole, creating a pressure di erence of 10-20 mmHg between the RV and the MPA
at diastole. The pressure waveforms should also have a rounded peak during systole,
similar to the ow rates. In terms of timing, the pressure should lead the ow rate
and systole should be approximately 40% of the cardiac cycle.

All of the experimental ow loop components were tuned so that the pressure
and ow rate waveforms in the experimental model reasonably matched physiological
conditions. The pressures were measured with Millar (Houston, Texas) SPR-350
pressure transducer catheters inserted in the model through sealed ports. The RV
pressure was measured directly upstream of the valve while the MPA pressure was
taken immediately downstream of valve; both catheters were centered in the vessel.
The branch ow measurement was collected using a Transonic Systems (Ithaca, NY)
ultrasonic ow probe placed around each branch PA. The locations of these ow
probes, and the one placed upstream of the model to monitor the cardiac output are
seen in Figure 2.6. We ran all experiments at a heart rate of 72 beats per minute and
targeted a 50-50 split for ow in the LPA and RPA.

The physiological pressure and ow rate waveforms in the healthy control model
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Figure 2.8: Experimental pressure and ow rate waveforms in the healthy control
model. MPA and RV pressures (plotted against the left axis) were measured by
catheters. The ow in the outlet branch (plotted against the right axis) was measured
by an ultrasonic ow probe. Data for all waveforms were taken simultaneously.

are shown in Figure 2.8; the ows in the branch arteries were similar, so only one is
displayed here. The ow rate waveform matches our target very well in both shape
and peak systolic value. The RV and MPA pressures are higher than our target of 30
mmHg, but given the constraints of a rigid model and how much we had improved
the pressure waveform compared to our original design, we determined these systolic
pressures to be acceptable. The oscillations in the RV pressure waveform were likely
due to wave re ections in the rigid models and resonance in the ow. These oscilla-
tions had a limited, but noticeable e ect on the branch ow rate waveforms measured
by the probes. However, they did not a ect the ow rate measured from the 4D ow
MRI data or prevent proper valve closure. The adjustable capacitance governed the
pressure amplitude and waveform characteristics, while the programmable air supply
waveform that controls the ventricle box allowed for adjustments to the waveform
and the systolic duration of the cardiac cycle.



Chapter 3

E ects of RVOT Anatomy

This chapter contains large portions of the following paper: N. K. Schiavone, C. J.
Elkins, D. B. McElhinney, J. K. Eaton, and A. L. Marsden. In Vitro Assessment of
Right Ventricular Out ow Tract Anatomy and Valve Orientation E ects on Biopros-
thetic Pulmonary Valve Hemodynamics. Cardiovascular Engineering and Technology,
12(2):215-231, April 2021. (Schiavone et al., 2021)

3.1 Background

Tetralogy of Fallot (ToF) is a congenital heart defect occurring in 1 in 2500 newborns
annually in the US. Patients with ToF require surgical repair, involving closure of
the ventricular septal defect and reconstruction of the malformed right ventricular
out ow tract (RVOT), typically within the rst few months of life. This repair often
leaves patients without a functioning pulmonary valve and reintervention to insert
an arti cial pulmonary valve is typically necessary in late childhood, adolescence,
or early adulthood. In many cases, multiple pulmonary valve replacement (PVR)
procedures are required over a lifetime.

Xenograft bioprosthetic valves, along with allograft or xenograft valved conduits,
are the most commonly used prostheses for RVOT reconstruction in patients with

38
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ToF and other forms of congenital heart disease in which PVR is necessary (Batli-
vala et al., 2012; Chen et al., 2012; Babu-Narayan et al., 2014; Zubairi et al., 2011;
Lee et al., 2012). While mechanical valves are more durable, they require long-term
anti-coagulation therapy, which poses high risks in children (Siddiqui et al., 2009).
The main disadvantage of bioprosthetic valves, however, is that most are subject to
structural degeneration and dysfunction over time, often within 10-15 years of im-
plantation depending on patient age, size, and other factors (McElhinney et al., 2011;
Siddiqui et al., 2009; Vongpatanasin et al., 1996). Despite extensive clinical experi-
ence with bioprosthetic valves in the RVOT, these valves fail early and unpredictably
in as many as 30% of ToF patients (Oliver et al., 2015; Khanna et al., 2015). Valve
degeneration and dysfunction, and interventions to treat them, are important causes
of morbidity in these patients. At present, it is not possible to predict which pa-
tients will develop accelerated valve dysfunction and there are no surgical or clinical
measures proven to extend bioprosthetic pulmonary valve longevity. There are also
no clinical guidelines for valve placement or sizing during surgery beyond normative
dimensions.

Valve dysfunction after PVR typically occurs as pulmonary regurgitation, pul-
monary stenosis, or a combination of both (Batlivala et al., 2012; Lee et al., 2016;
Nordmeyer et al., 2009). There are various modes of valve failure that lead to this
dysfunction, commonly in the form of calci cation, which can produce regurgitation
or stenosis, or other types of tissue degeneration such as cusp tears (Siddiqui et al.,
2009). However, factors contributing to the degeneration and dysfunction of bio-
prosthetic valves in the RVOT remain poorly understood. For young patients, valve
failure may be partially a function of somatic growth, as the valve cannot accom-
modate the increasing cardiac output as a patient grows. However, oversizing the
valve at placement has not been shown to improve valve lifetime in clinical studies
and some studies suggest that oversizing may actually predispose valves to earlier
dysfunction (Wells et al., 2002; Karamlou et al., 2005; Chen et al., 2012; Kwak et al.,
2016). Additionally, immunologic factors may contribute to dysfunction when valved
homograft conduits are placed during PVR (Christenson et al., 2004; Baskett et al.,
2003). Beyond these factors, it remains unknown why the trajectory of bioprosthetic
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valve failure varies so extensively in the RVOT.

Within the ToF patient population, clinical observation reveals a wide range of
RVOT anatomies, with signi cant variations in vessel dilation, radius of curvature,
RVOT angle as it extends from the right ventricle (RV), and angle at the rst pul-
monary artery bifurcation (Schievano et al., 2007). These anatomic variations, partic-
ularly after PVR procedures, alter the hemodynamic and biomechanical characteris-
tics of the right heart compared to normal anatomies, leading to adverse e ects on RV
function (DiLorenzo et al., 2018; Lee et al., 2013; Das et al., 2010; van Straten et al.,
2004). In the ToF patient population, one of the most common variations is a dilation
in the main pulmonary artery (MPA), local to where prosthetic valves are placed dur-
ing surgery (Schievano et al., 2007). Previous studies and reviews of prosthetic valves
demonstrate their impact on hemodynamics in producing ow patterns not seen in
native heart valves (Yoganathan et al., 2004, 2005; Sotiropoulos et al., 2016; Sacks and
Yoganathan, 2007; Sacks et al., 2009; Dasi et al., 2009). The complex hemodynamic
features in prosthetic valves, including recirculation and stagnation, have been linked
to clinical complications (Raghav et al., 2018; Yoganathan et al., 2005; Sotiropoulos
et al., 2016; Nordmeyer et al., 2009). Reversed ow is also a key feature for valve
performance as some literature suggests some reversed ow may aid the valve dur-
ing closure, but other studies indicate that too much reversed ow produces regions
where hemolysis can occur (Yoganathan et al., 2005; Sotiropoulos et al., 2016). While
these previous studies provide a wealth of knowledge on the general features of ToF
and valve hemodynamics, there has been limited work examining the role of speci ¢
anatomic variations or the impact of valve placement during surgery, particularly in
the pulmonary position (Schievano et al., 2011; Biglino et al., 2013b; Vismara et al.,
2009; Louvelle et al., 2019). We hypothesize that the gross morphology of the RVOT
in ToF, such as a dilation in the MPA, and the placement of the bioprosthetic valves
within that diseased anatomy, can signi cantly change the blood ow patterns in the
RVOT and MPA, impacting the hemodynamic environment of the valve.

An overview of experimental techniques for examining the ow elds of prosthetic
valves by Raghav et al. highlights a variety of in vivo and in vitro techniques (Raghav
et al., 2018). The most common experimental technique is particle image velocimetry
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(PIV), which requires optical access to measure the ow eld (Raghav et al., 2018;
Nguyen et al., 2017; Lim et al., 2001; Raghav et al., 2019; Lopez-Zazueta et al.,
2011; Sotiropoulos et al., 2016). While PIV can provide high spatial and temporal
resolution data, it is often limited to capturing 2D slices of the test geometry, and
even when 3D PIV techniques are used, idealized geometries frequently are necessary
to provide the required optical access (Raghav et al., 2019; Lopez-Zazueta et al.,
2011). Durability tests done by valve manufacturers also rely on idealized or standard
geometries, without accounting for the variations seen in ToF (Dasi et al., 2009;
Palacios-Morales et al., 2018).

Unlike PIV and other experimental methods that require optical access, 4D ow
MRI, also called 4D phase contrast MRI or magnetic resonance velocimetry, can
obtain full 3D, three-component, phase-averaged velocity elds in complex, opaque
models (Elkins et al., 2003; Elkins and Alley, 2007; Markl et al., 2003, 2012). 4D

ow MRI is used in various clinical contexts for assessing ow behavior (Stankovic
et al., 2014; Lawley et al., 2017; Bachler et al., 2013; Reiter et al., 2008; Barker et al.,
2015; Hess et al., 2013; Schafer et al., 2018). Previous studies have analyzed clinical
4D ow MRI data to quantify ow patterns in ToF, but have not yet examined
the role of valve placement and anatomic variability (Francois et al., 2012; Jeong
et al., 2015). We note that 4D ow MRI is limited to measuring mean velocity elds
and thus it cannot provide instantaneous ow behavior. 4D ow MRI also presents
tradeo s between spatial resolution, temporal resolution, and scan time, with higher
resolutions resulting in longer scans. While studying experimental models allows for
more exibility in scan time than in vivo settings, the spatial and temporal resolutions
of 4D ow MRI data are typically lower than PIV data. Comparison studies have
described the quantitative similarities between 4D ow MRI and PIV data, despite
the di erences in resolutions between the two techniques (Medero et al., 2018, 2020).

For in vitro studies, it is necessary to develop a ow loop that replicates physio-
logical conditions. Professor R. Figliola (Clemson University, SC) and collaborators
have developed a successful system of physical resistance and capacitance elements
which can accurately capture a variety of cardiovascular conditions (Figliola et al.,
2010; Gohean et al., 2006; Biglino et al., 2013a; Camp et al., 2007; Hang et al., 2016;
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Vukicevic et al., 2014). Similar concepts were utilized in this study. Due to the com-
plex geometries seen in ToF and the 3D nature of the ow produced by bioprosthetic
valves, we aim to study these complex geometries with varied valve placements to
examine their impact on the hemodynamic environment of the valve using 4D ow
MRI. Understanding how valve placement changes the ow patterns in an anatomy
can be leveraged for future clinical decision-making during PVR surgery.

3.2 Experimental Details

This chapter analyzes the ow elds in two RVOT models. The rst is the healthy
control model described in Section 2.2. The second model is a generalized diseased
case for ToF representing a vessel dilation in the MPA which is frequently observed
in the clinic. Immediately after the valve annulus, the vessel diameter increases by
150% to 37.5mm and then tapers along the MPA and branch arteries. Both models
have the same centerline path and bifurcation angles, such that this diameter increase
is the only di erence between them (Figure 3.1).

Figure 3.1: The SolidWorks designs for the healthy RVOT model (a) and the diseased
RVOT model (b). A mock valve (not to scale) is included in red to demonstrate its
placement.
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Both models were manufactured using stereolithography (SLA) with DSM Somos
WaterShed XC 11122 resin at the W.M. Keck Center at the University of Texas, El
Paso. The model design is modular to allow for adjustments in valve placement and in
the overall geometry. The downstream piece consists of the MPA, LPA, and RPA. It
is connected upstream to a two-piece valve-holder, which is the same for both models
and designed to hold a 25mm St. Jude Medical Epic porcine trilea et surgical valve.
The valve-holder components each have a groove that clamps around the sewing ring
of the valve. The valve-holder can rotate independently of the other components,
allowing for experiments to be run with the valve in di erent rotational orientations
(Figure 3.2). All components of models and the valve itself are fully MR compatible.

Upstream of the valve-holder is a two-component piece that consists of the RvOT
and a box that acts as an analog for RV, used for both models. The custom designed,
MR compatible ventricle box was inspired by pulsatile ventricular assist devices, such
as the Berlin Heart EXCOR (The Woodlands, TX). The RV is modeled as a cylindrical
cavity within a 102mm by 102mm by 108mm box separated in the center by a thin
silicone rubber membrane. One half of the ventricle box contains the working uid
with a 27mm trilea et bioprosthetic valve at the inlet, acting as the tricuspid valve,
and an exit that contracts from 72.6mm diameter to 25mm diameter, which models
the RVOT and connects to the valve-holder. The other half of the ventricle box
is an air chamber supplied with pulsatile pressurized air. Thus, the ventricle box
pneumatically drives the pulsatile ow in the physiological models.

The experimental ow loop replicates the right heart circulation and pulmonary
physiology, as shown in the schematic in Figure 3.3. An upstream inlet tank, fed by
a steady centrifugal pump from a supply reservoir, connects to a exible bag that
acts as a right atrium. The atrium proxy feeds the ventricle box through the 27mm
bioprosthetic tricuspid valve. The ventricle box is pneumatically driven by an air
supply controlled by a programmable proportional pressure regulating valve (Parker
Hoerbiger Origa, Richland, MI; model PS120006-020-035) and a binary solenoid valve.
A constant air pressure source is fed through the programmable valve that outputs
the air as a half sine wave. This pulsatile air supply pushes the membrane in the
ventricle box to create systole and diastole. The solenoid valve provides venting from
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Figure 3.2: The 3D printed model of the RVOT connected to the ventricle-analog
box upstream and capacitors downstream (a) and the surgical valve clamped in the
model (b).

the ventricle box to replicate the relaxation of the RV during diastole. Thus, pulsatile
ow leaves the ventricle box to ow through the 3D printed model of the RvOT and
PAs.

The outlets of the model at the LPA and RPA connect to exible Tygon 16mm
diameter tubing, which in turn connect to capacitors made of capped 102mm diameter
PVC pipe, based on designs by Figliola et al. (2010). The capacitors can be tuned
to contain di erent volumes of the working uid and of air, where the volume of air
introduces additional compliance to the ow loop. Flexible silicone tubing connects
the capacitor outlets to an outlet tank, which drains back to the supply reservoir that
feeds the pump. The two segments of exible tubing and the capacitor on each outlet
branch replicate a resistor-capacitor-resistor Windkessel model that can be tuned to
change the outlet boundary conditions for the test section. The height of the outlet
reservoir can be adjusted to replicate the desired downstream pulmonary vascular
resistance.

These components were tuned so that the pressure and ow rate waveforms in
the experimental model matched physiological conditions, compared to previously
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reported pressure data and ow rate waveforms at rest conditions scaled to the tar-
get cardiac output (Cheng et al., 2005; Bangalore and Bhatt, 2011). The pressures
were measured with Millar (Houston, Texas) SPR-350 pressure transducer catheters
inserted into the model through sealed ports. The RV pressure was measured directly
upstream of the valve while the MPA pressure was taken immediately downstream of
valve; both catheters were centered in the vessel. The branch ow measurement was
collected using a Transonic Systems (Ithaca, NY) ultrasonic ow probe placed around
each branch PA. The physiological pressure and ow rate waveforms in the model are
shown in Figure 3.4; the ows in the branch arteries were characteristically similar,
so only one is displayed here. The oscillations in the RV pressure waveform were due
to wave re ections in the rigid models and resonance in the ow. These oscillations
had a limited, but noticeable e ect on the branch ow rate waveforms measured by
the probes. However, they did not a ect the ow rate measured from the 4D ow
MRI data or prevent proper valve closure. The adjustable capacitance governs the
pressure amplitude and waveform characteristics, while the programmable air supply
waveform that controls the ventricle box allows for adjustments to the waveform and
the systolic duration of the cardiac cycle. The cardiac output for the experiments
in this chapter was 3.5 liters/min, a mid-range cardiac output for pediatric patients,
with a heart rate of 72 beats per minute and a systolic duration of approximately
40%.

The velocity data were measured using a 4D ow MRI sequence developed for in
vitro settings as described by Elkins et al. (2003) using the data acquisition technique
described by Pelc et al. (1994). Using 4D ow MRI to acquire the velocity data has
two key bene ts. First, this method uses a 4D phase contrast MRI sequence that is
nearly identical to those used in clinical scans, allowing for future comparison to in
vivo data. Second, 4D ow MRI captures the full mean velocity elds throughout
the model without the need for optical access that is required by other methods,
such as PIV, allowing for interrogation of complex geometries that are 3D printed
with opaque materials. The experiments were conducted in a whole body, 3 Tesla
General Electric MRI scanner at the Richard M. Lucas Center for Imaging at Stanford
University. The main test section was passed through the bore of the magnet (Figure
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3.3). The working uid for the ow loop was a blood analog uid of 60% water and
40% glycerin, with a density of 1.1 g/cm? and a viscosity of 3.9 centipoise at room
temperature in the magnet room. Gadolinium was added to the blood-analog uid
to increase the signal contrast during the 4D ow MRI scan.

This chapter includes four cases: the healthy model and the diseased ToF model,
each with two di erent valve orientations. One orientation is the native position of
the pulmonary valve in a healthy heart, with one of the valve commissures aligned
with the posterior, inner curve of the MPA; surgeons generally aim to replicate this
con guration during the PVR procedure. The second orientation was rotated 180
degrees from the native orientation, so that one of the valve commissures was aligned
with the anterior, outer curve of the MPA. For all experiments, the slice direction
for the MRI scan was sagittal, with a spatial resolution of 0.9mm in the sagittal,
axial, and coronal directions. Each scan was approximately 21 minutes long. For
each case, we conducted four scans with the ow pump on and three scans with the
pump o . The pump-o scans were averaged and subtracted from the pump-on scans
to reduce various sources of error, including eddy current e ects (Elkins and Alley,
2007). The pump-on scans were then averaged to improve the signal to noise ratio
(SNR) of the velocity data. Each scan was phase-locked, allowing for measurements
at di erent points throughout the cardiac cycle. The digital trigger signal governing
the pneumatic ventricle box producing the pulsatile ow was connected to the ECG
converter and trigger on the MRI system to signal the start of each cardiac cycle.
The temporal resolution was 0.077 seconds, which allowed for direct measurement of
10 phases; these data were used to interpolate to 20 total phases in the cardiac cycle.
Thus, for each scan, we report phase-locked, 3D, three-component, time-averaged
velocity elds for 20 phases of the cardiac cycle.

The expected uncertainty of 4D ow MRI velocity measurements is given by

P3VENC

u= T SNR (3.1)

where SNR is the signal to noise ratio and VENC is the velocity encoding value, an
MRI scanner parameter that sets the maximum velocity measured during the scan
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without aliasing. For 4D ow MRI scans, the VENC must be set high enough to
prevent velocity aliasing during the scan, but still low enough to allow for su cient
resolution at low velocities. For all experiments, the VENC was set at 250 cm/s in
the sagittal, axial, and coronal directions. The average SNR across all scans was 21.
The resulting uncertainty was 6.3% of the mean velocity through the valve opening
at systole.
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Figure 3.3: A schematic of the experimental ow loop (top) and the setup on the
MRI magnet table (bottom).
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Figure 3.4: Experimental pressure and ow rate waveforms in the dilated MPA model.

MPA and RV pressures (plotted against left axis) were measured by catheters. The
ow in the outlet branch (plotted against right axis) was measured by an ultrasonic
ow probe. Data for all waveforms were taken simultaneously.
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3.2.1 Analysis and Metrics

Post-processing of the 4D ow MRI data was done in MATLAB (Natick, MA) and
in Tecplot (Bellevue, WA). All ow visualization was done in Tecplot. To allow
for direct comparison, the velocity elds for each case were normalized by the peak
velocity upstream of the valve in the RVOT; di erences between these velocities
in each case were within 3%. These normalized velocity elds were used for all
visualization and for calculating additional ow quantities and metrics. Vorticity was
calculated and visualized in Tecplot, using median Itered velocity elds to reduce
noise in the derivatives.

In addition to general analysis of the velocity elds, we utilized two integral pa-
rameters that have been proposed previously to analyze 4D ow MRI data in the
human airways to quantify the variability of the streamwise and transverse velocity
components at key locations in the ow (Banko et al., 2016):
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where u is the velocity vector, f is the unit vector normal to the cross-section, and
Urer is the mean speed in the RVOT immediately upstream of the valve at peak
systole, which was approximately equal for all cases. A is the local cross-sectional
area of the geometry at the plane where the equations are evaluated. 1, is a measure
of the relative streamwise ow momentum ux: a value of 1 indicates a uniform

ow across the cross-section while values above 1.5 indicate high momentum ow.
Secondary ows are de ned as uid motions in the plane perpendicular to the normal

ow direction. 1, is a ratio of the total kinetic energy in the secondary ows at a
given plane to the kinetic energy in the main ow direction.
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3.3 Results

Results are presented for the four experimental cases described above, each including
a full 3D phase-averaged velocity eld at 20 time points over the cardiac cycle at over
1.6 million points on a uniform Cartesian grid. We rst qualitatively compare the
overall ow patterns in each case, and then quantify di erences in reversed ow and
integral metrics.

3.3.1 Qualitative E ect of RVOT Anatomy and Valve
Orientation

Examining the full 4D velocity eld, several features drastically di ered between all
cases. The shape and direction of the jet through the valve and the size and strength
of reversed and secondary ows were impacted by the RvOT and MPA anatomy and
the valve orientation. To provide a clear picture of key ow patterns, we compared
normalized streamwise velocity contours at peak systole in an axial slice immediately
downstream of the valve support structure and in a sagittal slice through the center
of the MPA (Figure 3.5). The support structures of the valve are located at the
three valve commissures, as labeled on the valve image in Figure 3.5. For the two
cases with the same orientation, the shape and magnitude of the forward streamwise
velocity through the valve was very similar, indicating that the larger MPA diameter
in the diseased geometry did not strongly a ect the forward momentum through the
valve opening. However, the RVOT dilation caused the ow patterns surrounding
the jet to develop di erently. In the healthy geometry, for both orientations, three
regions of reversed ow developed directly downstream of the supports at the valve
commissures, as seen in the axial slice. However, in the diseased geometry cases, only
two large regions of reversed ow formed outside of the jet. As seen in the sagittal
slice, the reversed ow was carried back towards the valve lea ets as they closed.
Thus, the ow impacted the downstream side of the valve at di erent locations for
all cases. In addition, in the rotated case for the healthy geometry, the pattern of
the reversed ow regions rotated 180 degrees just like the valve orientation. However,
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the reversed ow regions did not directly rotate with valve orientation in the diseased
geometry. This revealed a compound e ect of geometry and orientation; a trend that
was observed for both two valve orientations in one geometry was not guaranteed to
occur in a di erent geometry.

The in-plane vectors on the axial slices reveal secondary ows (Figure 3.5). Due
to the larger diameter in the diseased case, the vortices in the jet shear layer had
more room to develop and were more coherent, particularly shedding o the bot-
tom left lea et for the native orientation and the top right lea et for the rotated
orientation (Figure 3.5). This showed the presence of strong recirculation in the dis-
eased geometry for both orientations. The diseased case with the rotated orientation
also contained a strong sweeping secondary ow counterclockwise along the posterior
curve of the MPA. Thus, the amount and location of recirculating ow in the diseased
geometry depended strongly on the valve orientation.

In the sagittal slices, as in the axial slices, the forward ow jet coming out of the
valve behaved similarly in each of the four cases. The only substantial change was
the direction of the jet. With the native orientation, the jet impacted the anterior
curve of the MPA while with the rotated orientation, the jet was directed along the
MPA and slightly towards the posterior curve. This change in the jet direction led to
di erences in the amount and location of reversed ow in each case. With the native
orientation, a reversed ow region formed along the posterior curve of the MPA in
both geometries. With the rotated orientation, this same location experienced mostly
stagnant ow in the healthy geometry but reversed ow persisted in the diseased
geometry. Both geometries with the rotated orientation also had reversed ow along
the anterior curve that was not present in either native orientation case. The distance
between the valve and the reversed ow regions also varied in all four cases. In the
healthy geometry with the native orientation, the reversed ow along the posterior
curve was close enough to the valve annulus to impact the valve lea ets. However, in
the diseased geometry with the same orientation, the separation was located further
downstream and stagnant ow surrounded the valve lea ets instead. In contrast,
when the valve orientation was rotated in the diseased geometry, the reversed ow
along the posterior curves was located close to the valve annulus and lea ets, similar to
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Figure 3.5: X-component of velocity contours normalized by the peak speed in the
RVOT upstream of the valve shown at axial slice x/D = 0.5 and sagittal slice z =0
at peak systole. In-plane velocity vectors are shown on the axial slice with a reference
vector representing a normalized velocity of 1. On the left, images of the closed valve
show the lea ets in the native and rotated orientation. One of the valve commissures
is circled in red in the top image.
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the healthy native case. This demonstrated that valve orientation can be leveraged to
create ow patterns in a diseased case that mimic those of the healthy case. However,
it is worth noting that in this case, it came at the cost of a large separation region
along the anterior curve of the MPA which was not present in the healthy native case.

Over the cardiac cycle, the velocity through the valve generally decreased and the
reversed ow regions diminished as well, such that the streamwise ow normal to the
valve annulus in the MPA returned to zero for most of diastole. The reversed ow
regions that occurred along the curves of the vessels shifted their position over the
cardiac cycle. The ow began to reverse in the MPA at peak systole in the locations
shown in Figure 3.5. As the ow through the valve decelerated, the reversed ow
moved back towards the valve annulus, and, in the diseased geometry cases, all of
the ow around the valve was reversed. The reversed ow persisted slightly longer
than the forward ow through the valve before the ow became still in the MPA for
diastole.

While the streamwise ow stagnated in all cases, this did not hold for the radial
velocities. The radial velocity in an axial plane just downstream of the valve annulus
illustrates the ow patterns close to the valve lea et surfaces (Figure 3.6). At systole,
the two geometries had similar ow patterns. Between the open edges of the lea ets,
the ow moved toward the center of the vessel as seen in the blue radial ow contours
that correspond with the commissure locations. As the valve opened, the surface of
the lea ets pushed the ow outward towards the vessel walls, generating the red radial

ow contours on the outside of the opened lea ets at peak systole. However, during
diastole, the two geometries produced substantially di erent ow patterns. In the
healthy geometry, the ow was stagnant during diastole. In the diseased geometry
however, we observed strong ow moving towards the center of the vessel. This ow
washed directly over the closed bottom right lea et during diastole. This persistent
radial velocity was likely caused by the excess ow in the dilated vessel that was not
present in the healthy MPA. In both geometries, as the valve closed, the ow along
the walls of the MPA moved back towards the valve. In the diseased geometry only,
this ow continued to sweep over the lea ets after the valve closed, as seen in the
radial ow contours.



CHAPTER 3. EFFECTS OF RVOT ANATOMY 55

Figure 3.6: Radial velocity contours computed from the normalized velocity compo-
nents local to the valve annulus (x/D = 0.11) during systole and diastole. On the
left, images of the valve show the lea et positions during systole and diastole.



CHAPTER 3. EFFECTS OF RVOT ANATOMY 56

Figure 3.7: Velocity isosurfaces in the healthy geometry at peak systole (a, b), the
diseased geometry at peak systole (c), and the diseased geometry during diastole
(d). In the healthy geometry and the diseased geometry at systole, green and blue
represent x-component of velocity isosurfaces at u=Ugy ot = 2 and u=Ugry o1 = -0.125
respectively. For the healthy geometry, two angles are provided, with (a) illustrating
both forward and reversed ow and (b) highlighting the shape of the forward jet
through the open valve. In the diseased geometry during diastole (d), blue still
represents an x-component of velocity isosurface at u=Ugryot = -0.125 and purple
represents a radial velocity isosurface at u,=Uryor = -0.36. The structure of the
valve is shown in gray in (b) and (d).
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The full 3D features of the ow can be observed with isosurfaces of the x-component
of velocity, which is normal to the valve annulus (Figure 3.7). While the valve ori ce
had an almost circular shape, the jet through the valve was impacted by the lea ets
and support structure,resulting in a more triangular shape in the ow downstream
(Figure 3.7b). The three points of the jet formed along the opened lea ets while
the de cits occurred where the support sca olding of the valve extends from each
commissure. The reversed ow was generated by the ow moving through the open
valve geometry, as seen in both the healthy and diseased geometry (Figure 3.7a,c). In
the diseased geometry, additional ow moved back towards the valve annulus through
the open space between the lea ets and the vessel wall. While the shape and size of
these reversed ow regions changed with the geometry and orientation, the general
pattern of a triangular jet surrounded by reversed ow held true across all cases. The
3D nature of the ow also shed insight on the formation of the radial ows seen in
Figure 3.6. In the diseased geometry, the isosurfaces revealed that as the reversed
streamwise ow persisted in diastole, radial ow towards the center of the vessel was
generated within this ow as it impacted the valve annulus (Figure 3.7d). Thus, the
radial ow was fed by the reversed streamwise ow in the diseased case. The reversed
streamwise ow was not strong enough to persist in the healthy geometry and so
could not generate the radial ows seen in the diseased geometry.

Analyzing the x-component of vorticity reveals additional features of the ow,
particularly around the valve lea ets during systole (Figure 3.8). Longitudinal vor-
ticity forms along the open valve lea ets, resulting in opposite sign vortices on each
edge of the lea et. For example, as the two lea ets in the center of Figure 3.8 open,
positive x vorticity develops on the right edge of the leftmost lea et. Conversely,
negative x vorticity develops on the left edge of the rightmost lea et. This pattern is
repeated for all three valve lea ets along each of the openings and is present in both
geometries and valve orientations. The vorticity isosurfaces align with the vortices
shown by in-plane velocity vectors, similar to those seen in Figure 3.5. The axial slice
clearly shows that the vorticity streaks correspond to actual vortices, comprising ow
rotating around an easily identi ed center. Although the overall pattern is similar
between both geometries, there are some key di erences. In the diseased geometry,
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the vortex structures emanating from the valve lea et openings are slightly smaller
than in the healthy geometry, particularly along the lea et on the outer curve of the
vessel. However, the diseased geometry also has additional structures outside of the
valve sca olding, as seen in the top right and top left of Figure 3.8c. These di erences
reveal how variations in geometry can a ect the complex 3D ow through the valve.
It should be noted that other transient vortices may be present, but are not resolved
by the current measurements. Vortex ring structures, for example, would translate
too rapidly to be captured at the present temporal resolution in the MRV data.

Figure 3.8: Isosurfaces of the x component of vorticity (!4) for the healthy geometry
(left) and the diseased geometry (right), both with the native orientation at peak
systole. The orientation is shown (inset on left), demonstrating the location of valve
lea et openings; the opening in the center is along the inner curve of the MPA. An
axial slice at x/D = 0.25 is shown in gray with in-plane velocity vectors; the x direction
is normal to this plane. Isosurfaces are displayed for 'y = -2 in blue and 'y = 2 in
yellow, and are truncated at x/D = 0.75.

3.3.2 Quantitative Metrics

To quantitatively assess the di erences in  ow among all four cases, we examined the
volume and asymmetry of the reversed ow regions as well as integrated quantities
for the streamwise momentum and secondary ow strength.
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Reversed Flow Regions

The reversed ow in the RVOT may have an impact on valve behavior as the ow
decelerates and the lea ets close. For each case, the volume of reversed streamwise

ow was computed for the section of the MPA immediately downstream of the valve
annulus extending just beyond the valve support sca olding (Figure 3.9). For all
cases, the percentage of the total volume experiencing reversed ow increased dur-
ing the ow acceleration part of systole. After this acceleration however, sometime
between phases 5 and 6 of the cardiac cycle, the healthy geometry and diseased ge-
ometry diverged. While the percentage of reversed ow in the healthy geometry was
fairly steady through the rest of systole for both orientations, the percentage of re-
versed ow in the diseased geometries continued to increase. Both orientations for
the diseased geometry followed this trend, though the rotated orientation had more
reversed ow throughout all of systole.

Figure 3.9: Percentage of the total volume downstream of the valve that contained
reversed ow during systole for each of the four cases (right). The ow rate waveform
calculated from the 4D ow MRI data is shown in the top left, with points indicating
the phases of systole corresponding to the plot on the right. The volume downstream
of the valve used for the calculations is shown in the bottom left.

While the overall percentage of reversed ow volume likely impacted the valve,
it did not a ect each lea et equally. Both the native and the rotated orientation
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were divided into three sections that correspond to each of the lea ets (Figure 3.10).
The volume of reversed ow was summed in each section over the phases of systole
to determine how much of the reversed ow impacted each lea et. The reversed

ow downstream of the valve was highly asymmetric with respect to the lea ets
and this asymmetry varied depending on the geometry and the valve orientation
(Figure 3.10). For both geometries with the native valve orientation, the bottom left
lea et experienced the most reversed ow while the top lea et experienced the least.
This was particularly pronounced in the diseased geometry where hardly any of the
reversed ow impacted the top lea et. In the rotated orientation for the healthy
geometry, the top left lea et experienced the most reversed ow instead, while the
other two lea ets were approximately equally a ected. However, this trend did not
hold in the diseased geometry with the rotated orientation, where the bottom lea et
experienced the highest volume of reversed ow. The geometry and orientation had
a compound e ect on the asymmetry of the reversed ow, where the diseased rotated
case produced features entirely distinct from the other three cases. Additionally, the
reversed ow in the native orientation cases was noticeably more asymmetric than the
rotated orientation. This may be a product of the jet through the valve being more
aligned with the vessel in the rotated cases as opposed to being directed towards the
outer curve in the native cases (Figure 3.5).
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Figure 3.10: Percentage of the volume of the reversed ow that occurred in each indi-
vidual lea et section during systole for each of the four cases (right). The de nition
of the lea et sections for each orientation is shown on the left.

Integral Metrics

To quantify the variability of the streamwise and transverse velocity components at
key locations in the ow, we calculated the integral parameters in Equations 3.2 and
3.3 from the 4D ow MRI data for all four cases in the MPA, downstream from the
valve annulus at x/D = 0.5 (Figure 3.11). The streamwise momentum (lI) for the dis-
eased case for both valve orientations was noticeably lower than in the healthy cases.
This was expected due to the larger vessel area in the diseased geometry experiencing
the same inlet ow as the non-dilated healthy geometry. The valve orientation did not
a ect I; within the same geometry, demonstrating that the streamwise momentum
of the ow through the valve was independent of orientation. In both geometries, I,
exceeded 1 during peak systole, representing the high momentum ow through the
fully opened valve. The secondary ow strength, I,, was also lower for the diseased
cases than the healthy cases, which was also a result from approximately the same
reference ow rate going through a larger diameter vessel. However, while I, was ap-
proximately the same for both orientations in the healthy geometry, this was not true
for the diseased geometry. The rotated orientation had stronger secondary ows and
the peak strength occurred later in the cardiac cycle. In addition, this increased I,
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was sustained into diastole in the diseased case with the rotated orientation, demon-
strating that the secondary ows took longer to dissipate. The increased strength
and duration of the secondary ow energy in this case was likely due to the more
pronounced swirling ow along the inner curve of the MPA, as seen in Figure 3.5.
These di erences in I, again demonstrated the compound e ects of geometry and
orientation on the ow.

Figure 3.11: Quantitative integral metrics, 1, (left) and I, (right), at axial slice x/D
= 0.5.

3.4 Discussion

The analysis of the full 4D ow elds in each of these four cases demonstrated how
geometry and valve orientation can drastically impact the hemodynamics in the MPA
and local to the bioprosthetic pulmonary valve. Due to the nature of the four cases
studied, we can observe the independent e ects of geometry by comparing cases with
the same valve orientation and the e ects of orientation by comparing cases with the
same geometry. All four cases together provide insights on how geometry and orienta-
tion together might lead to di erent ow patterns than expected when viewing them
in isolation. While the forward ow through the valve had similar features and stream-
wise momentum in all cases, the reversed and stagnant ow patterns, asymmetry, and
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strength of secondary ows di ered substantially across the cases. In addition, the
size and location of vortical structures varied between the two geometries, revealing
the complex 3D impact of changing geometry on the ow. Signi cantly, compound
e ects of geometry and orientation were observed in the overall ow features, the
asymmetry of the reversed ow, and quantitative metrics of secondary ow strengths.
Trends that were produced by changing the valve orientation in the healthy geometry
were not replicated in the diseased geometry. This indicates that the most favorable
placement of the bioprosthetic valve during surgery is likely dependent on the pa-
tient’s particular anatomy and that a general rule, such as always placing the valve
with a speci ¢ orientation in every patient, may not lead to optimal outcomes.

While these experiments were performed in vitro with generalized geometries,
the results provide insight on how valve performance may be impacted by patient
anatomy and valve orientation. In particular, the location and volume of reversed

ow local to the valve during systole and as it closes likely impact the valve’s long-
term performance. It has been shown that backward ow towards the valve helps
the lea ets close properly (Sacks and Yoganathan, 2007). As noted in 3.3.1, changing
the valve orientation in the diseased geometry a ected the amount of reversed ow
directly impacting the valve lea ets near the annulus. This demonstrates that simply
changing the valve orientation during surgery could reproduce potentially favorable
ow features in a diseased anatomy.

The asymmetry in the radial velocities in the diseased case and the reversed ow
volume in all cases may have an adverse e ect on valve lea et fatigue. In the diseased
geometry, there was a strong radial ow over only one of the lea ets during diastole,
which may impact that speci c lea et’s performance over time in contrast to the
other two. If one lea et is fatigued more than the others, it may lead to incomplete
closure and regurgitation or degenerative changes in the valve over time. The reversed

ow may also a ect lea et fatigue during closure, but the volume of reversed ow
was not the same for all lea ets. In addition, strong reversed ow may lead to
regions of recirculation which can lead to clinical complications such as calci cation
(Sotiropoulos et al., 2016). The rotated orientation, for both geometries, had less
asymmetry in the reversed ow than the native orientation (Figure 3.10) which may
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actually lead to more favorable conditions for long-term valve performance. The ow
was not completely symmetric in these rotated orientation cases, however, and the
lea et that was impacted by a larger percentage of the reversed ow varied between
the healthy and diseased geometry. In contrast, the healthy and diseased geometry
with the native orientation had the same patterns of asymmetry, with bottom left
lea et experiencing a signi cantly higher volume of the reversed ow than the other
two lea ets.

3.4.1 Limitations

While the work in this chapter provides high quality 4D ow data in realistic anatomies
under a controlled setting, clinical studies are necessary to determine what ow fea-
tures in the RVOT and MPA are correlated with early valve dysfunction. Clini-
cal studies to evaluate associations between ow features derived from an imaging
technique, such as 4D ow MRI, and long-term outcomes could provide insight into
anatomic and ow characteristics that impact bioprosthetic pulmonary valve perfor-
mance. The analysis used in this work, particularly the integral metrics, could be
directly translated to quantify in vivo 4D ow MRI data and could ultimately help
inform the clinical decision-making process for valve placement.

Additionally, the same 25mm St. Jude Medical Epic bioprosthetic valve was used
for all cases in this work. While this allowed for consistency, it did not account for
possible variability between di erent valves of the same model or between di erent
models. Thus, it is possible that some ow features and lea et behaviors are unique
to this particular valve. Also, due to the nature of the experimental set up, this
work does not examine the e ect of valve fatigue over many heartbeats, which can
contribute to long-term valve dysfunction. Future studies should analyze the e ects
of valve variability on lea et behavior and ow features in physiological anatomies, as
well as how the valve behavior may change due to fatigue over long-term time frames.

While the rigid nature of the 3D printed models allows for easier control of the
experiment during 4D ow MRI scanning, this is a signi cant di erence from the
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material properties of native vessels, which are compliant and exible. The com-
pliant environment and the movement of the vessels during the cardiac cycle likely
impact the ow elds local to the valve. However, the velocities measured in the
rigid models still captured key features of the ow and, as both models are made
from the same material, the comparisons between them provided valuable insights on
the e ects of anatomy and valve orientation. We also note that compliance e ects
are captured by the downstream capacitors in the ow loop, producing physiologic
pressure waveforms.

3.5 Conclusions

The ow elds through a bioprosthetic pulmonary valve were analyzed in two gener-
alized physiological geometries of the RVOT and MPA, one healthy and one diseased,
with two di erent valve orientations. Three-component phase-averaged velocity elds
were obtained in the 3D printed models using 4D ow MRI. The ow elds for the four
cases were qualitatively and quantitatively analyzed to demonstrate compound e ects
of geometry and valve orientations on hemodynamics that can impact long-term valve
performance.
Qualitatively, the additional volume around the valve in the diseased geometry
allowed for longer lasting regions of reversed ow, which contributed to strong radial
ows across the valve persisting during diastole that could potentially impact the
valve lea ets during closure and while they were closed. Changing to the rotated
orientation in the diseased geometry made the location of the reversed ow region
along the posterior curve of the MPA more similar to the healthy geometry with the
native orientation. However, it produced an additional reversed ow region along the
anterior curve, illustrating the complicated impact of valve orientation on the full ow
eld. Quantifying the volume of the reversed ow by individual lea ets demonstrated
the asymmetry of the ow. In each case, one lea et was impacted by a larger per-
centage of reversed ow than the others, which could result in uneven lea et fatigue
over time. Integral metrics demonstrated that the secondary ow strength was signif-
icantly impacted by both geometry and valve orientation. The rotated orientation for
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the diseased geometry had substantially higher secondary ow strength, indicating
more recirculation was present in this case.

There are currently no speci c guidelines for the geometric placement of biopros-
thetic valves during PVR in ToF based on patient-speci ¢ anatomy. However, this
experimental work demonstrates the drastic impact that anatomy and valve orien-
tation can both have on valve hemodynamics. The variations in the ow features,
asymmetry, streamwise momentum, and secondary ow strength between the two ge-
ometries in this chapter illustrate the need for a better understanding of the clinical
implications of anatomy-related ow di erences, and potentially suggested guidelines,
as the same valve placement in di erent anatomies resulted in signi cantly di erent
hemodynamics. While these four cases are somewhat generalized and do not encom-
pass the range of geometric features of the RVOT in patients with repaired ToF,
it is crucial to understand how patient anatomy and valve placement can substan-
tially a ect hemodynamics, which in turn may impact the long-term performance of
bioprosthetic pulmonary valves.



Chapter 4

E ects of Cardiac Output

4.1 Background

Pulmonary valve replacements (PVR) are a common reintervention procedure in pa-
tients with repaired Tetralogy of Fallot (ToF), typically indicated by pulmonary re-
gurgitation (PR) or pulmonary insu ciency (PIl). For ToF patients, the rst PVR
usually is necessary in adolescence, with multiple reinterventions often needed over a
patient’s lifetime (Mitropoulos et al., 2017; Kanter et al., 2002; Fuller, 2014). After
PVR, most patients experience signi cant improvements in right ventricle (RV) vol-
ume and function and the amount of PR and PI is drastically reduced or eliminated
entirely (Bigdelian et al., 2015; Kleinveld et al., 2006; Vliegen et al., 2002).
Bioprosthetic valves are among the most commonly used prostheses for PVR in
ToF, since mechanical valves require long-term anti-coagulation therapy, which poses
signi cant risks in children (Batlivala et al., 2012; Chen et al., 2012; Zubairi et al.,
2011; Siddiqui et al., 2009). However, most bioprosthetic valves experience structural
deterioration and dysfunction over time, often within 15 years of implantation (Sid-
diqui et al., 2009; McElhinney et al., 2011). In ToF patients, these valves can fail early
and unpredictably in as many as 30% of patients (Oliver et al., 2015; Khanna et al.,
2015). Some factors that may predispose bioprosthetic valves to early dysfunction
and failure in the right ventricular out ow tract (RVOT) have been identi ed, but
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they remain poorly understood. Several studies have noted that younger age at the
time of PVR can be a predictor of shorter longevity in both bioprosthetic valves and
valved conduits (Batlivala et al., 2012; Chen et al., 2012; Zubairi et al., 2011; Oliver
et al., 2015; Kwak et al., 2016; Maeda et al., 2021). However, within this younger
cohort, it is currently not possible to predict which patients will experience earlier
valve dysfunction. In addition, there are no standard surgical techniques proven to
prolong bioprosthetic pulmonary valve durability.

Clinical observation reveals a wide range of RVOT anatomies within the ToF
patient population (Schievano et al., 2007; Arana et al., 2021). In particular, one
of the most common variations is a large dilation in the main pulmonary artery
(MPA) local to the valve, as well as other variations in vessel length and angles
(Schievano et al., 2007). Previous studies have shown that these anatomic features,
as well as the placement of prosthetic valves, alter the hemodynamics of the RV and
pulmonary arteries (PAs) from expected ow patterns seen in healthy anatomies (Dasi
et al., 2009; Sacks and Yoganathan, 2007; Sacks et al., 2009; Schiavone et al., 2021;
Sotiropoulos et al., 2016; Yoganathan et al., 2004, 2005). Thus, understanding how
bioprosthetic valve placement in ToF anatomies impacts the hemodynamics local to
the valve may provide insights into valve function over time.

Various in vivo and in vitro techniques are used to measure and analyze ow

elds surrounding prosthetic valves. Clinical 4D ow MRI, which uses phase-contrast
imaging to obtain velocity elds, has been used in numerous studies examining ow in
a range of cardiovascular diseases (Stankovic et al., 2014; Barker et al., 2015; Lawley
et al., 2017; Sundareswaran et al., 2012; Schafer et al., 2018; Sjoberg et al., 2018; Hus-
saini et al., 2017). This medical imaging technique has been adapted for experimental
studies and has been used in both clinical and non-clinical contexts (Elkins and Al-
ley, 2007; Markl et al., 2003; Medero et al., 2018). A review of various experimental
techniques, including 4D ow MRI and standard, stereo, and tomographic particle
image velocimetry (PIV), in an analysis of ow in an intracranial aneurysm found
that all methods captured the global ow structures (Rolo et al., 2019). The use
of 4D ow MRI has been validated against PIV and clinical data in various studies
(Medero et al., 2018, 2020; Roldan-Alzate et al., 2015; Stankovic et al., 2014; Markl
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et al., 2012). Previous experimental and clinical studies have used 4D ow MRI to
access ow patterns in ToF, but have not speci cally examined the e ects of valve
placement or sizing (Francois et al., 2012; Jeong et al., 2015; Vliegen et al., 2002;
Sjoberg et al., 2018). For assessing valve performance, it is often useful to capture
the motion of the valve lea ets in addition to quantifying the surrounding velocity
elds. High-speed imaging has been used frequently to visualize the valve lea ets
over the cardiac cycle and to calculate various performance metrics including the
e ective ori ce area and lea et bending stress (Stanova et al., 2020; Hatoum et al.,
2018; Salaun et al., 2016). However, high-speed imaging studies have not often been
done in conjunction with 3D ow eld measurements. We used both methodologies
for the studies in this chapter and will demonstrate the bene ts of obtaining both
velocity elds and high-speed imaging data for the same set of experiments.

4.1.1 Valve Sizing in PVR

Valve sizing is a critical decision during surgery, especially in younger ToF patients
undergoing PVR. It is possible that early valve failure may be due to somatic growth,
which leads some surgeons to oversize the valve, placing a larger valve than neces-
sitated by the patient’s native RVOT size. This open question of valve sizing also
arises in the aortic position, where there are widespread variations in the surgeon’s
choice of valve size (Hatoum et al., 2020; Deeb et al., 2016; Durko et al., 2019). How-
ever, the e ects of valve oversizing are not fully understood. Clinical studies on both
bioprosthetic pulmonary valves and RV to PA valved conduits have found that valve
oversizing decreases longevity and is associated with shorter freedom from dysfunc-
tion (Batlivala et al., 2012; Chen et al., 2012; Askovich et al., 2007). In addition,
a computational study examining three di erent sizes of valved conduits virtually
placed in a healthy pediatric PA found that mean wall shear stress, an indicator for
stenosis in these prostheses, was 40% higher at the anastomosis in simulation with
the oversized conduit (Sonntag et al., 2015). In studies with stentless aortic valves,
valves that were matched with the true patient internal diameter had higher e ciency
(Hatoum et al., 2020; Bapat et al., 2014). However, recent studies have demonstrated
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that large diameter bioprosthetic valves perform well in patients, with valve oversizing
not associated with any signi cant change in time to dysfunction or reintervention
(Kwak et al., 2016; Maeda et al., 2021; Karamlou et al., 2005). Therefore, it is still an
open clinical question if valve oversizing is helpful for o setting the e ects of somatic
growth or if it is actually predisposing bioprosthetic valves to early dysfunction and
failure. Despite this, there have been few studies quantifying the ow elds resulting
from di erent choices in valve sizing (Sonntag et al., 2015).

4.2 Experimental Details

All experiments reported in this chapter used the same 25mm valve described in
Chapter 3. By changing the cardiac output through the same size valve, these studies
correspond to the clinical question of valve sizing. Cardiac output widely varies
over the pediatric patient population and generally aligns with patient size: smaller
patients have lower cardiac outputs. Thus, when a surgeon places a large valve in
a smaller patient, they are generally placing the valve in an environment with lower

ow than if it had been placed in an appropriately sized patient. The ow loop was
tuned to three di erent cardiac outputs: 2 L/min, 3.5 L/min, and 5 L/min. The
3.5 L/min case represents the typical ow for a patient with an appropriately sized
25mm valve. The 2 L/min case has lower ow going through the same size valve,
which corresponds to valve oversizing in a clinical setting. Similarly, the 5 L/min
case has higher ow going through the same size valve, which corresponds to valve
undersizing. Though valve undersizing is not common in clinical practice, we studied
a range of ow rates to illustrate the overall e ects of cardiac output.

The dilated MPA model with the same valve described in Section 3.2 was used
for all studies in this chapter. The model and ow loop were used to obtain velocity
data using 4D ow MRI and to capture valve lea et images using high-speed imaging
in separate benchtop experiments.

The cardiac output of the ow loop was measured as the time-averaged ow rate
at the in ow to the RV box via an ultrasonic ow probe. Various components of the

ow loop were adjusted from the 3.5 L/min baseline to obtain the di erent cardiac
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outputs. For the 2 L/min case, the duration of the sine squared waveform driving
the pneumatic system was decreased. For the 5 L/min case, both the duration and
the amplitude of the sine squared waveform were increased. These changes a ected
the forward air ow into the RV box, which in turn a ected the pulsatile ow rate
throughout the ow loop. However, while these changes allowed us to capture the
correct net ow rate, they adversely a ected the pressure waveforms. To account for
these changes, we realigned the venting of the pneumatic box with the sine squared
waveform to replicate similar dynamics in the driving system across all cases. In
addition, we increased the downstream capacitance for the 5 L/min case and decreased
the capacitance for the 2 L/min case. In order to maintain a similar pressure waveform
shape across all cases, the length of systole varied slightly depending on the cardiac
output. Systole was approximately 33% of the cardiac cycle for the 2 L/min case,
38% of the cardiac for the 3.5 L/min case, and 41% of the cycle for the 5 L/min case.
The adjustments to the system resulted in physiological ow and pressure waveforms
for each case, as seen in Figure 4.1. Overall, we generated similar dynamics for each
cardiac output, allowing for the most direct possible comparison between all three
cases.

Figure 4.1: Experimental ow (left) and pressure (right) waveforms in the model for
each of the three cardiac output cases. Flow waveforms were measured in one of the
outlet PA branches. Flow and pressure data were taken simultaneously for each case.
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4.2.1 4D Flow MRI Experiments

To analyze the e ects of cardiac output and valve orientation, we conducted ve
di erent 4D ow MRI experiments. We ran the ow loop with cardiac outputs of
2 L/min, 3.5 L/min, and 5 L/min with the valve in the native orientation. For the
rotated orientation, we only ran the 2 L/min and 3.5 L/min cases, since 2 L/min
represents the more clinically relevant case of valve oversizing.

The scan procedure and sequence settings for the MRI were nearly identical across
all experiments, which are described in Section 2.1.2. The VENC was only parameter
that was changed, since changing the cardiac output results in di erent maximum
velocities for all three cases. The VENC in each case was set to the same value in
the sagittal, axial, and coronal directions. The VENC was set at 150 cm/s for the 2
L/min case, 250 cm/s for the 3.5 L/min case, and 350 cm/s for the 5 L/min case.

We calculated the SNR and velocity uncertainty for each case. The velocity un-
certainty is given as the percent of the mean velocity through the valve opening at
peak systole. As reported in Section 3.2, the average SNR for the 3.5 L/min cases
was 21, resulting in an uncertainty of 6.3%. For the 5 L/min case, the SNR was 18,
resulting in an uncertainty of 7.6%. The average SNR in the two 2 L/min cases was
19.5, resulting in an uncertainty of 6.2%.

4.2.2 High-Speed Imaging Experiments

For the high-speed imaging experiments, the ow loop was assembled on the benchtop
exactly as it was in the MRI scanner. Though the high-speed imaging and the 4D
ow MRI experiments are not conducted simultaneously, they both use and record
the same trigger signal for the pulsatile cardiac cycle. Thus, we can precisely align
the data from the two experimental methods. We obtained high-speed images of the
valve lea ets for the three cardiac outputs with the valve in the native and rotated
orientation for each case.
In order to have clear optical access to the valve, we printed a new downstream
component for the MPA and branch PAs of the model. The internal geometry of
the model was identical, but we reduced the wall thickness to 2mm and polished
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the surface to remove distortions due to the printing process. In order to eliminate
refraction from the surrounding air to the working uid in the model, we built an
external box to submerge the model. The box was designed to align with outlet angles
of the LPA and RPA and was sealed around the model using the tubing extending
from these branches and the ange of the 3D printed valve-holder component. During
the high-speed imaging experiments, the box was lled with the working uid, thus
submerging the model. This box did not a ect any of the working settings of the ow
loop and can be seen in Figure 4.2, indicated by the black arrow.

Figure 4.2: The experimental ow loop assembled on the benchtop for high-speed
imaging. The Phantom V2012 Ultrahigh-speed camera on the right was aligned
head-on with the valve in the model in order to capture images of the lea et motion.
The model was submerged in the working uid to eliminate refraction e ects using
the box indicated by the black arrow.

We captured images of the valve lea ets over the cardiac cycle using a Phantom
V2012 Ultrahigh-speed camera with a 105mm Nikkor lens. We imaged the valve
lea ets head-on from downstream, as seen in Figure 4.2. We took images at a frame
rate of 1500 Hertz with a 500 microsecond exposure in order to capture the instan-
taneous valve lea et motion. This frame rate resulted in approximately 409 frames
during systole for the 2 L/min case, 476 frames during systole for the 3.5 L/min case,
and 514 frames during systole for the 5 L/min case. We used an f-stop of 11 to allow
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for a large enough depth of eld to keep the lea ets in focus as they open. A ring light
was placed on the outside of the submersion box, positioned with the valve centered
in the ring, to provide lighting for high quality imaging.

In order to calibrate the images, we built a calibration target with a grid of 69
evenly spaced points that t into our model in the valve-holder component. The
target was set at the location where the lea ets edges meet in the center of the valve,
which we used as our focus point. With the model and the submersion box lled with
the working uid, we focused the lens and took an image of the calibration target,
shown in Figure 4.3. Using the known distance of 2.6mm between each point on the
calibration target, we calculated a conversion factor for our images of 0.00181mm?
per pixel. This results in approximately 580 pixels across the diameter of the valve,
which allows us to accurately observe small-scale movements in the lea ets. Since
the points on the target were in a Cartesian grid, we also used the target to reduce
the distortion in the images caused by curved edges of the model with an in-house
MATLAB code.
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Figure 4.3: An image of the calibration target taken with the Phantom V2012
Ultrahigh-speed camera. The known distance between the grid point was used to
calibrate the image pixel locations.

4.3 Results

Results are presented for the three cardiac output cases: 2 L/min, 3.5 L/min, and 5
L/min focusing rst on the qualitative and quantitative results from the 4D ow MRI
experiments. Then we examine valve lea et behavior with the high-speed imaging
experiments and the relationship between lea et motion and the full velocity elds.
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4.3.1 4D Flow MRI Results

There were a number of similar ow features across the three cardiac outputs with
the valve in the native orientation. In all three cases, the forward ow jet through the
valve had an almost triangular shape with three tips, which was clearly seen in axial
slice x/D = 0.5 at peak systole in Figure 4.4. Axial slice x/D = 0.5 is immediately
downstream of the valve support structure. The jet generally followed the same angle
and path out of the valve in all cases, as observed in the sagittal slice through the
center of the vessel. In addition, the normalized streamwise velocities were similar for
each cardiac output, indicating that the relative strength of the jet compared to the
in ow upstream of the valve was mostly independent of the actual cardiac output.
However, despite these general similarities, there were key di erences in the ow
elds for each case. With a trilea et valve, 120 degree symmetry would be expected in
the ow through the valve, but this was not always the case. The forward jet shape
was the most symmetric in the 5 L/min case, with each of the jet tips extending
approximately the same distance away from the center of the vessel. The 3.5 L/min
had more notable asymmetry as each of the jet tips had a unique shape, as observed
in the axial slice x/D = 0.5. The jet asymmetry was the most pronounced in the 2
L/min case, as the jet tip in the bottom left was signi cantly elongated and narrowed.
These characteristics were observed in the 3D shape of the forward ow as well as
the axial and sagittal slices, as demonstrated in the velocity isosurfaces in Figure 4.5.
The three wide dips in the green isosurface between the jet tips indicated where the
valve lea ets opened, as the ow passed through them out of the valve annulus.
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Figure 4.4: For cardiac outputs of 2 L/min (top), 3.5 L/min (middle), and 5 L/min
(bottom), X-component of velocity contours normalized by the peak speed in the
RVOT upstream of the valve. Contours shown at axial slice x/D = 0.5 (left column)
and sagittal slice z = 0 (right column) at peak systole. In-plane velocity vectors are
shown on the axial slice with a reference vector representing a normalized velocity of
1.
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Figure 4.5: Velocity isosurfaces at peak systole for 2 L/min (left), 3.5 L/min (middle),
and 5 L/min (right). The green and dark blue represent x-component of velocity
isosurfaces at u=Ury ot = 2.5 and u=Ugry ot = -0.5 respectively. Di erences across all
3 cases can be seen in the shape of the forward ow jet and in the size and location
of the reversed ow regions.
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In the 2 L/min case, a strong vortex shed o the lea et that bordered the narrowed
asymmetric portion of the jet, as seen in the in-plane velocity vectors (Figure 4.4).
There was recirculation present in a similar region in the 3.5 L/min case, but it was
not as pronounced, and the 5 L/min case only had limited recirculation surrounding
the forward jet. The location and size of the reversed ow regions also di ered across
the three cases. In the sagittal slices, we can see a region of reversed ow along the
interior curve in each case. In the 2 L/min case this reversed ow formed fairly close
to the valve annulus, while it was located further downstream in the 3.5 L/min and 5
L/min cases. In addition, in both the axial slices and the 3D isosurfaces of reversed
velocity, we can see that the total volume of reversed ow was largest in the 2 L/min
case. In the 5 L/min case, the reversed ow region along the interior curve of the
vessel was noticeably smaller than the other two cases, in addition to being further
downstream. However, there was a region of reversed ow above the forward jet in
the 5 L/min case, and to a lesser extent in the 3.5 L/min case, that was not present in
the 2 L/min. These di erences in the ow features depending on cardiac output have
clinical relevance, as increased recirculation and reversed ow have both been linked
to valve complications such as calci cation (Yoganathan et al., 2005; Sotiropoulos
et al., 2016).

The x-component of vorticity at peak systole illustrated additional ow features,
as seen in contours on an axial slice that includes the valve lea ets and support
structures at x/D = 0.25 (Figure 4.6). The x direction aligns with the streamwise

ow and is normal to the valve annulus. Opposite sign vortices developed on the
edges of each lea et as the ow passed through. For example, in the axial slices in
Figure 4.6, a lea et sits between the structural valve supports represented by the light
blue surfaces. For the lea et in the bottom left, negative x vorticity developed on
one edge of the lea et and positive x vorticity developed on the other. This pattern
was observed on all lea ets in all three cardiac output cases. These vortices aligned
with the in-plane velocity vectors in each case. In the 2 L/min case, the stronger
recirculation corresponded to a larger region of positive x vorticity. The 5 L/min
case had weaker vorticity regions along the lea ets but had stronger vorticity on the
outer edge of the valve supports, particularly along the outer curve of the vessel. This
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may indicate that the faster ow through the valve excited more of the uid in the
dilated anatomy. These variations in x vorticity demonstrate how cardiac output has
a substantial impact on complex ow features in the RvVOT model.
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Figure 4.6: Contours of the x-component of vorticity (Iyx) with in-plane velocity
vectors at axial slice x/D = 0.25 for the 2 L/min (top), 3.5 L/min (middle), and 5
L/min (bottom) cases with native valve orientation at peak systole. The transparent
light blue surface represents the wall of the model and the three structural supports
of the valve, which cut through the axial contour slices.
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Changing the valve orientation in addition to the cardiac output had compound
e ects on the hemodynamics. In the rotated orientation, the valve was rotated 180
degrees from the native orientation. The jet shape at systole, as observed in an axial
slice, rotated 180 degrees as well which can be seen when comparing the velocity
contours for the native orientation in Figure 4.4 and the rotated orientation in Figure
4.7 for the 2 L/min and 3.5 L/min cases. In particular, the 2 L/min case with
the rotated orientation still had an asymmetric jet, with strong recirculation along
the narrowed jet now in the upper right region of the vessel. However, while the
forward ow rotated accordingly with the valve orientation, the reversed ow regions
at systole did not. In the native orientation, the large reversed ow regions formed
mostly along the sides of the vessel. In the rotated orientation, the reversed ow
regions were located along the inner and outer curves of the vessel. The sagittal slices
illustrated the likely cause of this shift. In the rotated orientation, the jet through
the valve annulus is directed towards the center of the vessel, away from the outer
wall (Figure 4.7). This led to a large reversed ow region forming along that outer
wall that was not present in the native orientation cases. Thus, changing the valve
orientation drastically shifted the location and volume of reversed ow in both the 2
L/min and 3.5 L/min case.
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Figure 4.7: Normalized streamwise velocity contours for the 2 L/min ( rst and third
rows) and 3.5 L/min cases (second and fourth rows) in the rotated valve orientation.
The top block of four images are velocity contours shown at an axial slice x/D = 0.5
with in-place velocity vectors. The bottom block of four images are velocity contours
shown at a sagittal slice z = 0. Velocity contours are shown at peak systole and
during diastole as ow is decelerating.
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The 2 L/min case with the rotated orientation presented a unique ow feature
over the cardiac cycle that was not present in any other experiment in this study.
In this case, a strong region of recirculation formed during systole along the inner
curve of the vessel at one of the jet tips. This contrasted with the 3.5 L/min rotated
case, which did not have this recirculation. Instead, the 3.5 L/min case had a strong
counterclockwise swirling ow along the inner curve that persisted into diastole. The
recirculation in the 2 L/min case appeared to break up that swirling e ect that
might have otherwise been present. As a result, the reversed ow along the outer
curve, as observed in the sagittal slices, became detached from the wall in diastole
for the 2 L/min case. This produced a more complex ow eld in the center of
the vessel and lea ets, with reversed ow potentially impacting the point of valve
closure. Increased recirculation and shifting reversed ow location may produce a
hemodynamic environment more prone to lea et calci cation and fatigue that is only
present in the 2 L/min case with the rotated orientation.

The radial velocities in the ow eld local to the valve directly impact the valve
lea ets during opening and closure. Figures 4.8 and 4.9 demonstrate the radial ve-
locities close to the valve lea ets at three di erent time points during the cycle: peak
systole, the middle of diastole as the streamwise ow is decelerating, and towards
the end of diastole when the streamwise ow has settled to rest. At systole, all car-
diac output and valve orientation cases experienced similar ow structures. Flow
moved toward the center of the vessel between the open edges of the valve lea ets,
as demonstrated by the blue velocity contours. Simultaneously, the opening surface
of the lea ets pushed ow towards the outer wall of the vessel, resulting in the red
radial velocity contours. The native and rotated orientations had similar ow struc-
tures, with the patterns rotated as they aligned with the location of the valve lea ets.
However, after systole, the ows di ered depending on both cardiac output and valve
orientation. During mid-diastole in the rotated orientation, both the 2 L/min case
and 3.5 L/min case had radial ow towards the vessel center mostly across the lea et
on the inner wall (the bottom of the axial slice) (Figure 4.9). This corresponded with
the reversed ow regions seen in the axial and sagittal slices during diastole (Figure
4.7). Fluid was owing back towards the valve annulus along both the inner and outer
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walls of the vessel. When it encountered the closed valve, it washed over the bottom
lea et towards the center of the vessel as radial ow. The radial ow on the top of
the valve had signi cantly less strength since it was blocked by the valve support
structure. Towards the end of diastole, the radial ow became stagnant in both the
2 L/min and 3.5 L/min cases with the rotated valve orientation.

Figure 4.8: Radial velocity contours computed from the normalized velocity com-
ponents for the native valve orientation for the 2 L/min case (top row), 3.5 L/min
case (middle row), and 5 L/min case (bottom row). Contours shown at an axial slice
x/D = 0.11, local to the valve annulus for three di erent time points: peak systole
(left column), mid-diastole (middle column), and towards the end of diastole (right
column). The structure of the valve is shown in gray.

The radial ow patterns in diastole for the native orientation were substantially
di erent than those for the rotated orientation. In the 2 L/min case at mid-diastole,
the radial ow moved across the closed valve from bottom right towards the center of
the vessel (blue velocity contour) and then away from the center towards the bottom
left region of the vessel (red velocity contour) (Figure 4.8). The ow pattern towards
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Figure 4.9: Radial velocity contours computed from the normalized velocity compo-
nents for the rotated valve orientation for the 2 L/min case (top row), and 3.5 L/min
case (bottom row). Contours shown at an axial slice x/D = 0.11, local to the valve
annulus for three di erent time points: peak systole (left column), mid-diastole as
the streamwise ow is decelerating (middle column), and towards the end of diastole
when the streamwise ow has settled to rest (right column). The structure of the
valve is shown in gray.

the center of the vessel was also seen in the 3.5 L/min case, though the radially
outward ow was signi cantly weaker. In the 5 L/min case at mid-diastole, ow
moved towards the center of the vessel from both the bottom right and bottom left
regions. Towards the end of diastole, when the streamwise ow had settled to rest,
the radial ow in the 5 L/min case was also stagnant. In the 3.5 L/min case, the
ow was nearly stagnant, with some slight remnants of the ow patterns seen at mid-
diastole. However, in the 2 L/min case, there was still a notable amount of radial ow
washing over the valve lea ets. It is possible that larger volume of reversed ow led to
this persistent radial ow throughout diastole, as more uid owed back towards the
closed valve. This may have an adverse e ect on valve performance, as continuous
ow impacting the lea ets over the cardiac cycle may increase the rate of fatigue.
To quantify the streamwise momentum and secondary ow strength of the ow
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elds, we calculated the integral metrics 1, and I, that were introduced in Section
3.2.1 for each of the cardiac output experiments over the cardiac cycle (Figure 4.10).
I, was calculated using Equation 3.2 for the axial cross-sections at x/D = 0.25 and
x/D = 0.5. 1, was calculated using Equation 3.3 at the same cross-sections. For
each case, the average velocity over a cross-section immediately upstream of the valve
at peak systole was calculated for the reference area. The cross-sectional area was
calculated for each of the axial locations and was the same for all experiments since
the same model was used.

Figure 4.10: Quantitative integral metrics 1, (top row) and I, (bottom row) at two
axial slices, x/D = 0.25 (left column) and x/D = 0.5 (right column) for three cardiac
outputs. The legend in the top right corner applies to all plots.

The cross-sectional slice x/D = 0.25 is approximately midway along the valve
support structures and the valve lea et edges extend to this point when they are fully
open during systole. At this slice, the streamwise momentum I, was approximately
the same for the 3.5 L/min case with both orientations and the 5 L/min case (Figure
4.10). The streamwise momentum for the 5 L/min case peaked at an earlier phase
because that was when peak systole occurred for the 5 L/min case ow rate waveform.
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Otherwise, the 1, values for these cases were very similar, with 1, exceeding 1 during
systole indicating high momentum ow and decreasing to 0 when the streamwise ow
stagnates during diastole. The 2 L/min cases for both valve orientations followed
a similar pattern over the cardiac cycle, but peaked at a higher value of 1, during
systole. One possible explanation for the higher streamwise momentum in the 2 L/min
cases is that the valve lea ets did not open as fully due to the slower cardiac output
through the 25mm valve. The ow through the narrowed valve opening would be
faster and result in higher relative streamwise momentum in this case. We observed
that the valve opening area was less for the 2 L/min cases than the others with the
high-speed imaging, as discussed later in Section 4.3.2, indicating that this was likely
the cause for the higher streamwise momentum in these cases.

The cross-sectional slice x/D = 0.5 is immediately downstream of the entire valve
support structure. At this slice, I, had similar patterns and relationships across cases
as I, at x/D = 0.25 (Figure 4.10). For all cases, I, was decreased at x/D = 0.5 due
to the ow losing momentum as it moved downstream. I, for the 2 L/min cases was
still slightly higher than the other cases. For all cases at this slice, the streamwise
momentum peaked above 1 during systole and decreased to 0 during diastole. For
both x/D = 0.25 and x/D = 0.5, there were only slight di erences between the native
and the rotated orientation for the 2 L/min and 3.5 L/min cases, indicating that
valve orientation had little impact on the streamwise momentum.

For the secondary ow strength I, at x/D = 0.25, all of the cases had similar peak
values, with the 3.5 L/min cases on the lower side at 0.4 and the 2 L/min native
orientation case at the highest value of 0.45 (Figure 4.10). In the 2 L/min native
orientation case, I, was sustained close to its peak value for longer in the cardiac cycle
than the other cases. This higher I, value with longer duration corresponded to larger
region of x vorticity that occurred in this case (Figure 4.6). For 2 L/min, the native
orientation had higher I, after systole than the rotated orientation, while the opposite
was true for the 3.5 L/min cases. This highlights the compound in uence of cardiac
output and valve orientation; the e ect of changing the valve orientation depends on
the ow rate. At x/D = 0.5, both 2 L/min cases and the rotated orientation for the
3.5 L/min case had nearly the same I,. For the 5 L/min case at x/D = 0.5, there
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is no clear peak, but rather a consistent secondary ow strength over the entirety of
systole. The rotated orientation for the 3.5 L/min case had a strong counterclockwise
swirl at this axial location, di erentiating it from the native 3.5 L/min case (Figure
4.7). The higher value of secondary ow strength quanti ed this di erence. Both of
the 2 L/min cases had strong recirculation regions along the forward ow jet which
contributed to the higher I, values. It is worth noting that the di erences in I, at
the beginning and end of the cardiac cycle, when the ow is essentially stagnant,
are likely due to di erences in the noise oors in the secondary ows across cases as
opposed to physical di erences in the ows.

4.3.2 High-Speed Imaging Results

We analyzed valve lea et behavior with high-speed imaging experiments for all three
cardiac outputs and two valve orientations for each case. From the 2D images of the
valve, we calculated the opened area between the valve lea ets, or ori ce area, over
the cardiac cycle. For each case, we captured images for 48 cardiac cycles, calculated
the projected 2D ori ce area in each image by counting the pixels inside the lea et
edges, and averaged the area over all cardiac cycles (Figure 4.11). The orientation of
the valve did not signi cantly impact the maximum ori ce area during peak systole,
though it did have slight e ects on the timing of valve opening and closure. The 5
L/min cases had the highest ori ce area, indicating that these cases made the most
e cient use of the valve. The 3.5 L/min cases had a 4.5% lower ori ce area and the
2 L/min cases had a 8.9% lower ori ce area than the 5 L/min cases. With the same
25mm valve, the lower cardiac outputs were not su cient to fully open the lea ets.
The valve lea ets were highly exible and their free edges uctuated the entire
time they were open. While the lea et motion varied slightly from cycle to cycle,
there were some key features of the lea et behavior that di erentiated the cases.
For example, two critical di erences between the 2 L/min and 3.5 L/min cases with
native valve orientation are highlighted in the white boxes in Figure 4.12. For these
regions, the 5 L/min case was qualitatively similar to the 3.5 L/min case. The top
white box focuses on an area where the lea et free edges meet at the commissure. In
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Figure 4.11: Average ori ce area for three cardiac outputs and two valve orientations
over the systolic portion of the cardiac cycle. Ori ce area was calculated as the
projected area between the open valve lea ets in the 2D valve image (example shown
in bottom right inset).

the 3.5 L/min case, the lea et edges fully separated, pushed open by the incoming
ow. However, in the 2 L/min case, the lea et edges remained in contact through
the cardiac cycle. This contact can adversely a ect the valve performance, as lea et
edges close together at the commissure may calcify more easily, leading to valve
dysfunction. In the bottom white boxes, we observed a di erence in the shape of one
of the lea ets. While this section of lea et did not fully open to the outside of the
valve in the 3.5 L/min case, it came closer than it did in the 2 L/min case. With a
cardiac output of 2 L/min, this section of lea et remained in an open bowl-like shape,
which obstructed the ow coming through the annulus and provided an area where
ow could recirculate and stagnate, even during systole.
These observations of the valve lea et behavior are useful on their own, as they
demonstrate which cases result in valve motion that might be more prone to dys-
function. However, we also can couple the high-speed imaging with our 4D ow MRI
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Figure 4.12: Valve lea et images from the high-speed imaging experiments for the 2
L/min case (left) and the 3.5 L/min case (right). The white boxes highlight di erences
in lea et behavior between the two cases.

results to fully examine the relationship between valve behavior and ow patterns.
Key examples of this relationship are shown for the 2 L/min case for the native and
rotated orientation in Figure 4.13. For the native case, the lea et that we observed
obstructing the ow in Figure 4.12 directly corresponded to the region of strong re-
circulation in the 4D ow MRI data. The ow from the 2 L/min cardiac output was
not fast enough to fully open the lea et, which led to adverse hemodynamics in the
velocity eld. This behavior also occurred in the 2 L/min case with the rotated valve
orientation. The two white boxes in the bottom row of Figure 4.13 show two areas
where valve lea ets did not open fully. This directly corresponded to the narrowed
jet region in the velocity data, as well as another region of recirculation. These hemo-
dynamic features can contribute to increased risk of calci cation and uneven lea et
fatigue due to asymmetry.
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Figure 4.13: Valve lea et images compared to velocity contours for the 2 L/min case
with the native valve orientation (top row) and rotated valve orientation (bottom
row). The white boxes highlight regions where the lea et behavior observed in the
high-speed imaging experiments align with strong recirculation in the velocity elds
obtained by 4D ow MRI.
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4.4 Conclusions

The analysis of full 4D ow elds and instantaneous valve lea et images demonstrated
how both cardiac output and valve orientation can impact hemodynamics in the
RVOT and lea et performance. The general shape of the jet through the valve and the
relative velocity of the jet compared to the upstream in ow were similar across cardiac
outputs of 2 L/min, 3.5 L/min, and 5 L/min. However, there were key di erences in
the asymmetry of the jet, the amount of recirculation, and the location and size of
reversed ow regions (Figure 4.4). The 5 L/min case had the most symmetric jet and
the lowest volume of reversed ow. Conversely, the 2 L/min case had an asymmetric
jet with a strong region of recirculation along the narrowed branch of the jet. This
recirculation corresponded to a larger region of positive x vorticity in the 2 L/min
case, though all three cases had similar vortical structures as two vortices of opposite
sign shed o of each valve lea et (Figure 4.6).
In the 2 L/min and 3.5 L/min cases with the rotated valve orientation, the forward
ow jet rotated 180 degrees, following the valve rotation. However,the reversed ow
regions drastically di ered from the native orientation cases. In particular, the 2
L/min rotated case had increased recirculation along the inner curve of the vessel,
which contributed to the reversed ow detaching from the wall and impacting the
valve lea ets during diastole. These unique ow features emphasized the compound
e ect of cardiac output and valve orientation. Both of these factors can have a crucial
impact on hemodynamics and trends observed from changing valve orientation in one
case were not necessarily replicated with a di erent cardiac output. These compound
e ects were also quanti ed in the integral metric I, (Figure 4.10). At axial slice
x/D = 0.5, the 2 L/min cases with both the native and rotated orientation had
similar secondary ow strengths, while the rotated 3.5 L/min case had substantially
higher secondary ow strength than the native 3.5 L/min case. Thus, the e ect of
valve orientation on secondary ow strength depended on the cardiac output. These
results support the similar conclusion on the compound e ect of RVOT anatomy and
valve orientation discussed in Chapter 3.
High-speed imaging experiments provided insights on the valve lea et behavior
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with di erent cardiac outputs. We used the images to measure the valve ori ce area
and noted that the 2 L/min cases had 8.9% lower area than the 5 L/min cases. Ori ce
area is used extensively in clinical settings, particularly with aortic valves, to assess
performance of prosthetic valves; lower ori ce area indicates a less e cient valve
(Bech-Hanssen et al., 2001; Garcia et al., 2004; Shadden et al., 2010). In addition
to the ori ce area calculations, the combination of our 4D ow MRI and high-speed
imaging methods provided a more complete picture of the valve environment. In
several instances with the 2 L/min cases, we observed lea et sections that did not
open fully during systole directly corresponded to areas of strong recirculation in the
velocity data. These connections, in addition to providing insight on valve perfor-
mance, indicate that it is possible to infer valve lea et behavior from ow elds. This
relationship would be useful for in vivo settings where it is possible to obtain velocity
data, but not possible to directly observe lea et motion.

We found that the 2 L/min cases had numerous adverse features in the ow elds
and valve behavior. The 2 L/min cases had strong recirculation, which is associated
with calci cation, large reversed ow volumes, which may lead to hemolysis, persistent
radial ow during diastole, which may contribute to lea et fatigue, lower valve ori ce
area, and locations where the valve lea et edges did not separate, which are more
prone to fusion and calci cation (Yoganathan et al., 2004, 2005; Sotiropoulos et al.,
2016). As discussed earlier in Section 4.2, a cardiac output of 2 L/min through a
25mm valve corresponds to the clinical decision of valve oversizing. While the e ects
of this practice are still an open question, our results strongly suggest that valve
oversizing produces a hemodynamic environment that would predispose the valve for
failure. Alternatively, we found that the 5 L/min case, which corresponds to valve
undersizing, had fewer adverse ow features and the highest ori ce area in our cases.
While there are a number of clinical reasons to avoid undersizing the valve, including
needing to account for patient growth, our results indicate that the hemodynamics
of this con guration are comparable or even favorable to the standard sizing.

While this work in this chapter provided many key insights about the e ect of
cardiac output and valve orientation on RVOT hemodynamics, clinical studies are
necessary to determine how ow features are correlated with adverse outcomes from
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PVR surgery. Clinical studies could ascertain the association between ow features,
such as recirculation, and long-term outcomes, thus establishing which hemodynamic
environments are the most favorable for valve function. In addition, we used the same
valve for all of our experiments for consistency. However, it is possible that some of
the features we observed, particularly in the high-speed imaging experiments, might
be a property of this speci c valve as opposed to all bioprosthetic valves.

Overall, the work in this chapter demonstrated the compound e ect of cardiac
output and valve orientation on RVOT hemodynamics and valve performance. The
combination of 4D ow MRI and high-speed imaging allowed us to obtain a full view
of the valve environment. In particular, we determined that the 2 L/min case had
multiple features in the ow elds and valve lea et behavior that could adversely
e ect long-term valve performance.



Chapter 5

E ects of Valve Position

5.1 Background

Due to the wide variation in patient anatomies in ToF, surgeons must determine
where to place the surgical valve in native right ventricular out ow tract (RVOT)
during pulmonary valve replacement (PVR). Surgeons need to ensure that the valve
placement will not obstruct the coronary arteries or other vessels and place the valve to
allow for vessel closure with an out ow tract patch (Kogon et al., 2007). Within these
constraints and other clinical considerations to ensure the valve functions properly,
the surgeon can place the bioprosthetic pulmonary valve anywhere along the vessel
between the RV exit and the rst PA bifurcation. In general, the valve is placed
close to the RV exit, which is where the native pulmonary annulus would occur. In
addition, clinical descriptions of PVR procedure indicate that the valve should be
aligned with the MPA and pointed towards the downstream PAs (Kogon et al., 2007;
Fuller, 2014).

For ToF patients, this valve placement decision is not always straightforward. One
of the more common variations seen in ToF is acute curvature between the RV and
the MPA (Arana et al., 2021; Luo et al., 2021; Shen et al., 2021; Kirklin et al., 1992).
For patients with this acute angle, surgeons must determine where to place the valve
along the curvature. The two most common options considered by clinicians are to
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align the valve with the RV and place it upstream of the curvature or to align the
valve with the MPA and place it downstream of the curvature, as illustrated in the
sketches in Figure 5.1.

Figure 5.1: Sketches of the two most common options for valve placement in patients
with acute curvature in the RVOT. Option (a) aligns the valve with the RV, upstream
of the curvature. Option (b) aligns the valve with the MPA, downstream of the
curvature. Sketches are based on illustrations provided by Dr. Do McElhinney.

The decision on valve placement is made by the surgeon for every patient. In these
patients with extreme curvature, the choice of how to align the valve will impact the
ow patterns in the vessel and overall function of the valve. Fuller (2014) recommends
tilting the valve such that the blood ow is not directed towards the anterior vessel
wall, as that could lead to the development of a pulmonary artery aneurysm. However
it is not clear that this placement option is available in ToF patients with extreme
curvature and there are no clinical studies that speci cal examine the hemodynamics
of di erent valve placement choices in this patient population.

In this chapter, we discuss the design of two RVOT models with an acute angle
between the RV and the MPA, one with the valve aligned with the RV and the other
with the valve aligned with the MPA. We conducted four 4D ow MRI studies: both
models were run with the valve in the native and the rotated orientation. Qualitative
and quantitative comparisons were made across all four cases to examine how valve
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position and orientation a ect the hemodynamics in RVOTs with acute curvature.

5.2 Experimental Details

5.2.1 Valve Alignment Model Design

For the healthy and the dilated models discussed in previous chapters, we used the
same vessel centerline for both geometries. This could not be translated to the valve
alignment models, since they need to represent a case with a severely acute angle
between the RV and the MPA. However, we still used the same ventricle box design
to drive the pulsatile ow through the system. From the ventricle box, we adjusted
the RV outlet to capture the extreme curvature geometry.

With the assistance of Dr. Do McElhinney, we developed the centerline for
the model with the valve aligned with the RV. This new centerline was designed to
represent a generalized version of the extreme curvature cases seen in the clinic. The
same curvature was used to design the model with the valve aligned with the MPA,
with minor modi cations to accommodate design considerations for the valve-holder
component and 3D printing restrictions. The same modular design principles were
used for these models, which were designed to t the same 25mm valve used in all
previous experiments.

The RV component for the valve aligned with the RV case consists of the ventri-
cle box and the RV exit. This connects to the new valve-holder component, which
functions the same as the original valve-holder, but was shortened to accommodate
the extra vessel length added to the curvature. The nal component consists of the
downstream MPA with the acute curvature and the PA bifurcation. The centerline
vessel length from RV to bifurcation is 56mm for the valve aligned with RV case.

The RV component for the valve aligned with the MPA case comprises the ven-
tricle box, the RV exit, and the MPA, since the vessel curvature is upstream of the
bioprosthetic valve in this case. This RV assembly connects to the same valve-holder
as the aligned with RV model. The nal component consists of only a short MPA por-
tion before going into the PA bifurcation. For this case, the centerline vessel length
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from RV to bifurcation is 63mm. For both cases, the bifurcation angle between LPA
and RPA and the diameters and centerlines of the branches were identical the healthy
and dilated models. These two models represent the options for valve placement in
an RVOT anatomy with extreme curvature and still contain modular components to
allow for easy changes in valve orientation (Figure 5.2).

Figure 5.2: The 3D printed model of the RVOT for the valve aligned with RV case
(a) and the valve aligned with MPA case (b).

The models were run in the same experimental ow loop as the healthy and the
dilated models at 3.5 L/min. The same settings for the pneumatic driving system
and the downstream capacitance for model valve alignment models as the other 3.5
L/min cases. Thus, we achieved physiological ow and pressure waveforms in both
models, which were similar to the waveforms from previous experiments (Figures
5.3 and 5.4). The ows and pressures were measured by ultrasonic ow probes and
catheters, respectively, at the same locations in the ow loop described in Section
2.3.5.
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Figure 5.3: Experimental pressure and ow rate waveforms for the model with the
valve aligned with RV. MPA and RV pressures are plotted against the left axis and
the outlet branch ow waveform is plotted against the right axis.
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Figure 5.4: Experimental pressure and ow rate waveforms for the model with the
valve aligned with MPA. MPA and RV pressures are plotted against the left axis and
the outlet branch ow waveform is plotted against the right axis.
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5.2.2 4D Flow MRI Experiments

Four 4D ow MRI experiments were conducted for the cases of RVOT anatomy with
acute curvature. We scanned the model with the valve aligned with RV with the
native and rotated orientation and did the same for the model with the valve aligned
with the MPA.

The scan procedure and some of the sequence settings for the MRI match those
of previous experiments, as described in Section 2.1.2. However, we had to adjust the
FOV in the magnet as the curvature meant the models were at a di erent angle and
position in the magnet bore. The changed parameters for the valve alignment scans
are summarized in Table 5.1. Due to the di erent angles in the model, the streamwise

ow direction was not aligned with the magnet coordinate system when the data were
collected. We used an in-house MATLAB code to rotate the coordinate system and
interpolate the MRI data to set the streamwise ow through the valve annulus to
the positive x direction. The rotated data sets were used for all analysis. We set the
model coordinate system for each case such that z = 0 is through the center of the
vessel and x = 0 is at the valve annulus. This allows us to compare ows at the same
location across the two di erent valve alignment models.

We calculated the SNR and velocity uncertainty for both of the models. The
VENC in all cases was 250 cm/s in the sagittal, axial, and coronal directions. The
velocity uncertainty is calculated as the percent of the mean velocity through the
valve opening at peak systole. This velocity di ered between the two cases due to
variations in the geometries. The reference velocity was 88 cm/s for the valve aligned

Scan Parameter Value
Frequency FOV  15.0cm

Phase FOV 0.4

Imagining Matrix 166x166

TE 1376 microseconds
TR 3788 microseconds

Table 5.1: 4D ow MRI scan parameters for valve alignment models
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with the MPA cases and was 73 cm/s for the valve aligned with the RV cases. The
native and rotated scans for each case had similar SNR values since the scans were
conducted on the same night. The average SNR for the valve aligned with MPA cases
17.2, resulting in an uncertainty of 7.5%. The average SNR for the valve aligned with
RV cases 17.6, resulting in an uncertainty of 8.8%.

5.3 Results

Despite the large di erence in valve position in the two acute angle RVOT models,
there were a few similarities across all cases. The jet shape immediately after the valve
annulus was qualitatively similar across all cases and the valve orientation determined
the angle of the jet in the vessel, similar to behavior seen in previous experiments
(Figure 5.5). With the native valve orientation, the jet impinged on the downstream
vessel wall for both valve alignments. This behavior may have clinical relevance, as
the impact of the jet may lead to vessel dilation and remodeling in the pulmonary
arteries. The location of the jet impingement and the e ect on the surrounding ow
varied signi cantly for each case. In the valve aligned with the MPA case with native
orientation, the jet impacts the vessel wall near the bifurcation, which can be seen
in both the velocity contours in sagittal slice z = 0 (Figure 5.5a) and in 3D velocity
isosurfaces (Figure 5.6a). Consequently, reversed ow regions formed along both the
inner and outer curve of the vessel. In the valve aligned with the RV case with
native orientation, the jet impacted the MPA wall opposite the valve annulus (Figure
5.5¢). Due to the curvature of the vessel, the ow continued to move towards the
bifurcation, resulting in forward ow along the inner curve. However, reversed ow
regions formed along the rest of the vessel wall upstream of the curve, resulting in
reversed ow nearly surrounding the valve annulus (Figure 5.6¢).

In both valve alignments, rotating the valve orientation lessened the severity of
the jet impact on the vessel wall. For the valve aligned with the MPA case, the
rotated orientation directed the jet down towards the PA branches instead of into
the wall before the bifurcation, preventing the strong jet impingement. However, a
larger region of reversed ow formed along the outer vessel wall (Figure 5.5b). Flow
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recirculation towards the valve lea ets occurred in this region, which may adversely
a ect valve performance, but the reduction of the jet impingement can prevent vessel
remodeling. Thus, the choice of valve orientation presented clinical trade-o s that
would need be considered along with placement location in the RVOT.
In the valve aligned with the RV position, the rotated orientation had similar
e ects. The jet through the valve was directed lower on the vessel wall and had
less speed at the impact point. However, this led to a large recirculation region of
reversed ow above the jet (Figure 5.5d). In addition, a smaller region of reverse
ow formed along the inside curve close to the valve annulus. Due to its position on
the upstream side of the tight vessel curvature and its proximity to the valve, the
recirculation of ow in this region could make the valve more prone to calci cation.
For both the native and the rotated orientation, aligning the valve with the RV
produced signi cantly more reversed ow than the other valve alignment and many
of the other cases studied earlier in this work.



CHAPTER 5. EFFECTS OF VALVE POSITION 105

Figure 5.5: X-component of velocity contours normalized by the peak speed upstream
of the valve shown at sagittal slice z = 0 at peak systole for the valve aligned with
MPA case (top row) and valve aligned with RV case (bottom row) for the two valve

orientations.
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Figure 5.6: Velocity isosurfaces in the valve aligned with MPA model (top row)
and valve aligned with RV model (bottom row) at peak systole for the native (left
column) and rotated (right column) valve orientations. The green and blue isosurfaces
represent uy=Ury ot = 2 and u,=Ugry ot = -0.3 respectively.
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Examining the ow in an axial slice downstream of valve structure over systole
revealed additional di erences between the valve position cases. For the valve aligned
with the MPA, the triangle-like jet formed as the ow was accelerating during phase 4
of the cardiac cycle, peaked in velocity at phase 6, and began to lose speed as the ow
decelerated in phase 8 (Figure 5.8). For both the native and orientations, the jet shape
was similar to the dilated MPA model with a cardiac output of 3.5 L/min discussed
in Chapter 3. Thus, placing the valve at the MPA resulted in similar streamwise ow
features to the geometry without acute curvature near the valve.
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Figure 5.7: Normalized x-component of velocity contours with in-plane velocity vec-
tors for the valve aligned with the MPA case for three di erent phases during systole
at axial slice x/D = 0.5. The location of this slice in the model is shown in the bottom
right. The ow is accelerating during phase 4 and decelerating during phase 8; phase
6 is peak systole. Contours are shown for both the native (left) and rotated (right)
valve orientation.
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However, for the valve aligned with the RV case, the jet shape changed signi cantly
over systole (Figure 5.8). At phase 4, as the ow accelerated in early systole, a version
of the triangle-like jet shape formed in both the native and rotated cases. However,
as the forward ow continue to move through the vessel curvature, the jet became
distorted. In the native case, the combination of the jet impingement and the curving
vessel resulted in faster ow along the inside curve, which pushed the core of the jet
upwards in the vessel at peak systole. As the ow began to decelerate, the core
shape of the jet was no longer present as strong recirculation in the secondary ows
developed over the vessel cross-section. The jet shape was also distorted in the rotated
orientation at systole, though in this case it was due to the large reversed ow and
separation region that developed along the outer curve of the vessel. The triangular
structure was completely gone by phase 8, as strong secondary ows moved over the
vessel cross-section, similar to the native orientation. The vast di erences between
the jet behavior for the valve aligned with the MPA versus aligned with the RV
illustrated the signi cant impact that valve position has on hemodynamics in acute
angle RVOTs.



CHAPTER 5. EFFECTS OF VALVE POSITION 110

Figure 5.8: Normalized x-component of velocity contours with in-plane velocity vec-
tors for the valve aligned with the RV case for three di erent phases during systole at
axial slice x/D = 0.5. The location of this slice in the model is shown in the bottom
right. The ow is accelerating during phase 4 and decelerating during phase 8; phase
6 is peak systole. Contours are shown for both the native (left) and rotated (right)
valve orientation.
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We quanti ed the e ect of valve position on streamwise momentum and secondary
ow strength using the integral metrics introduced in Section 3.3.2. We calculated I,
and I, at two axial slices, x/D = 0.25 and x/D = 0.5, for all four cases (Figure 5.9).
The streamwise momentum I, was higher for the valve aligned with RV cases at x/D
= 0.25, which may be due to increased momentum from the ow moving through the
acute curvature of the vessel after exiting the valve at the RV. By x/D = 0.5, these
e ects have dissipated and all four cases have nearly the same streamwise momentum.
As seen in the previous studies, the valve orientation did not e ect the streamwise
momentum in the models.

In contrast, the secondary ow strength I, was signi cantly higher when the valve
was aligned with the RV. For these cases, 1, reached a maximum just after peak
systole, corresponding to the increased recirculation and secondary ows over the
entire cross-section as seen in Figure 5.8. The secondary ow strength for the valve
aligned with the RV was greater at x/D = 0.5 than at x/D = 0.25. The location
x/D = 0.5 is nearly downstream of the acute curvature in this model. Thus, at this
location, the ow elds were experiencing the full e ect of the faster ow along the
inside curve of the vessel, the jet impingement, and the transverse pressure gradient
associated with the ow curvature. This contributed to a complex ow eld with
strong secondary ows, quanti ed by the higher I, value. In addition, the native
orientation had higher I, than the rotated orientation, indicating that the direction
of the jet and strength of the impingement with the native orientation resulted in
stronger secondary ows. For the valve aligned with the MPA case, the secondary

ows were barely half as strong as the RV aligned case. When the valve was aligned
with the MPA, the vessel downstream of the annulus had only slight curvature and
there was only a short segment before splitting into the LPA and RPA. This limited
the generation of strong secondary ows, as evidenced by relatively weak recirculation
in the in-plane vectors in Figure 5.7 and the calculated I, values (Figure 5.9).
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Figure 5.9: Quantitative integral metrics 1, (top row) and I, (bottom row) at two
axial slices, x/D = 0.25 (left column) and x/D = 0.5 (right column) for the two valve
alignment models. The legend in the top right corner applies to all plots.
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5.4 Conclusions

We designed two models to represent the most common clinical choices for how to
position the valve in PVR patients with an acute angle between the RV and the
MPA. Though we used the same curvature centerline for both models, the placement
of the valve aligned with either the RV or the MPA resulted in two di erent geometric
environments for the valve. As expected, this resulted in substantially di erent ow

elds observed in the two cases. For the valve aligned with the MPA, the acute
curvature was upstream of the valve annulus. Thus, the ow through the valve had
similar features to the healthy and dilated MPA models, which did not have extreme
angles. The forward jet had a similar triangle-like shape throughout systole (Figure
5.7). The reversed ow regions formed in the same regions along the vessel walls
where the native orientation case produced more reversed ow along the inner curve
while the rotated orientation generated reversed ow along the outer wall (Figure
5.6). However, the jet in the valve aligned with the MPA case impinged on the vessel
wall above the bifurcation, which did not occur in any previous studies.

The valve aligned with the RV resulted in a variety of ow features that were not
observed in any other model. In the native orientation case, there was no reversed ow
along the inner wall due to the angle of the jet and the faster ow around the acute
curvature. In the rotated orientation case, the only reversed ow along the inner wall
was in the small region between the valve support structure and the vessel wall at the
most upstream point of the curvature. This region experienced strong recirculation,
which would likely contribute to calci cation as it was close to the valve lea ets.
While no reversed ow developed along the inner curve, it did occur on the rest of
the vessel wall, resulting in a large volume of backward ow that essentially encircled
the valve (Figures 5.6¢ and d). Thus, both the native and rotated valve orientations
for the valve aligned with the RV case had signi cantly higher volumes of reversed

ow than the valve aligned with the MPA. The valve aligned with RV cases also had

stronger secondary ows, likely due to the complex ow patterns produced by the jet
impingement and ow around the acute inner curve (Figure 5.9).

For both valve alignments, the valve orientation had a signi cant impact on the jet
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impingement on the vessel wall. Changing the valve from the native to the rotated
orientation shifted the location of the jet impingement and decreased its severity.
Jet impingement is clinically relevant, as ow impacting the vessel wall may lead
remodeling and dilation. PVR surgical strategies recommend positioning the valve
such that the ow is directed toward the downstream PAs in order to avoid direct jet
impact on the vessel wall (Kogon et al., 2007; Fuller, 2014). This recommendation
aligns with our valve aligned with the MPA case. However, we observed that the case
of acute RVOT curvature, aligning the valve with the MPA with its native orientation
resulted in the most severe jet impingement of the four cases we studied. Thus, for
patients with anatomies similar to our model, following the guidance of aligning the
valve with the MPA may lead directly to the jet impingement environment that
surgeons try to avoid.

Placing the valve with the rotated orientation aligned with the MPA signi cantly
reduced the jet impingement. Making an adjustment in valve orientation in patients
with acute RVOT angles could prevent adverse remodeling in the vessel. This demon-
strated that given a particular anatomy, it is possible to nd a combination of valve
orientation and position that produces an overall favorable hemodynamic environ-
ment.

While these ndings are promising, there are still trade-o s in all cases in jet
impingement, reversed ow, recirculation, secondary ow strength, and other ow
features. Clinical studies connecting hemodynamic features to PVR outcomes are
necessary to fully determine the optimal bioprosthetic valve environment. We were
also limited by our focus on curvature in the sagittal plane between the RV and
the MPA. ToF patients may also have curvature in other planes and between the
MPA and the bifurcation. Future studies could examine how additional curvature in
the vessel would e ect the location of jet impingement and the potential for vessel
remodeling.



Chapter 6

Validation of VValve Lea et
Simulations

The work in this chapter is a collaboration between Dr. Alexander Kaiser and myself
to use the experimental data obtained in this thesis work to validate the computa-
tional valve model developed by Dr. Kaiser. Section 6.1 summarizes Dr. Kaiser’s
methodology, based on his papers for modeling the aortic valve and the mitral valve
(Kaiser et al., 2021, 2019). Sections 6.2 and 6.3 describe our collaborative validation
work. | am the author of all of the text in this chapter.

6.1 Simulation Methodology

This section summarizes the aortic valve model developed by Dr. Kaiser in the
following paper: A. D. Kaiser, R. Shad, W. Hiesigner, and A. L. Marsden. A Design-
Based Model of the Aortic Valve for Fluid-Structure Interaction. Biomechanics and
Modeling in Mechanobiology, 2021. Accepted, to appear. (Kaiser et al., 2021)
Kaiser et al. (2021) developed a new mechanistic model for the aortic valve based
on rst principles. The key consideration in the valve model design is that it must
support a pressure in its closed con guration. The model assumes that each lea et
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of the trilea et valve model can exert tension in the circumferential and radial direc-
tions and that the shear tension is identically zero. The tension in the lea ets must
balance the pressure forces acting on the valve, yielding a state of static mechanical
equilibrium.

A system of partial di erent equations is derived from this mechanical equilibrium
with the tension and pressure forces acting on the lea ets. The details of this deriva-
tion can be found in Kaiser et al. (2021). The solution to these equations yields the
predicted loaded con guration for the valve model. This con guration encompasses
the full loaded lea et geometry, the ber orientations with the valve lea ets, and
tensions required to support the pressure load. The loaded valve geometry is then
used to develop the constitutive law for the valve and set up the con guration used
as the initial condition for uid-structure interaction (FSI) simulations.

The interaction of the model with blood ow is simulated using FSI with the im-
mersed boundary (I1B) method (Peskin, 2002). In the 1B method, a Eulerian reference
frame is used for the uid and a Lagrangian reference frame is used for the structure.
The uid interacts with the structure through a body force exerted by the structure.
The governing equations for the IB method are the Navier Stokes equations for a
viscous, incompressible uid, conservation of momentum, conservation of volume, in-
teraction equations that couple the Eulerian and Lagrangian frames, and equation to
map the con guration of the structure to the body force it exerts on the uid. This
mapping includes the constitutive law developed for the valve lea et model and any
other prescribed forces including those that hold the lea ets in place. Further details
on these equations and the IB method are available in Kaiser et al. (2021) and Peskin
(2002). The IB equations for FSI simulations were solved with using the software
library IBAMR (Gri th, 2021).

The aortic valve model, simulated using the IB method, opens freely during sys-
tole and seals completely when closed over multiple cardiac cycles. This model has
been tested in a rectangular box test chamber with periodic ow and physiological
pressures, and previous work that this methodology was adapted from successfully
simulated the mitral valve in similar conditions (Kaiser et al., 2019). However, the
model has not yet been validated against experimental or in vivo data in a realistic



CHAPTER 6. VALIDATION OF VALVE LEAFLET SIMULATIONS 117

anatomy.

This aortic valve model is a design-based approach where the geometry and mate-
rial properties are derived and tuned rather than relying on empirical data. Thus, it
can be tuned for a given gross morphology and valve annulus geometry, which allows
it to be adapted for situations other than the native aortic valve. We took advantage
of this feature for our validation work and tuned the model to match the morphology
of the bioprosthetic pulmonary valve used in the present ToF experiments in order
to validate the valve model and simulation method.

6.2 Modeling the Experimental Geometry

We selected the healthy control model of the RVOT with native valve orientation as
the experimental data to validate the valve modeling method. In order to set up the
simulation, we needed the geometry of the 3D printed model and the speci cations
of the bioprosthetic pulmonary valve used in the experimental study. For the vessel
geometry, the experimental 4D ow MRI data were thresholded by signal magnitude
to isolate the walls of the 3D printed model. Five voxels were trimmed o the edges of
the data bounding box to ensure the ow inlet and outlets were planar. The data for
the experimental model walls were converted to an STL le, which was imported into
the simulation framework. Thus, the experimental data and the simulation used the
same wall boundaries for the RVOT geometry. They also used the same coordinate
system, allowing for direct comparison at key locations in the ow eld.

Both the support sca old and the lea ets of the 25mm bioprosthetic valve used
in the experiment needed to be modeled computationally. We precisely measured
the dimensions of the bioprosthetic valve, including the thickness, height, and width
of the three support structures at the commissures, free edge length and height of
the lea ets, and the position of the valve lea ets within the support sca old. The
measurements of the support sca old were used to create a functional model of the
structure that was attached to the model walls. The measurements of the lea ets
were used as inputs to generate the valve lea ets according to the design-based model
summarized in Section 6.1. The lea et parameters for the simulations are summarized
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Lea et Parameter Simulation Value (cm)
Free Edge Target 2.48
Free Edge Rest Target 2.16

Circumferential Free Edge Loaded Length 2.88
Circumferential Free Edge Rest Length 2.51

Lea et Height Target 1.40
Lea et Height Rest Target 0.91
Radial Height Loaded Length 1.40
Radial Height Rest Length 0.91

Table 6.1: Lea et parameters for valve simulation

in Table 6.1 with targets based on Swanson and Clark (1974).

The boundary conditions on the inlet and outlets were time-dependent prescribed
pressures based on the experimental catheter data. The pressures measured in the RV
were used for the inlet pressure boundary condition and the pressures measured in the
MPA were used for each outlet pressure boundary condition. To generate prescribed
pressure waveforms that would operate as simulation boundary conditions, the data
taken during the healthy control experiment were linearly interpolated to a time
spacingof 5 10 ®seconds. The data were also smoothed by a convolution taken with
a cosine function. To obtain periodicity, the smoothed, linearly interpolated pressures
were represented by a nite Fourier series with 600 frequencies and a fundamental
frequency of 1.2 Hertz. Open boundary stabilization was prescribed at both outlets
to prevent spurious reverse velocities.

6.3 Validation with Experimental Results

We ran two simulations of the healthy RVOT geometry with the design-based pul-
monary valve model: one coarse resolution simulation with a spatial resolution of
0.09cm and a temporal resolution of 3:0 10 ° seconds and one ne resolution simu-
lation with a spatial resolution of 0.045cm and temporal resolution at and 7:5 10 °
seconds. The simulations were run on Stanford University’s Sherlock cluster (24 Intel
Xeon Gold 5118 cores per node with a 2.30GHz clock speed). The coarse spatial
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resolution is the same as the experimental data resolution. To provide a more direct

comparison to the experiment data, the simulation velocity eld results were averaged

in time to recreate the 20 phases over the cardiac cycle that were obtained by the 4D
ow MRI sequence.

We rst compare the pressure and ow rate waveforms of the ne resolution sim-
ulation and experiment (Figure 6.1). The pressure waveforms in the RV and MPA
matched well, which was expected due to using the experimental pressures as the
prescribed inlet and outlet boundary conditions for the simulation. The pressures
plotted for the experimental data in Figure 6.1 are the smoothed and interpolated
boundary condition waveforms. The simulation branch ow rate matched the shape
of the experiment ow rate waveform, but the peak ow rate in the simulation was
lower and occurred later in the cardiac cycle. Both of these issues may be due to the
simulation not replicating the resistance and capacitance conditions downstream of
the model in the experimental ow loop. As we continue this collaborative work, we
plan to implement LPN boundary conditions on the outlets that incorporate these
elements as opposed to prescribed pressure conditions.
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Figure 6.1: The pressure and ow waveforms over the cardiac cycle for the ne res-
olution simulation (top) and the healthy model experiment (bottom). The pressures
plotted for the experiment are the interpolated and smoothed waveforms that were
applied as prescribed pressure boundary conditions.
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Qualitative comparisons of the computational and experiment velocity elds demon-
strate that the valve model was able to produce key ow features seen in the experi-
mental data. The coarse simulation provided a direct comparison to the experimental
data, since the velocity elds were produced on the same Cartesian grid. The ne
simulation provided additional ow information and the ner mesh resolution cap-
tured the valve sca olding geometry more accurately. All comparisons used absolute
velocity values, demonstrating that we captured the physics of the experiment in the
simulation. For the qualitative comparisons in this section, we will focus on three
phases during the cardiac cycle: phase 4, phase 6, and phase 9. Figure 6.2 shows
these phases on a ow rate waveform from the 4D ow MRI data to highlight when
they occur during the cardiac cycle. At phase 4, the valve was open and the ow
began accelerating. Phase 6 was close to peak systole where the ow through the
valve was at its peak. Phase 9 was at the end of systole, when the valve was closing
and ow was decelerating throughout the vessel.

The velocity elds in the sagittal slice through the center of the vessel demon-
strated how well the simulations captured the shape and angle of the jet through the
valve lea ets and the location of reversed ows over the cardiac cycle (Figures 6.3,
6.4, and 6.5). At phase 4, the jet had just extended beyond the valve lea ets; the
length of the jet core at this phase was well matched between the simulation and
the experiment. Both the coarse and ne simulations had a slightly lower velocity in
the core of the jet, but the angle through the valve lea ets was almost identical. As
a result, the simulations also capture the reversed ow that developed on the inner
edge of the RVOT near the valve annulus.

At peak systole, the jet angle was again nearly identical in the simulations and
the experiment (Figure 6.4). The maximum velocity in the core of the jet was better
matched than at phase 4. However, the reversed ow regions were not captured as well
by the simulations. The reversed ow in the simulations, particularly for the coarse
resolution, was further downstream than in the experiment. While some reversed ow
did develop in the region along the inner curve close to the valve annulus, it was at
a much slower velocity than in the experiment.

The ow deceleration in the vessel occurred in the same way in the experiment
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Figure 6.2: Flow rate from the 4D ow MRI experiment, with phases 4, 6, and 9
denoted.

and the simulations (Figure 6.5). The jet angle was maintained and the ow slowed

down to approximately the same velocity in both cases at phase 9. In addition, the

reversed ow regions were improved for this phase. Though they were not quite at

the same velocity in the simulations and the experiment, in both cases the reversed
ow volume was along the inner curve and in the bottom portion of the vessel.



CHAPTER 6. VALIDATION OF VALVE LEAFLET SIMULATIONS 123

Figure 6.3: Contours of the x-component of velocity in the coarse resolution simulation
(a), ne resolution simulation (b), and experiment (c) at phase 4 in the cardiac cycle
at sagittal slice z = 0.
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Figure 6.4: Contours of the x-component of velocity in the coarse resolution simulation
(a), ne resolution simulation (b), and experiment (c) at phase 6 in the cardiac cycle
at sagittal slice z = 0.
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Figure 6.5: Contours of the x-component of velocity in the coarse resolution simulation
(a), ne resolution simulation (b), and experiment (c) at phase 9 in the cardiac cycle
at sagittal slice z = 0.
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The sagittal slices demonstrated that the simulations were able to produce sim-
ilar velocities, jet angle, and reversed ow regions over the cardiac cycle. Though
there was room for improvement, the valve model and surrounding uid were clearly
capturing the physics of the bioprosthetic valve and experimental ows. Axial slices
at various locations in the vessel provide a more complete view of the jet shape and
velocity over the cardiac cycle (Figures 6.6, 6.7, and 6.8).

Axial slice x = 0 is at the valve annulus. At this location, the simulations captured
the ow through the valve, but underestimated the velocity of the jet (Figure 6.6).
The ne simulation came closer to the experimental velocity than the coarse simu-
lation, due to the fact that the ner mesh more accurately represents the geometry
of the valve sca olding. The support structures of the valve clearly in uenced the
shape of the forward ow jet. In the experiment, the jet had a slight triangular shape
even at the valve annulus. This feature was not captured by the simulations. This
could be improved by making adjustments to the valve sca old geometry. In addition,
developing boundary conditions that are more tuned to the downstream conditions
of the experiment could also increase the ow rate through the valve. Though the
simulations underestimated the velocity during peak systole at the valve annulus,
they did capture the decelerating ow in phase 9.

The simulation velocities came closer to matching the experiment at axial slice
x/D = 0.25, which cuts through the valve lea ets and support structure (Figure 6.7).
At phases 4 and 6, the simulations produced high velocity ow through the valve,
though not quite at the same magnitude as the experiment. The velocities in phase
9 as the ow decelerated were very similar. However, the shape of the jet was mostly
circular in the simulations, while the jet at this location in the experiment had started
to develop the triangular shape seen in all the present experimental studies. The ow

elds at axial slice x/D = 0.5 had similar features as the x/D = 0.25 slice (Figure 6.8).
The velocities were well matched, particularly at phases 6 and 9, which corresponded
to the sagittal view of the jet. However, the simulations did not capture the three
tips of the jet that occurred in the experiment. The ne simulation jet formed a
triangle, but was missing the indents in the shape between the lea ets. The axial
slices demonstrated that the general ow features were captured by the simulations
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but highlighted a key area for future improvements in better replicating the shape of
the jet through the valve.
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Figure 6.6: Contours of the x-component of velocity in the coarse resolution simulation
(top row), experiment (middle row), and ne resolution simulation (bottom row) at
axial slice x = 0 for phases 4, 6, and 9 of the cardiac cycle.
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Figure 6.7: Contours of the x-component of velocity in the coarse resolution simulation
(top row), experiment (middle row), and ne resolution simulation (bottom row) at
axial slice x/D = 0.25 for phases 4, 6, and 9 of the cardiac cycle.
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Figure 6.8: Contours of the x-component of velocity in the coarse resolution simulation
(top row), experiment (middle row), and ne resolution simulation (bottom row) at
axial slice x/D = 0.5 for phases 4, 6, and 9 of the cardiac cycle.
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6.4 Conclusions

The experiments conducted in this work were designed with simulation validation in
mind, as there is a lack of high quality data in the literature for valve modeling com-
parisons in realistic anatomies. The collaborative work in this chapter demonstrated
the successful use of the healthy control RVOT model in validating a design-based
model for the pulmonary valve. The 3D printed geometry was easily reproduced in
the simulation framework and the coarse simulation was set up to exactly replicate
the Cartesian grid and coordination system of the experimental data.

The simulations captured key features in the experimental velocity elds, partic-
ularly in the angle of the jet and formation of reversed ow regions. Though some
features of the jet shape were not replicated by the simulations, the overall accuracy
of the ow elds demonstrated that the framework was able to simulate the valve
lea et motion of the bioprosthetic valve in the experiment.

This work is ongoing, as we are developing outlet boundary conditions that will
incorporate resistance and capacitance elements to match the conditions downstream
of the model in the experimental ow loop. In addition, we will expand our compar-
isons with quantitative metrics including the volume of reversed ow in the model
and integral metrics for streamwise momentum and secondary ow strength. The
Cartesian grid of the experimental data and its direct alignment with the simulation
mesh will facilitate quantitative comparisons of the two methods.



Chapter 7

Conclusions

7.1 Overview

Patients with ToF typically undergo PVR in their early teen years to alleviate pul-
monary regurgitation and RV dysfunction after the initial ToF repair. The biopros-
thetic surgical valves most commonly used in this procedure are expected to last 10
- 15 years. However, these valves fail early and unpredictably in many ToF patients.
Despite extensive clinical experience, the hemodynamic and anatomical factors that
may predispose valves for failure remain poorly understood. This thesis examined
the e ects of anatomy, cardiac output, valve position, and valve orientation on RVvOT
hemodynamics in experimental models. We found that each of these factors had a
substantial impact on the ow features local to the bioprosthetic valve, including re-
circulation, reversed ow regions, jet angle and impingement on the vessel wall, and
the e ective ori ce area of the valve.

In this work, we designed four anatomical models of the RVOT from the RV exit
to the rst PA bifurcation: a healthy control model to serve as a baseline, a diseased
model with a dilated MPA, and two diseased models with an acute angle between
the RV and the MPA, one with the valve aligned with the RV and the other with
the valve aligned with the MPA. We studied two di erent valve orientations in all
of these models and examined three di erent cardiac outputs in the dilated MPA
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model. We developed a physiological ow loop to run pulsatile ow through the
RVOT models. For each con guration, we conducted 4D ow MRI experiments to
obtain the full 3D, three component, time-averaged velocity elds in the model. This
series of experiments provided extensive data on how the RVOT hemodynamics were
impacted by a range of anatomies and valve positions.

7.1.1 E ects of RVOT Anatomy

We conducted 4D ow MRI experiments in the healthy control model and the dilated
MPA model of the RVOT to study the e ects of anatomy on the ow elds over the
cardiac cycle. For each model, we placed the valve in the native orientation and in
a second orientation rotated 180 degrees. All four cases had a cardiac output of 3.5
L/min.

The ow elds for each of these four cases had drastic di erences. The dilated ves-
sel in the diseased case led to stronger regions of recirculation and increased reversed

ow volume through the cardiac cycle when compared to the healthy anatomy. In
the healthy anatomy case, we observed a small region of reversed ow along the inte-
rior curve of the vessel that may actually assist in valve closure (Yoganathan et al.,
2005). In the dilated MPA with the native valve orientation, the reversed ow along
the inner curve developed further downstream, far from the valve annulus. When we
changed to the rotated orientation in this anatomy, the reversed ow region along the
interior curve was in the same location as the healthy case. However, this recovery
of this reversed ow location was accompanied by a new large region of reversed ow
along the outer vessel wall. This illustrated the complex impact of valve orientation
on the ow elds, as both favorable and unfavorable ow features were produced by
the rotated orientation in the dilated MPA case.

One of the key ndings from these four cases was that the RVOT anatomy and
the valve orientation have compound e ects on the resulting ow elds. The e ects
of changing the valve orientation in one anatomy were not necessarily replicated in
the other anatomy. We quanti ed this e ect in the secondary ow strength metric
I,. In the healthy anatomy, the I, values were similar over the cardiac cycle for both
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valve orientations. In the dilated anatomy, the rotated orientation had stronger sec-
ondary ows that peaked later and lasted longer in the cardiac cycle than the native
orientation. This indicated that determining what valve orientation may produce the
most favorable hemodynamic environment for valve performance is likely dependent
on the patient speci ¢ anatomy. A general surgical guideline, such as always placing
the valve in the native orientation for all patients, may not lead to optimal hemody-
namics and outcomes in all cases. For example, our research suggests that placing the
valve in the 180 degrees rotated orientation in a dilated MPA anatomy will recover
some of the ow features seen in the healthy anatomy.

7.1.2 E ects of Cardiac Output

We conducted ve 4D ow MRI experiments in the dilated MPA model to study
the impact of cardiac output on hemodynamics. Cardiac outputs of 2 L/min, 3.5
L/min, and 5 L/min with the native orientation and cardiac outputs of 2 L/min and
3.5 L/min with the rotated orientation were examined. We used high-speed imaging
experiments to obtain the instantaneous valve lea et motion for all three cardiac
outputs, each with both valve orientations. Varying the cardiac output through the
same 25mm valve corresponds to the clinical decision of valve sizing during PVR
surgery. The 2 L/min case corresponded to valve oversizing, the 3.5 L/min case was
a standard valve sizing, and the 5 L/min case represented valve undersizing. The
e ects of valve oversizing on long-term outcomes are an open question in the clinical
literature. Some surgeons oversize the valve in younger patients in order to allow for
patient growth, but some studies have found that oversizing is associated with earlier
valve dysfunction (Batlivala et al., 2012; Chen et al., 2012; Askovich et al., 2007).

In our experiments, the 5 L/min case produced the most symmetric ow and
the largest valve ori ce area, indicating the most e cient use of the 25mm valve. In
contrast, the 2 L/min cases, with the native and the rotated orientation, had multiple
features that may lead to early valve failure. The ow elds had stronger regions of
recirculation and a highly asymmetric jet through the valve, which may make the valve
more prone to calci cation and uneven lea et fatigue. The valve lea ets did not fully
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open with the 2 L/min cardiac output and the 2 L/min cases had the smallest valve
ori ce area. The locations where portions of the lea ets did not open corresponded
directly to the recirculation regions and asymmetry in the ow elds. In addition, the
free edges of the lea ets did not fully separate at the commissures, meaning they may
be more likely to fuse due to calci cation, which commonly occurs at commissures.
Thus, our experiments found that the 2 L/min case produced adverse hemodynamic
features and lea et behaviors. All of these indicate that valve oversizing may actually
predispose the valve for early failure, mitigating any potential bene ts from allowing
the patient to grow into the valve.

7.1.3 E ects of VValve Position

A common anatomical variation in ToF patients is an acute angle between the RV
and the MPA. This presents surgeons with a critical decision in where to place the
valve in the vessel. The most common options are to align the valve with the RV,
upstream of the curvature, or to align the valve with the MPA, downstream of the
curvature. We represented these valve positions in two models of the RVOT with
acute curvature. We conducted 4D ow MRI experiments on both models, each with
the native and rotated orientation, at a cardiac output of 3.5 L/min.

The valve alignment drastically a ected the resulting ow elds, with each case
resulting in a di erent jet direction in the RVOT. In the case with the valve aligned
with the MPA, the jet impinged on the vessel wall above the bifurcation with the
native orientation. When the valve was aligned with the RV, the jet impacted the
vessel wall closer to the valve annulus as the ow encountered the acute curvature.
The location and amount of reversed ow were also substantially di erent between
the two cases. In both orientations with the valve aligned with the RV, reversed

ow developed along the inner and outer curves of the vessel, similar to the dilated
MPA model. In contrast, when the valve was aligned with the MPA, large reversed
ow regions were produced around the entire vessel wall, with the exception of the
inner curve. Overall, varying the valve alignment produced signi cantly di erent ow
elds. The di erences between the valve alignment cases were even more substantial
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than the di erences between the healthy and dilated MPA anatomy and the varying
cardiac outputs. Thus, valve position in anatomies with acute curvature is a critical
decision during PVR.

The valve orientation within a given alignment had a signi cant impact on the
jet angle and direction. In both cases, rotating the valve orientation lessened the
jet impingement by redirecting the jet through the valve. This was particularly
interesting in the valve aligned with the MPA case. With the rotated orientation, the
jet impingement on the vessel wall was almost entirely eliminated, as the ow was
directed downwards towards the PA branches instead. This could have a substantial
clinical impact, since jet impingement may lead to adverse vessel remodeling and PA
dilation. In the case with the rotated orientation, we observed slightly larger reversed

ow regions, but few other adverse hemodynamic features. Thus, for this particular
anatomy, we were able to identify a valve position and orientation that produced an
overall favorable hemodynamic environment.

7.1.4 Simulation Validation

The experiments conducted in this work produced high quality data sets that can be
used to validate computational valve models. The 3D printed model designs can be
easily imported into a simulation framework and the speci cations of the valve lea ets,
support structure, and exact position in the vessel are known. The MRI experiments
result in 3D data on a Cartesian grid that can be directly compared with simulations,
allowing for precise comparison of the ow elds. We used the healthy anatomy
with the native orientation to validate the valve modeling methodology developed by
Kaiser et al. (2021).

The simulation ow elds matched well with the experimental data, particularly
in producing the correct jet angle out of the valve annulus and the reversed ow
regions along the inner curve of the vessel wall. However, in initial comparisons, the
speed of the jet was underestimated in the simulations and the triangular shape of
the experimental jet was not captured. Improvements will be made to the simulation
boundary conditions to better replicate the downstream resistance and capacitance
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of the experimental ow loop, which might lead to better matching between velocity
elds. In addition, the high quality experimental data will facilitate quantitative
comparisons with the simulation data.

7.2 Implications and Future Directions

There are currently no standard clinical guidelines for how to place the bioprosthetic
valve during PVR surgery. This work demonstrated that the valve position and
orientation within a given anatomy had a substantial impact on the ow elds. Cer-
tain con gurations of anatomy, cardiac output, orientation, and position produced

ow features, such as stronger recirculation and jet impingement, that are associated
with modes of valve failure and adverse vessel remodeling. In addition, the e ect of
changing the valve orientation di ered depending of the RVOT anatomy and cardiac
output. These results highlight the need for guidelines on how to place the valve based
on the patient-speci ¢ anatomy. Standardizing valve placement to produce favorable
hemodynamics in the RVOT after PVR could help prevent early bioprosthetic valve
failure in the ToF patient population.

Future experiments could be conducted to assess inter-valve variability. Conduct-
ing experiments with multiple valves would identify any features that might be unique
to a particular valve as opposed to position and orientation with the anatomy. Addi-
tional experiments could use RVOT models made of compliant material to assess how
native vessel material properties impact the ow elds. Future work is planned to fully
validate the valve model discussed in Chapter 6. A wider range of RVOT anatomies,
including patient-speci c cases, and valve positions within those anatomies could be
studied with a series of simulations to provide more insights on how these factors
impact the hemodynamics. A primary long-term future direction of this work would
be to develop a simulation tool that could assist clinicians in planning PVR by testing
di erent valve position options in the patients anatomy before the surgery.

Another signi cant future direction would be determining which ow features are
associated with long-term patient outcomes using in vivo data. Prospective clinical
studies could use 4D ow MRI data taken after PVR to assess hemodynamics in a
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cohort of patients. Following the patients for years after the PVR procedure would
identify which patients experienced early valve dysfunction. The combination of the
hemodynamic data and the long-term outcomes in a cohort of patients would demon-
strate which ow features were associated with early failure. The analysis and metrics
developed in this thesis could be translated to patient 4D ow MRI to quantify the
hemodynamic features. A clinical study of this nature would determine the opti-
mal hemodynamic environment for long-term valve function. This information could
be combined with the knowledge developed in this work and future experiments on
how valve position and orientation within patient-speci ¢ anatomies with physiolog-
ical material properties a ect the hemodynamics. Thus, this would aid clinicians in
determining the optimal bioprosthetic valve placement for long-term performance.
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