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Abstract

Untreated ventricular septal defects (VSDs) can lead to pulmonary arterial hypertension (PAH)
characterized by elevated pulmonary artery (PA) pressure and vascular remodeling, known as PAH
associated with congenital heart disease (PAH-CHD). Though previous studies have investigated
hemodynamic effects on vascular mechanobiology in late-stage PAH, hemodynamics leading to
PAH-CHD initiation have not been fully quantified. We hypothesize that abnormal hemodynamics
from left-to-right shunting in early stage VVSDs affects PA biomechanical properties leading

to PAH initiation. To model PA hemodynamics in healthy, small, moderate, and large VSD
conditions prior to the onset of vascular remodeling, computational fluid dynamics simulations
were performed using a 3D finite element model of a healthy 1-year-old’s proximal PAs and

a body-surface-area-scaled 0D distal PA tree. VSD conditions were modeled with increased
pulmonary blood flow to represent degrees of left-to-right shunting. In the proximal PAs, pressure,
flow, strain, and wall shear stress (WSS) increased with increasing VSD size; oscillatory shear
index decreased with increasing VSD size in the larger PA vessels. WSS was higher in smaller
diameter vessels and increased with VVSD size, with the large VVSD condition exhibiting WSS >100
dyn/cm?, well above values typically used to study dysfunctional mechanotransduction pathways
in PAH. This study is the first to estimate hemodynamic and biomechanical metrics in the entire
pediatric PA tree with VSD severity at the stage leading to PAH initiation and has implications for
future studies assessing effects of abnormal mechanical stimuli on endothelial cells and vascular
wall mechanics that occur during PAH-CHD initiation and progression.
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1 Introduction

Pulmonary arterial hypertension (PAH) is characterized by elevated mean pulmonary artery
(PA) pressure >20 mmHg and a pulmonary vascular resistance >3 Wood units (WU)
(Simonneau et al. 2019), enlargement and stiffening of the proximal PA vessels, distal

PA remodeling leading to occlusion or pruning of the PA vasculature, and eventually right
heart failure. PAH associated with congenital heart disease (CHD) is clinically diagnosed
under WHO Group | pulmonary hypertension (PH), known specifically as PAH associated
with congenital heart disease, or PAH-CHD (Simonneau et al. 2019). For CHDs with
systemic-to-pulmonary shunts, or left-to-right shunting, irreversible pulmonary vascular
disease is likely to develop if the defect is not repaired or if the patient undergoes a
late-stage repair, especially for large shunts where the pulmonary to systemic flow ratio
(Qp:Qs) is greater than two (Kulik 2012). A ventricular septal defect (VSD), or a hole
located in the interventricular septum between the two ventricles, constitutes the most
common type of CHD, accounting for >20% of all diagnosed CHDs (Koh et al. 2020).
Under the pressure differential between the left and right heart caused by an unrestricted
VSD, left-to-right shunting yields increased blood flow to the right ventricle and PAs. The
severity of the VSD is often diagnosed by the shunt size, which is measured by the Qp:Qs
ratio with small, moderate, and large VSDs having a <1.5:1, 1.5:1-2.2:1, and a >2.25:1
Qp:Qs ratio, respectively (Muralidaran and Shen 2018; Uebing and Kaemmerer 2011).
Given this underlying hemodynamic abnormality, the disease progression of PAH-CHD has
been categorized into reversible PAH for which vascular remodeling can be reversed with
hemodynamic unloading (Egito et al. 2003; Sakao et al. 2010; Van Der Feen et al. 2017,
2020) and irreversible PAH.

Previous studies have shown that mechanotransduction pathways triggered by hemodynamic
forces significantly affect endothelial cell response and overall vascular health (Chiu and
Chien 2011; Davies 2009; Lipowsky 1995; White et al. 2011) and furthermore induce PAH
and the vascular remodeling process (Dickinson et al. 2011; Ghorishi et al. 2007; Kameny
et al. 2019; Sharma et al. 2013; Tanaka et al. 1996). In /n utero twin lamb studies, Kameny
et al. surgically created a left PA ligation to mimic increased pulmonary blood flow and
pressures and showed that abnormal hemodynamics alone could induce vascular remodeling
with dysfunctional endothelial cell phenotypes displaying hyperproliferation, uncoupling

of atheroprotective vasodilative pathways, and angiogenesis (2019). Since hemodynamic
forces have been shown to play a large role in the development of PAH, many studies

have investigated PAH disease progression through the vascular endothelial cell response

to healthy and disturbed levels of wall shear stress (WSS), defined as 10-20 dyn/cm? and
0-5 dyn/cm?, respectively (Dickinson et al. 2013; Mahmoud et al. 2017; Song et al. 2014;
Szulcek et al. 2016; Van Der Feen et al. 2020; Wang et al. 2019). A small number of

studies have explored the endothelial cell response to higher WSS levels and have found
either functional or dysfunctional phenotypes at WSS levels >40 dyn/cm? depending on the
endothelial cell type used (Dolan et al. 2012; Garcia-Polite et al. 2017; Levesque and Nerem
1985; Li et al. 2009; Ostrowski et al. 2014; Sho et al. 2002). However, the healthy laminar
WSS values cited in these studies were originally derived from estimates of systemic WSS
in the context of atherosclerosis in the carotid and coronary arteries (Giddens et al. 1993;
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Malek et al. 1999; Schmid-Schonbein 1981; Zarins et al. 1983) or computational estimates
for the large PAs (Tang et al. 2012; Hunter et al. 2006). There is currently no method of
measuring /n vivo WSS in the small, distal PAs, where much of the vascular remodeling
process occurs; this study aims to address this gap with computational modeling.

Computational fluid dynamics (CFD) and imaging studies have investigated the
hemodynamics of PAH with disease progression focusing mainly on the large PAs. Using
4D magnetic resonance imaging (4ADMRI) and CFD analysis, these studies have revealed
significant changes in WSS, pressure, vorticity, pulsatility, and rarefaction associated with
PAH in adult patients (Barker et al. 2015; Kheyfets et al. 2015, 2016; Odagiri et al. 2016;
Schéfer et al. 2016; Tang et al. 2012; Terada et al. 2016). In pediatric patients, similar
significant biomarkers in WSS, pulsatility, energy loss, and stiffness were also associated
with PAH severity against healthy controls in the large PAs (main, left, and right PA)
(Schéfer et al. 2017, 2019; Truong et al. 2013; Wang et al. 2020; Yang et al. 2019).
Estimates of hemodynamics in small, distal PAs have been made using computational
models; however, these studies only investigated later stages of WHO Group 1-3 pulmonary
hypertension or idiopathic PAH in rats and human patients with a simplified distal PA model
or a generalized pediatric distal PA geometry (Acosta et al. 2017; Qureshi et al. 2014, 2019;
Yang et al. 2019). Though these studies reported many hemodynamic findings in PAH, they
examined PAH severity and late-stage progression with little focus on the PA hemodynamics
leading to PAH initiation, not to mention the hemodynamics in pediatric patients with
PAH-CHD.

We hypothesize that unrestricted left-to-right shunts, which commonly occur in VSDs,

alter PA hemodynamics and mechanical stimuli on vessel walls, thereby initiating vascular
remodeling in the distal PAs and subsequently PAH. Changes in the distal PA vasculature
due to a shunt have been characterized first by muscularization of the intra-acinar PAs

(<50 zm in diameter) followed by medial hypertrophy and total obstruction of the vessels
occurring on a timescale of weeks to months (Dickinson et al. 2011; Fineman and Black
2019; Rabinovitch et al. 1978, 1981; Van Der Feen et al. 2020; Zhang et al. 2018).

However, the exact mechanism triggering this response is still unknown. While the literature
has predominantly focused on disease progression of late-stage PAH, understanding the
hemodynamics in the distal PAs prior to the initiation of PAH and remodeling can better
inform biological studies and further characterize the mechanisms triggering vascular
remodeling, potentially enabling preventative treatment of asymptomatic patients before
late-stage complex pathways are activated (Rafikova et al. 2019). For PAH-CHD patients,
such as in an unrestricted VVSD, a purely abnormal hemodynamic trigger can lead to vascular
remodeling and biological responses found in other PAH groups (Dickinson et al. 2013;
Fineman and Black 2019).

In this study, we computationally study the hemodynamics of the entire PA tree in different
sized VSDs to quantify the mechanical forces experienced by the vasculature prior to the
initiation of PAH. We use a 3D healthy 1-year-old patient-specific model to simulate large
proximal PA hemodynamics (>1 mm diameter vessels) and a pediatric PA morphometry tree
to estimate hemodynamics in the distal PAs (<1 mm diameter) in which the initiation of
vascular remodeling and PAH occur. To our knowledge, this is the first study investigating
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hemodynamics in the entire PA tree in an early-stage VSD to elucidate the abnormal
mechanical environment giving way to vascular remodeling and the initiation of VSD-
induced PAH.

2 Methods

2.1 Proximal PA model

2.1.1 Proximal PA geometry—To model the PAs of a patient at the age in which

they could develop PAH due to a VSD, we constructed a patient-specific anatomic PA
model directly from the CT angiogram of a healthy 1-year-old male (body surface area,
BSA = 0.49 m?) using the open-source software package, SimVascular (simvascular.org)
(Updegrove et al. 2017). From the CT images, we manually created three-dimensional
centerline paths following the PAs from the left and right PA branches down 1-2 generations
in the upper, middle, and lower lobes of both lungs. We created segmentations of the PA
lumens along the defined paths using a machine-learning automated segmentation algorithm
(Maher et al. 2020). These segmentations were manually verified by an experienced
SimVascular user and lofted into a 3D anatomical representation of the PA anatomy which
included 35 outlets and a minimum outlet diameter of 0.15 cm.

2.1.2 3D simulation setup—We simulated hemodynamics in the 1-year-old proximal
PA model by solving the three-dimensional Navier-Stokes equations on a linear tetrahedral
mesh using SimVascular’s stabilized finite-element solver (Taylor et al. 1998) with coupled
Windkessel (RCR circuit) boundary conditions (Vignon-Clementel et al. 2006, 2010) and
backflow stabilization (Esmaily Moghadam et al. 2011) (details of the finite element solver
in “Appendix A.1.”). To capture the deformability of the PA walls, we used the coupled
momentum method (Figueroa et al. 2006) for fluid-solid interaction, modeling the PA

wall as a deformable linear elastic membrane with variable wall thickness. The linear
elastic wall model was coupled to the Navier-Stokes equations via a Neumann boundary
condition replacing the conventional noslip boundary condition at the walls (Figueroa et al.
2006). To improve numerical stability and reduce non-physiologic oscillations in the wall
displacement, an external tissue support model using a spring-dashpot analogy was applied
at the walls with a damping constant of 10% dyn- s/cm3 and a stiffness constant of 103
dyn/cm3 - values found opposite to the spine in Moireau et al’s study (2012). We prescribed
a pulsatile flow waveform at the main PA (MPA) inlet and 3-element Windkessel boundary
conditions at the outlets to represent the downstream, distal vascular PAs, capillaries, and
veins (Fig. 1).

To simulate VSD hemodynamics in the proximal PA model, we prescribed boundary
conditions and model parameters that best represented a healthy control, small, moderate,
and large VSD conditions (listed in “Appendix” Table 2). The pulsatile inlet flow waveform
was based on a phase-contrast-MRI derived flow waveform of a pediatric patient without
any abnormalities in the pulmonary circulation (Yang et al. 2019). The baseline cardiac
output was computed via BSA-scaling with literature data for healthy 1-year-old patients
based on their cardiac index and heart rate (Cattermole et al. 2017). To simulate increasing
VSD severities, the mean pulmonary flow in the healthy waveform was scaled according
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to the Qp:Qs ratios found in VSD patients - 1:1 (healthy control), 1.5:1 (small VSD), 2:1
(moderate VSD), and 3:1 (large VSD) (Kosecik et al. 2007; Muralidaran and Shen 2018;
Uebing and Kaemmerer 2011). To scale the flow waveform, the flow at each time point in
the cardiac cycle was scaled to ensure that both the systolic and diastolic flows would be
representative of the increasing systolic amplitude of the waveform found in VVSD patients.

Because this study focuses on the initiation of PAH before any downstream vascular
remodeling occurs, all VSD conditions were prescribed the same 3-element Windkessel
models at the vessel outlets to represent the resistance and compliance of the downstream
pulmonary arterioles, capillaries, and veins in a healthy patient. The total proximal
resistance, distal resistance, and capacitance values were tuned to achieve a target healthy
mean MPA pressure of 15 mmHg in the 3D PA geometry with a normal flow and a left atrial
pressure of 5 mmHg (Levitsky 2018). The total resistance and capacitance values were then
distributed to the outlets assuming a 45%-t0-55% left PA (LPA)-to-right PA (RPA) flow split
(Cheng et al. 2005) and an outlet area-based rule (Egs. 1 and 2), where Cis the capacitance,
R is the resistance, R; pa/re4 is the resistance distribution for outlets in the left or right lung,
Ajis the cross-sectional area of the outlet, Ay pasmpea is the sum of the cross-sectional
areas of all outlets in the entire tree in Eqg. 1 or in either the left or right tree in Eq. 2, and 7
denotes an individual outlet in either the left or right tree. For each VSD condition, at least 6
cardiac cycles were simulated to ensure convergence of results.

A
Atotal

Ci= Ciotal (1)

Atotal, LPA/RPA
Ri=——"—""—"RipairpPa @
1

To approximate the nonlinear PA vessel wall dynamics with a VVSD under higher flow and
pressure, we modified the elastic modulus assigned to the PA walls for the moderate and
large VSD conditions. Previous animal studies have shown nonlinear stress-strain curves
of the MPA, with nonlinear regions occurring at pressures >30 mmHg (Hunter et al. 2010;
Jia et al. 2015; Kobs et al. 2005; Ramachandra and Humphrey 2019; Wang et al. 2013)
suggesting that the large PAs exhibit a stiffer passive material at higher pressures. In the
context of initiation of PAH in which the PAs have not yet undergone abnormal vascular
remodeling, parallels to exercise studies can be drawn to determine the PA wall elastic
moduli in the VSD conditions exhibiting similarly high flows and pressures in healthy
subjects.

Using the MPA pressure and radius from initial simulations of a moderate and large VSD
and a relative area change (RAC) of 0.24 reported from the exercise conditions with
cardiac outputs similar to a small VSD in Forouzan et al’s study (2015), a target overall
elastic modulus of 467 kPa and 830 kPa was estimated for the moderate and large VSD,
respectively, using Eq. 3 (Long et al. 2012):
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_ AP(R + 4r)°

E= ArR¢ ®)

where £'is the overall elastic modulus, 4P s the difference in pressure between diastole
and systole, Ris the diastolic MPA radius, 4ris the difference in MPA radius between
diastole and systole, and ¢ is the MPA wall thickness assumed to be 10% of the diastolic
MPA radius (Long et al. 2012). Since the overall elastic modulus encompasses the effects
from the vascular wall stiffness and the external tissue support, a PA wall elastic modulus of
163 kPa and 291 kPa with the same external tissue support constants was prescribed for the
moderate and large VVSD conditions, respectively. We verified that the overall elastic moduli
(Eq. 3) computed with the MPA pressure and radius from these final simulations were
within 5% of the target values. For the control and small VVSD conditions, we prescribed the
healthy pediatric PA wall elastic modulus of 126 kPa based on healthy vessel stiffness of
the main pulmonary artery (MPA) in pediatric patients (Long et al. 2012; Yang et al. 2019)
since the small VVSD simulation already produced an overall elastic modulus within 2%

of the target value. For all simulations, we obtained smooth variable thickness distribution
(Olufsen 1999; Hislop and Reid 1973) over the model by solving a Laplace equation with a
prescribed thickness of 10% of the inlet and outlet radii (Long et al. 2012).

2.1.3 Mesh independence—To conserve computational costs, a mesh independence
study was performed for a rigid wall simulation of the large VSD condition to ensure
convergence of time-averaged pressure and velocity, and temporally and spatially averaged
WSS. Based on convergence of pressures and flow within 1% at all outlets and WSS

within 10% at six randomly selected vessel segments in the model, as well as computational
cost, we chose a ~3.2 million linear tetrahedral element mesh with three boundary layers
generated using MeshSim (Simmetrix Inc, Clifton Park, NY, USA). The edge size was 0.06
cm globally and 0.03 cm at the boundary layer farthest from the walls, with a boundary layer
decreasing ratio of 0.5.

2.1.4 Analysis of 3D PA hemodynamics—Only the hemodynamic quantities of
interest extracted from the final cardiac cycle were used for analysis. These quantities

were extracted from every vessel segment in the PA model, which were identified using

the centerline extraction methods from the Vascular Modeling Toolkit (VMTK, vmtk. org)
(Antiga et al. 2008). Branching regions were identified from the centerlines in the 3D model
as the region between the intersection of the daughter centerline with the parent vessel

and a maximum inscribed radial distance proximal to that intersection (Online Resource

1). Vessel segments were defined as the region between consecutive branching regions.
Each vessel segment’s length was calculated as the length of the centerline through the
segment, and each segment’s diameter was defined as twice the average maximum inscribed
sphere radius down the segment. Pressure, flow, and cross-sectional area waveforms in

time were measured from a cross-sectional slice in the middle of every vessel segment

in the 3D model. Cross-sectional strain was calculated as (rsyjd;_"‘”"), where 7gysand 7y,

la

are the systolic and diastolic radius calculated from the cross-sectional vessel area with an
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assumption of circularity. To provide consistency with previous mechanobiological studies
utilizing WSS, the temporally averaged WSS magnitude, which arises from the stress
component parallel to the vascular wall due to fluid flow near the boundary, and the OSI,
which represents the change in direction of the WSS, were extracted as spatially averaged
values for each vessel segment (details of calculation in “Appendix” A.2). To describe
changes in hemodynamics with PA morphometry, diameter-defined Strahler orders were
assigned to every vessel segment in the 3D model based on proximity of diameters to the
vessel orders’ diameters defined by BSA-scaling laws (Dong et al. 2020) and setting the
MPA vessel segment’s order to 16 in congruence with conventions in Dong et al. (2020) and
Huang et al. (1996). This resulted in five vessel orders (12-16), where order 16 corresponds
to the MPA, order 15 corresponds to the LPA and RPA, and order 12 corresponds to the
smallest 3D model’s outlet vessels.

2.2 Distal PA model

Given the resolution constraints of the CT angiogram, the 3D proximal PA model fails to
capture <1 mm vessel diameters. We therefore approximated distal PA hemodynamics using
a zero-dimensional (OD) model consisting of resistances in parallel and series based on
existing PA morphometry data of vessel segment diameters, lengths, and branching patterns.
Huang et al.’s study (1996) reported the branching pattern, diameter, and lengths for all

PAs in a resin-casted ex-vivo healthy adult left lung and used a diameter-defined Strahler
ordering system to categorize the entire PA tree into 15 orders based on branching points
and diameters, starting with pre-capillary order 1 vessels to the largest LPA segment of
order 15. To account for hemodynamics in a 1-year-old PA anatomy with a small BSA, we
generated and optimized a distal 0D PA tree per 3D outlet using BSA-scaled morphometric
data, such that (1) the total PA resistance from both the proximal 3D PAs and the distal 0D
PAs was within a generally accepted range of 33.2 £ 2% of the total pulmonary vascular
resistance(Raj and Chen 1986), and (2) the optimized diameters and lengths of vessel
segments in the distal PA trees represented physiologic dimensions. This optimization of
the distal PA morphometry, which will be described in detail in the following sub-sections,
was performed using hemodynamics from the normal control simulation only. The same
optimized distal PA morphometry was subsequently applied to all VSD conditions to study
the hemodynamics at the initial timepoint prior to remodeling and the onset of PAH.

2.2.1 Calculation of 3D proximal PA resistance—The total PA resistance
encompasses the resistance from the 3D proximal PA model (starting from the MPA down to
~1-mm-diameter vessels) as well as the distal PA trees (representing vessels from the outlets
of the 3D PA model down to pre-capillary arterioles). The resistance in the 3D model was
computed according to Fig. 2a where the resistance of each vessel segment was added in
parallel and in series in an upstream manner, from the outlets to the MPA, based on the

3D model’s connectivity. The PA connectivity was determined using VMTK’s centerline
extraction algorithm and geometric analysis (Antiga et al. 2008) where vessel segments
were connected by a shared junction region (Online resource 1). Each vessel segment’s
resistance was calculated from the simulated pressures and flows of the normal control using
a Poiseuille assumption (Eqg. 4)
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Pparent - Pdaughter,i
Qdaughler,i

Rdaughter, i= (C)]

where Pparens represents the pressure at a cross-sectional slice in the parent vessel segment,
Praughteriand Quaygneer i represent the pressure and flow at a slice in a daughter vessel
segment, and Raygnrer i represents the resistance of that daughter segment. Pressures and
flows were temporally and spatially averaged over a cross-sectional slice located 80% down
the length of the segment in order to obtain values closer to junction regions and incorporate
pressure losses down the length of the segment.

2.2.2 Calculation of 0D distal PA resistance—The resistance of the distal PA tree
was calculated using Poiseuille assumptions (Fig. 2b) and the distal PA tree geometry. For
each 3D outlet, an initial distal PA geometry was generated according to the 3D outlet’s
diameter-defined Strahler order using a BSA-based morphometric scaling of the pre-acinar
tree to the dimensions of the 1-year-old subject (Dong et al. 2020) in combination with the
morphometric data in Huang et al.’s study of an adult PA tree (1996). Based on evidence
that the maximum intra-acinar vessel diameter increases from 504m at age 1 to 120 m at
age 14 (Haworth and Hislop 1983; Hislop and Reid 1973), a corresponding vessel order of
5 was used as the cutoff between intra-acinar and pre-acinar vessels. Because the growth
of intra-acinar PAs in infants has not been studied in detail, we used a power fit from
the smallest pre-capillary vessels in Huang et al.’s adult morphometry study (1996) to
the smallest pre-acinar vessel in Dong et al.’s diameter-based BSA scaling law (2020) to
obtain diameters for the intra-acinar portion of the PA tree. This ensured that intra-acinar
diameters were not greater than any of the BSA-scaled pre-acinar diameters. The lengths
of vessel segments were defined based on the BSA-scaling law of length with order (Dong
et al. 2020). Because pre-acinar vessels remain constant in number and branching pattern
after birth (Hislop and Reid 1972), the connectivity of the scaled morphometric tree was
generated using the adult connectivity matrix in Huang et al.’s study (1996) and methods
outlined in Spilker et al. (2007), which assume bifurcations only. The resistance of each
vessel segment was calculated with a Poiseuille assumption (Eq. 5),

R = SHamrl ©®)

7'”‘4

where /1,5, is the apparent viscosity accounting for the Fahraeus-Lindqvist effect, L is the
length, and ris the radius. The Fahraeus-Lindqvist effect was modeled with the /n vivo
viscosity-diameter exponential function from Secomb et al. (2017) (Egs. 6-8)

(1- Hp)©
(1-045° -1

-1 D 2 D 2
<D—1.1) (D_l'l)/"plasma (6)

Happ = 1+ (.“E)k.45 - 1)

where
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4 45 = 6exp( — 0.085D) + 3.2 — 2.44exp(—0.06D°-645) @

-1 ®

C = (0.8 + exp( — 0.075D)(=1 + (1 + 1071 D1 )41 + 10711 D2
and D represents the vessel diameter in units of ym, Hpis the discharge hematocrit of
0.45, and pjasma is the apparent viscosity of plasma of 0.0124 Poise. The total resistance
contained within each distal morphometric tree was then computed by summing all segment
resistances in series and parallel in accordance with the bifurcation pattern proceeding from
distal to proximal (Fig. 2b).

To estimate the total PA resistance, the downstream resistance from each 3D PA outlet’s
unique distal PA tree was connected in series to the 3D PA outlet resistance before
continuing the upstream resistance calculation in the 3D model.

2.2.3 Optimization of distal PA geometry—Although the BSA-scaled morphometric
tree (Dong et al. 2020) provided an initial distal PA geometry, additional optimization of this
distal tree geometry was needed to obtain a total PA resistance, Rpa, within a physiologic
range. We assumed Rpa (representing resistance from the MPA to pre-capillary arterioles)
comprised 33.2 + 2% of the total pulmonary vascular resistance (i.e., PAs, capillaries, and
pulmonary veins) based on pressure distributions and standard deviations from lamb studies
(Online Resource 2) (Raj and Chen 1986). This assumption yielded a target Rpa of 106.6
dyn-s/cm® corresponding to a healthy pulmonary vascular resistance index (PVRI) of 2
WU-m2 (<3 WU -m? considered healthy). Given the unknown resistance and morphometry of
the distal PA tree downstream of each 3D outlet, optimization of the distal PA morphometry
was needed and occurred in two steps: (1) determination of target resistances for the distal
PA trees, and (2) tuning of scaling factors for diameters and lengths of vessel segments in
the distal PA trees to achieve the target distal PA resistance.

We used the Nelder-Mead optimization algorithm to identify optimal distal PA tree
resistances downstream of each 3D outlet (Fig. 2c), that best achieves the target Rpa and the
simulated 3D outlet pressures, Pqyt|et,i» according to the objective function in Eq. 9 where
bolded variables represent the target values.

~ 2 ~ 2
f=@Rpa=Rpp) + Y. Pouttet,i = Poutter, ) ©)
i

To limit the degrees of freedom in the optimization, the distal morphometric tree resistance
was assumed to be a function of the 3D outlet’s BSA-scaled vessel order only, such that
only three resistances corresponding to the three unique outlet vessel orders (12-14), Ryrgen
were optimized. An initial estimate of each R,,4.-was computed based on the resistance
from an un-optimized distal PA tree created using BSA-scaled diameters and lengths (Dong
et al. 2020; Huang et al. 1996). For each function evaluation in the optimization algorithm,
the total PA resistance including the R,4.-and the 3D model was calculated using the
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methods described previously. 3D outlet pressures, ﬁou,,e,l., were calculated with a Poiseuille

assumption (Eg. 10) using the corresponding outlet’s Ry,4, mean outlet flow (Q e from
the control simulation, and an assumed capillary pressure (Pgapjsjary), Which was determined
from the target 33.2% PA resistance proportion so that

Poutlet,i = orderQoutlet,i + Pcapillary (10)

By using the Nelder-Mead optimization algorithm, we were able to simultaneously minimize
the deviation of the total PA resistance and all 3D outlet pressures with equal weight and
with quick convergence that has been effective in a previous optimization study (Tran et al.
2017). With this optimization, we identified target distal PA tree resistances of 5095, 2163,
and 992 dyn-s/cm® for 3D vessel outlet orders 12, 13, and 14, respectively, resulting in a
total PA resistance of 107.6 dyn-s/cm?®. These optimized R,,4,’s were 35% of the resistances
in the tuned outlet boundary conditions for the 3D PA model, which is expected since the
target PA resistance is 33% of the total PVRI with a majority of the resistance originating
from the distal PAs (Levy et al. 2001; Pries et al. 1995).

For each 3D outlet, we generated an optimal distal PA morphometric tree to achieve the
identified resistance R4, by optimizing scaling factors for all vessel orders’ diameter and
length using MATLAB’s interior-point minimizing function algorithm (Fig. 2d). We note the
following constraints in our tuning process: (1) each morphometric tree’s root diameter is
equivalent to its corresponding 3D outlet diameter, (2) diameters increase with increasing
vessel order, and (3) diameters and lengths do not change by a large scaling factor (Reneman
and Hoeks 2008) and can only be scaled within the coefficient of variation for diameters and
lengths reported in Huang’s adult PA morphometry study (1996). These constraints yielded
scaling bounds of 0.8-1.2x for diameter and 0.4-1.6x for length. While some morphometric
trees from order 12 and 13 outlets failed to achieve the target distal PA resistances under
these constraints, the total PA resistance accounting for the 3D model resistance and all

of the tuned morphometric tree resistances was 128.4 dyn-s/lcm® (corresponding to a PVRI
of 2.4 WU-m?2) which constitutes a 20.5% deviation from the corresponding physiological
value.

Although it was not possible to validate the actual structure and geometry of the distal
morphometric PA trees, we validated the tree structure and geometry of Huang’s study

and the BSA diameter scaling laws by comparing the resistance of the entire PA tree to
expected values found in literature. Specifically, we created a full PA tree from the MPA

to the pre-acinar arteries for an adult using BSA-scaling laws (Dong et al. 2020) and
measured MPA diameters; the corresponding PA resistance differed by only 0.06 WU from
the reported PVRs (Lange et al. 2013).

2.2.4 Distal PA hemodynamics—To quantify the hemodynamics in the distal PA trees,
time-averaged flows from the 3D simulation for each VSD condition were propagated down
to the OD distal PA trees (Fig. 3). For each 3D vessel outlet, the mean flow was distributed
down the morphometric tree according to the downstream resistances of the daughter
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vessels. Pressure in the morphometric tree was assumed to be constant at bifurcations with
pressure losses neglected (Eq. 11):

Pdaughter] (x=0)= Pdaughterz(x =0)= Pparent(x =1L) (11)

where x s the direction down the length (L) of a vessel segmen, Pyayghter, aNd Poaughter, are
the pressures in the daughter vessels, and Pparen is the pressure in the parent vessel. Because
the Reynolds number at the transition between the 3D and the 0D model is <500, and the
entrance lengths needed for fully developed flows are larger than the vessel lengths, the
effects of non-fully developed flow should be considered. To account for this in the vessel
orders transitioning from the 3D model to the 0D model , we used the WSS formulation
from Al-Nassri and Unny (1981) (Egs. 12-14) for distal vessel orders >10 for the small,
moderate, and large VSD conditions and in distal vessel orders >11 for the normal control.

3n+1
v = oyt 19 (12)
where
n=214.288 — 102.528% + 17.05¢ (13)
lur
&= 30 (14)

and tis the WSS magnitude, Qs the flow, A is the area, /is the length of the vessel, vis the
kinematic viscosity, and £y, is the is the diameter-dependent apparent viscosity computed
from Eqgs. 6-8. The vessel orders represented by this WSS formulation were chosen based
on a percent difference of >200% between the entrance lengths and the vessel lengths,
which accounts for changes in more developed incoming velocity profiles in downstream
vessels, as well as the dominance of a parabolic velocity profile resulting in similar WSS
values between the Poiseuille solution and the power velocity profile. For all other orders

in the distal PA tree, the WSS magnitude was calculated at each vessel segment in the
morphometric tree with a Poiseuille assumption (Eq. 15).

L= 4/4apr

7Z'I'3

(15)

Because detailed information about infant intra-acinar arterial growth and connectivity are
unknown, hemodynamic estimates in the distal PA tree were limited to pre-acinar PAs
corresponding to vessel orders = 5 and diameters >60 zm.

2.3 Statistics

Welch’s t-test was used to determine significant differences in hemodynamic quantities
across VSD conditions. A power-law regression model was fit to changes in vessel flows

Biomech Model Mechanobiol. Author manuscript; available in PMC 2022 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al. Page 12
with diameters. A linear regression model was fit to the systolic upstroke in MPA flow
and pressure waveforms. Pearson’s coefficient of determination was used to quantify the
statistical correlation between variables.
3 Results

3.1 3D proximal PA results

With increasing VSD size, the pressures and flow waveforms increased in all vessel
segments with noticeable differences in the MPA, where the slope of the systolic upstroke
in the flow and pressure waveforms increased linearly with VVSD severity (Fig. 4a). The
pressure waveforms exhibited a slight phase shift in the smaller 3D distal PA vessels
compared to more proximal PA vessels, as is expected from the healthy compliance of
the vessel walls prior to any vascular remodeling. The temporally and spatially averaged
pressures in the 3D PA vessel segments increased with VVSD severity and very slightly with
diameter (Fig. 4b). The average flows in the 3D PA vessel segments also increased with
VSD severity and increased with diameter in a power law (Q = ad?), where dis diameter
(cm), and aand b are the power-law coefficients. The constant coefficient, &, was 29.3,
43.9, 58.5, and 87.8, and the power coefficient, b, was 2.415, 2.418, 2.420, and 2.427

for the normal, small, moderate, and large VVSD conditions, respectively (coefficients of
determination, /2 > 0.94) (Fig. 4c). A summary of the global pressure and flows found in
the normal and VVSD cases are shown in Table 1.

We prescribed increasing PA stiffness with VVSD size to reflect the nonlinearity of the
passive PA mechanical properties under the higher pressures found in VSD conditions. As
a result of increased pressure in the large VSD case, there was an increase in strain of the
MPA with VSD size (Fig. 5a). This increase in strain was nonlinear with VSD size due to
the increased stiffness estimated for the large VSD to account for nonlinear material wall
properties in the upper pressure ranges. On average, the global average strain for the entire
PAs increased with VVSD severity from 0.21 £+ 0.07 in the normal control to 0.31 + 0.11,
0.35+0.13, and 0.34 + 0.14 in the small, moderate, and large VVSD conditions, respectively.
Figure 5b shows the increase in strain with VVSD severity for each vessel order in the 3D PA
model. Only the normal condition was significantly different from all VSD conditions in all
vessel orders. Regions where strain was higher in the moderate VSD than the large VSD can
be attributed to dynamics in the middle lobe where many branching points are located that
modify the deformations of the arterial segments in addition to the higher elastic modulus
prescribed for the large VSD.

The global OSI did not significantly change with VSD severity, as the spatially averaged
OSI from all vessel segments were 0.054 + 0.034, 0.051 + 0.031, 0.049 + 0.027, and 0.050

+ 0.026 for the normal control, small, moderate, and large VSD conditions, respectively. The
OSI generally decreased with VVSD severity for vessel segments of orders 14-16, in which
order 16 corresponds to the MPA (Fig. 6). There were significantly lower OSI values in

the smallest order 12 and order 13 vessels compared to order 14 vessels in all control and
VSD conditions (p< 0.01). Normal OSI values in order 12 and order 13 were significantly
different from order 15 OSI values (p < 0.05). The large VSD condition had significant
differences between order 12 and order 15 OSI values (p < 0.05). No other differences in
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OSI between orders or VSD conditions were significant. The decrease in OSI with VSD
severity is expected, as increased flow through the PAs allows less time for blood to stagnate
in areas of high OSI, such as bifurcations and immediately following tortuous branching
regions.

The temporally and spatially averaged WSS magnitude averaged over all vessel segments
increased significantly with VSD severity (Fig. 7a), with 42.3 + 12.2, 76.9 £ 22,9, 117.8 +
35.6, and 214.0 + 66.2 dyn/cm? in the normal, small, moderate, and large VSD conditions,
respectively. The WSS magnitude in the MPA was 29.1 dyn/cm? in the normal condition,
52.5 dyn/cm? for the small VSD, 79.4 dyn/cm? for the moderate VVSD, and 140.3 dyn/cm?
for the large VSD. These WSS values increased dramatically in the LPA and RPA from 48.4
and 45.2 dyn/cm?, respectively, in the normal case to 242.3 and 217.0 dyn/cm? in the large
VSD condition (Fig. 7b). Higher average WSS magnitudes were observed in order 12-15
vessels in the 3D proximal PA model as compared to the MPA. Figure 7c demonstrates
dynamic changes in WSS within each vessel segment due to the tortuosity and branching of
the PAs in the smaller 3D PAs. We note that the WSS magnitudes are higher in the smaller
order segments than in the MPA. Furthermore, these WSS magnitudes in the smaller order
vessels significantly increase with VSD condition and, in the normal condition, are already
much higher than the <20 dyn/cm? laminar WSS that has been commonly used as a healthy
WSS magnitude for large and small PA mechanotransduction studies (Giddens et al. 1993;
Malek et al. 1999; Schmid-Schénbein 1981; Zarins et al. 1983).

3.2 0D distal PA tree results

In the 0D model simulations of the small distal PAs, the WSS magnitude increases down the
PA tree to the pre-capillary arterioles (>10 um) (Fig. 8). In agreement with the 3D proximal
PA simulations, the WSS magnitude also increases with VSD severity in the distal PA tree.
There was approximately a 3x increase in the WSS magnitude in the smallest pre-acinar
vessels (67 + 8 ymdiameter) with 43.9 + 11.2, 65.9 £ 17.1, 87.6 £ 23.0, and 131.2 £ 35.5
dyn/cm? in the normal, small, moderate, and large VVSD conditions, respectively. For distal
PA vessels with diameters within 100-200 xm, the average WSS magnitude was 22.4 + 12.9,
33.5+19.5, 44.7 + 26.0, and 67.0 + 39.5 dyn/cm? in the normal, small, moderate, and large
VSD conditions, respectively. For the more proximal vessels with diameters within 200-500
um, the average WSS magnitude was smaller at 18.0 + 19.8, 26.9 + 14.9, 35.9 £ 19.9, and
53.8 + 30.1 dyn/cm? in the normal, small, moderate, and large VSD conditions.

Noticeable differences in the WSS magnitudes exist between the 3D proximal PA model
and the OD distal PA model, especially for vessels in the transitional ~1-2-mm-diameter
range between the two models. These can be attributed to the underlying assumption of
steady laminar Poiseuille flow in the 0D distal PA model. While this assumption is valid for
small distal arteries in which the blood velocity is sufficiently slow for fully developed flow
(Secomb 2016), it is less valid in the larger more proximal PAs where the Reynolds number
in vessel segments range in magnitude from 102 in the ~1-cm-diameter vessels to 103 in the
MPA showing deviation from a fully developed parabolic profile. In the OD distal PA model,
the Reynolds number was much higher in the order 12 vessels at the transition between

the OD and 3D PA models with an average value of 566 for the 0D model and 88 for the
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3D model in the normal condition. This marked difference between the 3D proximal and
0D distal PA model can also be explained by short curved vessel segments and branching
regions in the 3D model where flow is less likely to be fully developed with non-zero
velocity components in the radial and tangential directions which are not accounted for in
the 0D model.

Overall, our OD simulations indicated that WSS magnitude increases with VSD size and
further increased down the tree. In small PA vessel segments, the WSS magnitude exceeded
20 dyn/cm? in the normal control and exceeded 100 dyn/cm? in the large VVSD condition.
Given the large heterogeneity in the branching structure of the distal PA morphometric trees,
vessel segments of the same order receive disparate amounts of flow, causing large standard
deviations of the WSS estimates. This mimics physiological conditions, as previous reports
suggest that portions of the pulmonary tree, specifically the upper lobe, receive less total
flow than the lower lobe in a resting position (Cheng et al. 2006).

Given the high sensitivity of WSS to the vessel segment radius, the tuning of the
morphometric tree was a highly sensitive process with potentially large consequences

in WSS estimates. A sensitivity analysis showed that a 20% increase in the radius,
corresponding to the limits of the optimization of the radii, resulted in a 42% decrease

in the WSS; increases in flow resulted in a linear increase in WSS as expected. Additional
information on the sensitivity analysis can be found in “Appendix” A.3. We conducted
simulations with multiple distal PA geometries and found that despite large variability, the
WSS consistently increased with VSD size and down the PA tree. Despite a lack of studies
on the structure of the distal PA trees in a 1-year-old, we have made rigorously informed
estimates of WSS using physiological PA resistances and morphometric PA scaling laws.

4 Discussion

Our computational study of hemodynamics in the PAs with VSD conditions is the first to
establish estimates for in vivo hemodynamic markers in the entire PA tree with different
unrestricted VSD sizes before any vascular remodeling occurs leading to PAH. Using a
1-year-old patient-specific normal PA geometry with increased pulmonary blood flow to
represent larger shunt sizes present in severe VSD cases, we found that pressures, flows,
strain, and WSS globally increased with larger VVSDs in the proximal 3D PA model. We
also found that OSI decreased slightly with VVSD severity in the larger, proximal PA vessels.
In the distal PA tree, we found that WSS increased with smaller PA vessels and increased
with larger VSD conditions, exceeding 100 dyn/cm? in the smallest pre-acinar PAs. Because
in vivo measurements of hemodynamics in the small PAs are unattainable, we leveraged
computational models to simulate the abnormal PA hemodynamics during VSD conditions,
which is critical for understanding the abnormal physiology contributing to the initiation of
vascular remodeling and PAH in future studies.

A majority of studies have focused on disease progression of late-stage PAH, but it is
necessary to study the conditions prior to the onset of PAH to understand the conditions
leading to vascular remodeling and disease progression as well as to characterize complex
pathways that can be used to identify and treat asymptomatic patients before late-stage
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disease occurs (Rafikova et al. 2019). Biological studies have found marked differences in
the phenotypes of vascular endothelial and smooth muscle cells at different stages of PAH
(Dereddy et al. 2012; Sakao et al. 2010) indicating that hemodynamics may also change
between initiation and at severe end-stages of PAH over a period of weeks to months. It

is commonly understood that abnormal hemodynamics due to the presence of left-to-right
shunting in unrepaired CHDs are a significant contributing factor in PAH. By leveraging

the simplicity of PAH-CHD initiation due to abnormal hemodynamics, future biological
studies can use the hemodynamic values estimated in this study to understand the effects

of mechanical loads experienced by the vascular wall on complex mechanotransduction
pathways of endothelial and smooth muscle cell dysfunction. Morphometrically, vascular
remodeling starts with muscularization of the intra-acinar PAs leading to medial hypertrophy
and loss of small PAs (Rabinovitch 1981) which can be modeled with decreases in vessel
diameter and increased wall stiffness similar to previous studies (Qureshi 2014, Yang 2019)
and developed upon further with experimental studies. To inform the mechanisms leading to
these changes, our study estimates hemodynamics at an initial timepoint before vascular
remodeling occurs; future growth and remodeling studies (Humphrey 2021) including
autoregulatory response and long-term effects of VSD induced abnormal hemodynamics
are needed to further elucidate the disease initiation process.

PAH-CHD progression and prognosis has been distinguished in high pressure and high flow
conditions, such as in an unrestricted VSD, from low pressure and high flow conditions,
such as an atrial septal defect. We focused on an unrestricted VSD which has a high
probability of causing PAH-CHD if unrepaired (Kulik 2012) and found higher pressures

and flows throughout the PA tree. The MPA pressures, PVRI, and @, Qgratio in the
simulated VSD conditions were similar to hemodynamics reported in previous studies
(Online Resource 3) of catheterized VSD patients without a PH diagnosis (Beekman et

al. 1982; Hedvall 1978; Hoffman and Rudolph 1965; Silverman et al. 1980). The higher
pressures associated with larger VSDs also resulted in greater strain. Although higher elastic
moduli significantly changed the strain and systolic pressures, a sensitivity analysis of the
effects of elastic moduli in the large VSD showed that the OSI, WSS, and flow remained
unaffected (additional details in “Appendix” A.3). Additionally, studies of late-stage PAH
where MPA dilation occurs have found slightly smaller strains than in healthy patients
(Schéfer et al. 2016; Yang et al. 2019). However, VSD conditions in normal MPA diameters,
without dilation, may result in larger strains /7 vivo similar to our simulation estimates.
Similar dichotomous findings for OSI in the MPA were found; late-stage PAH studies
showed increases in OSI with severity of disease (Yang et al. 2019) while our simulations
showed decreases in OSI with VSD conditions before initiation of PAH. These differences
could again be explained by the dilation of the MPA in late-stage PAH increasing flow
separation as compared to the non-dilated MPA and faster velocity blood flow resulting from
the VSD. The complex progression of PAH from initiation to late-stage disease could be
due in part to these large differences in hemodynamic conditions and highlights the need for
further study of pre-PAH initiation in VSD patients. Additional MR and 4DMR imaging of
the PAs in patients with a VSD and without PAH are needed to verify our /n sifico estimates.

Our results showed increases in WSS values with more distal PAs and with larger VVSDs.
Similarly, previous computational studies also found similar increases in WSS in the distal
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PAs (Ghorishi et al. 2007; Kheyfets et al. 2015; Postles et al. 2014; Yang et al. 2019). One
study investigating the effects of increased flow from CHD in a fetal lamb and its effects on
the pulmonary branching and shear stress in an 8-week-old lamb predicted, with Poiseuille
assumptions, that WSS increases into the 102 dyn/cm? order of magnitude range for vessel
segments between 1 to 0.1 mm in diameter (Ghorishi et al. 2007), which is a similar range to
our simulations (~14-100 dyn/cm?). However, they used a simplified PA geometry that did
not account for the size of the human subject nor the complexity of the branching pattern.
Our use of a BSA-scaled morphometric PA tree that has been tuned to match expected PA
resistance is novel in its incorporation of physiologic and subject-specific parameters that
further inform the geometry and hemodynamic estimates in an infant.

Many studies on the effects of shear stress on PA endothelial cells cite a normal laminar
WSS of 15 dyn/cm? corresponding to findings in the large PAs (Tang et al. 2012; Truong
et al. 2013; Yang et al. 2019; Zambrano et al. 2018), but this value was originally derived
from estimates of systemic arteriole WSS (Davies 2009). Studies have shown that WSS
varies widely in the body and within an organ (Cheng et al. 2006; Yang et al. 2019), but
WSS values have not been definitively confirmed in the small distal PAs, much less in

the distal PAs with a VSD in previous studies. Our study shows that normal conditions

can have a wide range of WSS values greater than the 15 dyn/cm? standard in many

parts of the proximal and distal PA tree, with values ranging from ~15-50 dyn/cm2. A
previous study found upregulated markers associated with vasoconstriction and weakened
vascular endothelial cadherin junction in bovine PA endothelial cells in response to higher
WSS levels similar to the abnormal WSS values found in our moderate and large VSD
conditions (Li et al. 2009). Other studies using endothelial cells derived from different
animal models and vessels found contrasting results for similarly elevated WSS values with
atheroprotective endothelial cell phenotypes and excellent alignment in some studies (Dolan
et al. 2012; Levesque and Nerem 1985) and dysfunctional phenotypes and poor alignment
in others (Garcia-Polite et al. 2017; Ostrowski et al. 2014; Sho et al. 2002). However, PAH
has yet to be explored in depth with PA endothelial cells derived from the small, distal

PAs under informed shear stress conditions. Emerging studies and hypotheses support the
notion that endothelial cells, which play a major role in vascular health, are phenotypically
and genotypically different between tissues of the same body and between vessel segments
of the same organ (Aird 2012; Cleuren et al. 2019; Kriiger-Genge et al. 2019; Thorin et

al. 1997). This would suggest that homeostatic hemodynamics may differ between vessels
and studying the mechanotransduction pathways as well as the growth, and remodeling

of PAH must be conducted using the correct hemodynamics for the vessel segment that

is most affected - in this case, the smaller distal PAs where vascular remodeling is most
predominant.

5 Limitations

Our simulation-based estimates are not without limitations. Our simulations in the 3D
proximal PAs were generalized to a single patient-specific model of a 1-year-old, and

the scaled flow waveform used to model large VSDs may not accurately represent the

true pulmonary blood flow volume. Additional analysis using a VSD patient-specific flow
waveform on multiple models of different ages in the early course of a VSD could improve

Biomech Model Mechanobiol. Author manuscript; available in PMC 2022 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al. Page 17

the accuracy of our hemodynamic estimates. Furthermore, the elastic moduli prescribed

for the VSD conditions were based on exercise studies which may not reflect the true PA
wall mechanics in a pediatric VSD patient; additional mechanical tissue testing is needed

in the pediatric population. The vessel wall deformation was modeled by a linear elastic
wall model even though larger pulmonary flows and pressures may need to be modeled with
nonlinear, anisotropic material properties.

In the OD distal PA model, limitations are present in both the assumptions and geometry of
the distal PAs. As the 3D proximal and 0D distal PA models are not numerically coupled
and have different model assumptions, the transition is not perfectly continuous; in the
region where the 3D PA model transitions to the 0D PA tree, the distal PA WSS may

be underestimated due to inherent differences in the 0D model’s assumptions. Though we
mediated this transition by using a velocity profile representing developing flows at the
transition, future studies should investigate the flow transition from the large PAs to the
small PAs with extensive 3D PA trees and experimental validation to develop improved 0D
models. Additional studies of the PAs could use a coupled system modeling the arteries,
capillaries, and veins separately to capture the changing dynamics and physiologic resistance
in each component of the pulmonary vasculature. Finally, the distal morphometric tree does
not represent the full pulmonary arteriole dynamics. As the precise intra-acinar and small
PA hemodynamics during infancy are unknown, we had to make a series of assumptions for
the anatomic branching patterns and the longitudinal distribution of the arterial, capillary,
and venous resistance to recreate physiological PA conditions. Vasodilation in response to
increased flow, which is particularly significant in the distal arterioles and capillaries, was
not considered in this in silico study since the goal of this study was to identify an initial
timepoint before any vascular remodeling. However, a sensitivity analysis (“Appendix™ A.3)
of changes in vessel diameter, which occurs during vasodilation, showed a 42% decrease

in WSS with a 20% increase in radii. Short-term and long-term effects of the prolonged
hemodynamics shown in this study could significantly affect WSS due to its high sensitivity
on diameter. Additional studies of the vasodilative morphometry and physiology of the
small PAs, specifically in infants, are needed for further development and investigation

into its effects before employing models accounting for autoregulatory stimuli driving
hemodynamics.

6 Conclusion

This study is the first to use /n silico methods to capture /n vivo hemodynamics of the

entire PA tree under VSD conditions in the context of PAH initiation. We estimate several
hemodynamic markers, including pressure, flow, strain, OSI, and WSS, under conditions

of increasing VSD severity to understand the mechanical loads present at the timepoint
before the initiation of PA vascular remodeling leading to PAH-CHD. Specifically, WSS
magnitudes in the small distal PAs, where the most prevalent remodeling occurs, are
reported in our study and can be used to inform biological studies of PA vascular remodeling
and the triggers leading to widespread remodeling and severe PAH.
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Appendix

A.1 3D CFD blood flow finite element solver

Blood flow was simulated by solving the 3D Navier-Stokes equations with the finite element
method. The following is the weak form of the governing equations:

Find v, p € Sfor any w, g € Wsuch that

Bg(w,q;u,p)=/w~(pu,,+pu- VU—f)d.Q+/Vw:(—pI+r)d.Q
Q Q

(16)
—f w-hdF—/ w-der+qu-udQ=0
Iy I's Q

where p is the density, v is the velocity, pis the pressure, Sis the trial solution space, w and
g are weighting functions for momentum and continuity, Wis the weighting function space,
f is the body force, zis the viscous stress tensor, 2is the fluid domain, and 7 and /sare the
Neumann boundaries corresponding to the traction forces h prescribed on the outlet faces
and TT on the vessel walls, respectively.

To model the deformable vessel walls, the coupled momentum method with a thin wall
assumption was used, where the body force, S, and the surface traction acting on the vessel
wall, TS, are related in the following form:

ff=—" = ___ (17)

where ¢ is the wall thickness. This results in the following equation coupling the linear
elastodynamic equation to the fluid momentum equation:

- -T/ar = Sw- v :SdF—f -n3dr
.[sz C[rs{p w-v;+ Vw:e?} ¢ arhw (18)

where o is the vessel wall stress tensor is defined by Eq. 19:

¢S=C-¢ (19)
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where C is the fourth-order tensor of material constants and the strain tensor, €

€= %(Vu +(Vw)') (20)

where u is the wall displacement. External tissue support was implemented as Robin
boundary conditions on the vessel walls imparting a viscoelastic response:

N

6’ - ng = — kg — cgvg — pong,on I'g (21)

where ng is the outward unit normal on the wall, k;and ¢, are the spring and damping
constants, respectively, p is the intrathoracic pressure assumed to be 0, and vg is the velocity
of the solid domain at a material point.

A.2 Hemodynamic quantities of interest

The following are details for how hemodynamic quantities of interest from 3D PA
simulations are calculated. The temporally averaged magnitude of wall shear stress (WS.S)

is computed from the wall shear stress vector (W'S'S), representing the tangential traction
force of fluid along the solid vessel walls, over the duration of one cardiac cycle, ¢,
computed as:

f, ———>
| foC(W S S)di!
Time averaged WSS = — (22)
c

The oscillatory shear index (OS/) is a measure of the change in direction of the WSS vector
and represents the oscillatory component of blood flow computed as:

te, ol
1 L' (W SS)dtl

08I = 5|1 - e —
W IW SS)ldr

(23)

A.3 Sensitivity analysis

To analyze the sensitivity of the simulated hemodynamics to model parameters, a range of
parameter values for the radius, length, flow, and target resistance in the distal PA model
were analyzed. We scaled all radii, length, and flow in the distal PA tree by a constant. With
changes in the radius scaling constant within the constraints of the distal tree optimization
(0.8-1.2), the WSS decreased by 42% with a 20% increase in radii; all WSS fluctuations

with the constrained scaling constant were <150 di; in the large VSD simulation. With
cm

changes in the length scaling constant within the constraints of the distal tree optimization
(0.4-1.6), the WSS and flow remained unchanged, but the pressure increased linearly with
a 200% increase from a 0.4 to 1.6x length scaling constant. With changes in the flow, there
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was a linear increase in the WSS as expected. With increases in the target resistance for

the distal PA tree, the optimized diameter scaling constants used to generate an optimized
distal PA geometry decreased from the maximum value (maximum scaling constant of 1.2)
to 1.1 at a resistance approximately twice the initial target resistance. The length scaling
constant increased from 0.4, the minimum length scaling constant, to 0.75 with increases in
the target resistance to approximately twice the initial target resistance. Though the changes
in length due to sensitivity from the target resistance do not affect the WSS, changes in the
diameter scaling constant from 1.2 to 1.1 due to the target resistance would reduce the WSS
by 30%. In the 3D proximal PA model, we tested the sensitivity of the large VSD simulated
hemodynamics to changes in the elastic modulus. Variation in the elastic modulus from

126 kPa to 750 kPa significantly reduced the strain by 75% for the MPA and systolic PA
pressures from 77 mmHg to 90 mmHg. However, WSS, OSI, and flow did not significantly
change.
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Fig. 1.
Simulation set up for the 3D PA model with a flow waveform prescribed at the MPA inlet

and 3-element Windkessel models prescribed at every outlet to represent the downstream
vascular dynamics. Fluid-structure interaction of PA wall deformability was modeled using
the coupled momentum method, and external tissue support was prescribed on the walls via
Robin boundary conditions representing springs and dashpots
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Fig. 2.

Optimization of distal PA morphometric tree incorporating a resistance of 3D PA model,

b resistance calculation of distal PA tree with Poiseuille assumptions, ¢ Nelder-Mead
optimization of target distal PA tree resistances per order, and d optimization of the scaling
constants for the diameter and lengths of the PA tree defining the geometry and informed by
BSA scaling laws, 3D outlet diameters, and morphometric PA data
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Hemodynamics of the distal 0D PA tree were calculated from extrapolated flows from the
3D PA simulation and optimized geometry (illustrated) using Poiseuille assumptions
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The 3D hemodynamic simulations show a the pressure (blue) and flow (red) in the MPA

increasing with increased VSD severity, b the spatially and temporally averaged pressure in
all segments increasing with VSD severity, and c the average flow in all segments increased
with a power law of diameter (represented by solid lines) for all VSD conditions

Biomech Model Mechanobiol. Author manuscript; available in PMC 2022 November 28.

000 025 050 000 025 050 000
Time (s)
’ ¢
o ¢ ' 10°; v
'3 + v
XN ¢
.. 4 ‘ + ¢ °
o,
L ]
:Q." ’ : 31X
’0 " i .' ' " ? .E": 10" e Normal
A o: . é v Small VSD
¢ 1.\_ & - - 2 B Moderate VSD
ﬂ'h o = - o ¢ LargeVSD
T L & ’
W e o=
] ‘_.' - v
4 "’v Y v v 5
v 14
Y‘;"" f“'" ‘T‘ y: %Y ¥ 10 I
® o ° ™ M
AR L ”
025 050 075 100 1.25 0



1duosnuepy Joyiny

Dong et al. Page 31

(@)1 (b)ozs
18 : 0.20
%
}E 16 —.— Moderate VSD g a ﬁ . Moderate VSD
& ....... Large VSD 0.10 ' ‘ ’ g @&w; Large VSD
1.5 b }
21111
14 J
. ... Il s 8 e
00 02 04 14 15 16
Time (s) Vessel Order
Fig. 5.

The 3D proximal PA simulations show a increasing amplitudes in the time-dependent area
waveform of the main PA (MPA) with VSD severity and b increases in the strain with VSD
severity for each diameter-defined Strahler order identified in the 3D PA model. Order 12
corresponds to the most distal and smallest vessels in the PA model, and order 16 represents
the MPA.. (*) denotes significant differences with p-values < 0.05 between normal and all
VSD conditions for orders 12-15
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Fig. 6.
Oscillatory shear index (OSI) in the 3D proximal PA simulations generally decrease with

VSD severity in the larger vessel orders representing segmental, interlobar, and the main
PAs. (*) denotes significance with p-value < 0.05, (**) denotes significance with p-value <
0.01
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Fig. 7.

Hgmodynamic simulations of the 3D proximal PA model show that a the temporally and
spatially averaged wall shear stress (WSS) in all 3D PA vessels increased with VSD severity
with significant differences across all VSD conditions. b For the main PA (MPA), left

PA (LPA), and right PA (RPA), the WSS increased with VSD severity and had a marked
increase in value from MPA to the LPA and RPA lobar branches. ¢ The time-averaged WSS
magnitude in the 3D proximal PA models shows dynamic changes throughout the PA tree
with higher WSS in the smaller vessels and in the larger VSD conditions
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Si?nulations in the distal PA morphometric tree using a 0D model and the proximal 3D

PA model show increases in WSS magnitude with VVSD severity grouped by vessel orders
against vessel diameter. The WSS in the 0D distal PA model increased down the PA tree as
vessel diameters decreased
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