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BACKGROUND: Despite favorable outcomes of surgical pulmonary artery (PA) reconstruction, isolated proximal stenting of the
central PAs is common clinical practice for patients with peripheral PA stenosis in association with Williams and Alagille syn-
dromes. Given the technical challenges of PA reconstruction and the morbidities associated with transcatheter interventions,
the hemodynamic consequences of all treatment strategies must be rigorously assessed. Our study aims to model, assess,
and predict hemodynamic outcomes of transcatheter interventions in these patients.

METHODS AND RESULTS: lIsolated proximal and “extensive” interventions (stenting and/or balloon angioplasty of proximal
and lobar vessels) were performed in silico on 6 patient-specific PA models. Autoregulatory adaptation of the cardiac out-
put and downstream arterial resistance was modeled in response to intervention-induced hemodynamic perturbations.
Postintervention computational fluid dynamics predictions were validated in 2 stented patients and quantitatively assessed in
4 surgical patients. Our computational methods accurately predicted postinterventional PA pressures, the primary indicators
of success for treatment of peripheral PA stenosis. Proximal and extensive treatment achieved median reductions of 14%
and 40% in main PA systolic pressure, 27% and 56% in pulmonary vascular resistance, and 10% and 45% in right ventricular
stroke work, respectively.

CONCLUSIONS: In patients with Williams and Alagille syndromes, extensive transcatheter intervention is required to sufficiently
reduce PA pressures and right ventricular stroke work. Transcatheter therapy was shown to be ineffective for long-segment
stenosis and pales hemodynamically in comparison with published outcomes of surgical reconstruction. Regardless of
the chosen strategy, a virtual treatment planning platform could identify lesions most critical for optimizing right ventricular
afterload.

Key Words: computational fluid dynamics B peripheral pulmonary artery stenosis B pulmonary artery reconstruction ® pulmonary
artery stenting ® pulmonary hemodynamics

omplex pulmonary artery (PA) stenoses, whether
in isolation or in combination with additional con-
genital heart defects, present challenges in both
diagnostic and treatment strategies. In patients with
Williams syndrome (WS) and Alagille syndrome (AS),
the associated peripheral PA stenosis (PPAS) generally
yields severe hemodynamic abnormalities. In previous
studies, we have shown surgical PA reconstruction to
effectively normalize right ventricular (RV) pressure and

provide excellent long-term outcomes with low rates
of morbidity, mortality, and reintervention for the vast
majority of patients."? We recognize, however, that
patch augmentation of lobar and segmental PA ste-
noses is a challenging surgery requiring long hours of
cardiopulmonary bypass and specialized expertise not
universally available. Surgical, transcatheter, or hybrid
approaches addressing only the most proximal central
PAs thus remain the standard of care at most centers
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CLINICAL PERSPECTIVE
What Is New?

Isolated proximal stenting is insufficient for pe-
ripheral pulmonary artery (PA) stenosis in pa-
tients with Williams and Alagille syndromes.

e Extensive stenting and/or angioplasty can de-
crease PA pressures to half systemic levels in
cases without long-segment stenosis, but these
improvements still pale in comparison with pub-
lished surgical outcomes.

e We have engineered a spatial resistance “map”
allowing clinicians to easily assess the clinical
import of stenoses.

What Are the Clinical Implications?

e Surgical PA reconstruction remains the pre-
ferred strategy for multilevel PA stenoses in
Williams and Alagille syndromes, but if tran-
scatheter interventions are pursued out of ne-
cessity regarding certain associated morbidities
or unavailability of surgical expertise, then ex-
tensive stenting and/or angioplasty should be
performed to achieve adequate acute hemody-
namic outcomes.

e Computational fluid dynamics presents a prom-
ising future for furthering our understanding of
the complex peripheral PA stenosis scenario via
virtual patient-specific treatment planning.

Nonstandard Abbreviations and Acronyms

AS Alagille syndrome

CFD computational fluid dynamics

CTA computed tomography angiography
LPA left pulmonary artery

MPA main pulmonary artery

PPAS  peripheral pulmonary artery stenosis
RPA right pulmonary artery

RVSW right ventricular stroke work

WS Williams syndrome

despite suboptimal clinical and procedural outcomes,
including significant residual disease, persistent RV hy-
pertension, pulmonary hemorrhage, vessel dissection,
aneurysm formation, PA rupture, in-stent restenosis,
and even death.>” Given these unfavorable results
and the technical challenges associated with surgical
PA reconstruction, there is a pressing need to better
understand the hemodynamics associated with vari-
ous transcatheter approaches and to further develop
a virtual treatment planning platform to identify lesions
most critical for optimizing RV afterload/pulmonary
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vascular resistance (PVR; at the macro level) and thus
PA and RV pressures.

Image-based computational fluid dynamics (CFD)
offers a unique framework for performing and evalu-
ating virtual interventions on a patient-specific basis.
Accurate predictions of postinterventional hemody-
namics are critical to the success of a virtual treatment
planning platform and thus must incorporate the rel-
evant physiology, including blood flow autoregulation.
Although prior studies have modeled coronary auto-
regulation,®® most CFD studies investigating postin-
terventional PA hemodynamics have employed the
nonphysiological assumption that the downstream re-
sistance remains unchanged.®'" Yang et al previously
performed virtual PA reconstruction for patients with
AS and achieved accurate predictions of postoperative
PA flow splits via adaptive outflow boundary condi-
tions.">'8 Nonetheless, accurate predictions of postop-
erative proximal PA pressures, the primary indicators
of success in PPAS treatment, remained elusive with
discrepancies up to 18 mm Hg.'? Furthermore, adap-
tation of the downstream resistance was modeled in
response to wall shear stress only, with no consider-
ation of the counteracting myogenic and metabolic re-
sponses necessary for stable adaptation.!""

To our knowledge, no prior CFD studies have inves-
tigated hemodynamic conditions following transcatheter
interventions in patients with WS or AS. In this study, we
aim to accurately predict postinterventional PA hemo-
dynamics for patients with PPAS in association with WS
and AS using physiologically sound methods to adapt
both the cardiac output and downstream pulmonary re-
sistance. We validate our methods on 2 stented patients
and subsequently assess the hemodynamic conse-
quences of transcatheter therapy in 4 surgical patients.
We further build the foundations of a virtual treatment
planning platform by identifying lesions most responsi-
ble for the elevated PVR. Finally, we develop preliminary
clinical recommendations for PPAS based on controlled
comparisons of different transcatheter strategies within
the same patient cohort. Our methods are broadly appli-
cable to other CFD investigations of virtual interventions
in congenital heart disease.

METHODS

Patient Cohort Identification

Under a protocol approved by the Stanford Institutional
Review Board, patients with PPAS in association with
WS and AS in the Lucile Packard database were ret-
rospectively categorized as having undergone either
PA stenting or surgical reconstruction. For validation
of postinterventional hemodynamic predictions, in-
clusion criteria for the stenting cohort required both
prestent and poststent PA pressures from cardiac
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catheterization. In addition, either a prestent computed
tomography angiography (CTA) or magnetic resonance
angiography (MRA) or the combination of a poststent
CTA/MRA alongside detailed cardiac catheterization
angiograms was required for anatomical modeling.
Inclusion criteria for the surgical cohort required only a
preoperative CTA/MRA and preoperative PA pressures
from cardiac catheterization. Lung perfusion scans, al-
though not routinely performed for these patients and
not required for either cohort, were collected if avail-
able. No informed consent was required for this ret-
rospective clinical data collection. All data supporting
the findings of this study are available from the corre-
sponding author upon reasonable request.

Patient-Specific Model Construction
Patient-specific preinterventional 3-dimensional ana-
tomical models of the PA tree were constructed from
CTA/MRA in SimVascular'® by creating pathlines and
lumen segmentations along the PAs and subsequently
lofting the segmentations. For patients in the stenting
cohort with poststent CTA/MRA only, models were first
constructed from the poststent scans. Then, referenc-
ing the catheterization angiograms under the guidance
of interventional cardiologists, we virtually modified the
central left PA (LPA) and right PA (RPA) segmentations
to reflect the prestent anatomy. The main PA (MPA),
beginning immediately distal to the pulmonary valve,
as well as all lobar, segmental, and subsegmental ves-
sels were modeled.

Postinterventional models were constructed via
virtual transcatheter repair of the preinterventional
models, again by modifying lumen segmentations to
achieve desired stent diameters and lengths. We per-
formed 2 virtual procedures for each patient: (1) a prox-
imal procedure involving stenting of only the LPA and
RPA and (2) an extensive procedure involving proximal
stenting alongside additional stenting and/or balloon
angioplasty of more distal lobar vessels. Under the
guidance of 2 interventional cardiologists, decisions
regarding the number and position of the stent(s),
whether to “jail” a vessel, and the choice of stent ver-
sus balloon angioplasty in the more distal lesions were
made based on in vivo hemodynamics, their extensive
experience in transcatheter treatment of these com-
plex populations, and an assumed availability of the
necessary technical expertise. All jailed side branches
underwent virtual balloon angioplasty, as would com-
monly be performed during the procedure.

All anatomical models were meshed in MeshSim
(Simmetrix Inc.) with 3 boundary layers. Based on a
mesh convergence study, meshes with 1.7 to 1.9 mil-
lion linear tetrahedral elements were selected to ensure
convergence of pressures and flows at the MPA, RPA,
LPA, and all outlets.
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Fluid-Structure Interaction Simulation
Hemodynamic simulations were performed with sv-
Solver, SimVascular's finite element solver™®2" for
fluid—structure interaction between an incompress-
ible, Newtonian fluid and a linear elastic membrane
for the vascular wall?®?® (see Data S1 for details). We
prescribed a vessel wall thickness of 10% of the diam-
eter at every inlet and outlet and a smoothly varying
thickness distribution over the remainder of the wall.
For preinterventional simulations, the Young’s modulus
was uniformly prescribed as 2.5x108 dyn/cm? based
on mechanical characterization of healthy murine PAs?*
and healthy and hypertensive adult human PAs?>26;
stented regions were prescribed 2.5x108 dyn/cm?.

The MPA inlet and PA outlets were coupled to
0-dimensional lumped parameter networks®’ repre-
senting the upstream right heart®628-%0 (see Data St
for details) and downstream vasculature, respectively
(Figure 1A). Each PA outlet was coupled to 3 RCR
Windkessel models in series, corresponding to the
downstream arterial, capillary, and venous compart-
ments, with the pulmonary capillary wedge pressure
assigned as the constant left atrial pressure. The car-
diac output®! and PA outlet pressures were prescribed
as Dirichlet and Neumann boundary conditions,
respectively.

All simulations were run for 6 cardiac cycles to en-
sure convergence to a limit cycle; only the final cycle
was analyzed. For each patient, right heart parameters
were unchanged from preintervention to postinterven-
tion, as the governing ordinary differential equations
inherently adapt the cardiac output under altered PA
pressures.®? Arterial resistances downstream of the
PA outlets were adapted with an empirical model for
stable microvascular autoregulation,’®'® as discussed
below in Autoregulatory Microvascular Adaptation.

Automated Tuning of Preinterventional
Boundary Conditions

Systolic, diastolic, and mean MPA, RPA, and LPA pres-
sures were used as our patient-specific clinical targets.
The RPA and LPA pressures used were the central
RPA and LPA pressures measured between the os-
tium and the corresponding upper lobe branch take-
off. In our simulations, MPA pressures were assessed
at model inlets, and RPA and LPA pressures were as-
sessed at slices consistent with the locations of the
catheterization-derived measurements. To accelerate
the simulation pipeline, we developed an automated
tuning framework®? for identifying boundary conditions
that best achieve these target pressures. Our frame-
work leveraged a high-fidelity O-dimensional surro-
gate®+3% of the 3-dimensional finite element PA domain
(Figure 1B), in which Bernoulli-type resistors accurately
captured the nonlinear flow in the diseased anatomies.



20T ‘6 ToquidAoN uo Aq S1o°sjeuwnoleye//:dpy woiy papeojumoq

Lan et al

PPAS Repair in Williams and Alagille Syndromes

PA Model

A Right Heart C: =

PV

PM PA

+-0 Outlet BCs

O RPA outlet O LPA outlet

I, *
I I I

Outlet BCs

Rapl Radl chl Rcd1 Rvpx Rvd1

PA Surrogate
B Right Heart
kpn Prea ka
v PV TN
m PMPA C1
P e OD—— L
RV/f Ao AN

AA AA
VVV-T VVV

W J_v‘v‘v Wy _L""'
Ca Cer 1

L L I™ Lot

Rap2 - Radz chz ~ R Rvpa ~ R

AA AA AA AA AA AA
VVV I VVV AAAJ I VVV VVV I VVV
| Ca2 ICcz ICV2

Figure 1. Automated tuning of preinterventional boundary conditions.

A, The main pulmonary artery (MPA) inlet is coupled to a right heart network consisting of a constant
right atrial (RA) pressure (Pg,), tricuspid valve (TV), right ventricle (RV), and pulmonary valve (PV). Each
outlet is coupled to 3 RCR Windkessel models in series, corresponding to the arterial, capillary, and
venous compartments, with a constant left atrial (LA) pressure (P ,). B, For tuning of patient-specific
boundary conditions (BCs), the PA model is reduced to a 0-dimensional surrogate, and the outlet BCs are
bilaterally aggregated. LPA indicates left pulmonary artery; PA, pulmonary artery; RPA, right pulmonary
artery; P p,, LPA pressure, Pp,, MPA pressure; and Py, RPA pressure. All C’s indicate capacitances, k’s
indicate coefficients for Bernoulli-type resistors, and R’s indicate resistances. Subscripts 1 and 2 indicate
aggregated parameters for the right and left trees, respectively. Subscripts a, ¢, and v indicate arterial,
capillary, and venous parameters. Subscripts p and d indicate proximal and distal parameters.

In each tuning iteration, this low-cost surrogate was
coupled to optimization algorithms®® (see Data S1 for
details), and newly optimized boundary conditions
were prescribed in the subsequent simulation.

Autoregulatory Microvascular Adaptation

Beyond cardiac output adaptation, blood flow au-
toregulation involves adaptation of the microvascular
resistance in response to hemodynamic perturba-
tions, such as those induced by cardiovascular inter-
ventions. Although we adopted a similar approach to
Yang et al'®>'® involving structured tree3-4° represen-
tations of the downstream vasculature, we limited
this representation to the small arteries and arterioles
for which structured trees were originally developed.
Furthermore, we considered adaptation in response to
perturbations in intraluminal pressure and metabolite
concentrations in addition to wall shear stress. These
myogenic and metabolic*' responses have been
shown to counteract the wall shear stress—dependent
response and produce stable networks, realistic
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distributions of vessel diameters, and physiological
hemodynamics.*"'" Indeed, as Yang et al> noted,
multiple rounds of solely wall shear stress—based ad-
aptation could yield nonphysiological predictions of
monotonically increasing flow to the lung undergoing
obstruction relief. We therefore implemented an em-
pirical model developed by Pries et al'®'® to describe
their experimental observations of topology and anat-
omy in rat mesentery microvasculature. To adapt this
model to PA microvasculature, we leveraged numerical
optimization to identify model parameters yielding the
most stable networks under adaptation with preinter-
ventional hemodynamics (see Data S1 for details). The
resistance of each adapted tree was then prescribed
as the adapted downstream arterial resistance for the
postinterventional simulation.

Computation of Resistances and RV
Stroke Work

To compute resistances from simulated hemody-
namics in the 3-dimensional PA domain, the tree
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topology was first determined using the Vascular
Modeling Toolkit.** Vessel centerlines were clipped
into segments between successive branching regions.
Spatially and temporally averaged pressures and tem-
porally averaged volumetric flow rates were extracted
at cross-sectional slices 75% down the lengths of all
segments to avoid ill-defined slices in branching re-
gions. Segment resistances were computed assuming
Poiseuille flow and projected onto vessel centerlines.

For each simulation, the 3-dimensional and total
PVR were computed. This “total PVR” included con-
tributions from both the 3-dimensional segment re-
sistances and prescribed O-dimensional Windkessel
resistances. The 0-dimensional resistances were first
added to the corresponding 3-dimensional outlet seg-
ment resistances, which were then topologically prop-
agated upstream to the MPA inlet. The 3-dimensional
PVR was instead computed without consideration of
O-dimensional resistances. All segment and aggre-
gate resistances were indexed by patient body surface
areas (BSAs) to facilitate comparisons across age. The
RV stroke work (RVSW) was computed as the integral
over the RV pressure-volume loop and indexed by
BSA.

Statistical Analysis

Results were presented by their median and interquar-
tile range (IQR), and all statistical testing was performed
in R (version 3.6.3) to detect significance at a=0.05.
The Friedman test was first performed to detect signifi-
cant hemodynamic differences across the preinterven-
tional, proximal intervention, and extensive intervention
conditions. In cases where significant differences were
detected, we subsequently identified the significantly
different pairs via pairwise Wilcoxon signed-rank tests
with the Bonferroni correction for multiple testing.

Table. Baseline Patient Characteristics

PPAS Repair in Williams and Alagille Syndromes

RESULTS

Anatomical Modeling

A total of 6 patients with WS (n=2) and AS (n=4) were
included: 2 in the stenting validation cohort (AS-1,
AS-2) and 4 in the surgical cohort (AS-3, AS-4, WS-
1, WS-2; Table). AS-2 was the only patient for whom
we collected a postinterventional imaging scan in
lieu of a preinterventional scan. An average of 93
outlets (range, 72-105) were modeled (Figure 2). The
median MPA, RPA, and LPA diameters were 1.3 cm
(IQR, 1.1-1.8 cm), 0.53 cm (IQR, 0.40-0.68 cm), and
0.40 cm (IQR, 0.34-0.56 cm), respectively. Among
the stenting cohort, the extensive intervention in pa-
tient AS-1 and proximal intervention in patient AS-2
were procedures actually performed and used for
validation of our postinterventional hemodynamic
predictions.

Automated Tuning Framework

For each patient, up to 3 simulations were required to
achieve preinterventional systolic, diastolic, and mean
MPA, RPA, and LPA target pressures within 5 mm Hg
(Table S1). Although PA flow splits were not uniformly
available and thus excluded from tuning targets, the
simulated RPA flow fractions exhibited only 1% to 3%
discrepancies for the 3 patients with available data.
These results suggest that our computational meth-
ods can accurately determine bulk RPA/LPA flow splits
from the routinely collected clinical data without the
need for lung perfusion scans.

Autoregulatory Physiology

In all virtual interventions, the cardiac output uniformly
increased (Figure 3A) in response to the reduced PVR

Flow split,
Pypa (MM Hg), Cl (L/min percentage

Patient Sex Age,y BSA (m?) systolic/diastolic per m?) right Comorbidities

AS-1 Female 16.8 1.39 90/18; mean, 42 4.20 52 Stage IV CKD, cholestasis,
cirrhosis, exocrine pancreatic
insufficiency, systemic
hypertension

AS-2 Male 0.35 0.25 100/6; mean, N/A 4.28 N/A Tetralogy of Fallot, PAPVR,
cholestasis, cirrhosis,
bronchomalacia, single coronary
artery

AS-3 Male 13.2 1.00 68/15; mean, 38 2.60 68 Cholestasis

AS-4 Male 5.80 0.64 50/11; mean, 26 4.20 56 Cholestasis, celiac artery stenosis

WS-1 Male 0.63 0.34 125/21; mean, N/A 3.59 N/A Supravalvar aortic stenosis, renal
artery stenosis, bronchomalacia

WS-2 Female 0.20 0.25 93/16; mean, 42 4.08 N/A Supravalvar aortic stenosis

AS indicates Alagille syndrome; BSA, body surface area; Cl, cardiac index; CKD, chronic kidney disease; N/A, not available; PAPVR, partial anomalous
pulmonary venous return; P p,, main pulmonary artery pressure; and WS, Williams syndrome.

J Am Heart Assoc. 2022;11:023532. DOI: 10.1161/JAHA.121.023532
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Figure 2. Virtual proximal and extensive transcatheter interventions.
Catheterization angiograms indicating representative lesions, the image-based preinterventional models, and modified segmentations
for virtual repair. Stent diameters are annotated. AS indicates Alagille syndrome; Extv, extensive intervention; Pre, preintervention;

Prox, proximal intervention; and WS, Williams syndrome.

as a result of obstruction relief.*® Further increases in
cardiac output were observed upon extensive repair.
Human PPAS-specific microvascular adaptation pa-
rameters identified via numerical optimization are
documented in Data S1. Microvascular adaptation uni-
formly decreased the downstream arterial resistance
for all proximal (median, 5.18%) and extensive (median,
17.5%) procedures, yielding further increases in car-
diac output as a consequence of the right heart model
(Figure 3B). These changes to the downstream resis-
tance were negligible compared with the intervention-
induced changes to the 3-dimensional resistance.
Microvascular adaptation yielded similarly negligible
effects on the PA flow split, with a maximum change of
3% in the RPA flow.

Postinterventional Hemodynamics

Using the available clinical data, we successfully vali-
dated our predictions of systolic, diastolic, and mean
MPA, RPA, and LPA pressures within 5 mm Hg for
the extensive intervention in AS-1 and proximal in-
tervention in AS-2 (Table S1). Whereas proximal in-
tervention alone reduced the systolic and mean MPA
pressures, respectively, by 14% (IQR, 4.36%-25.3%)
and 11% (IQR, 3.19%-16.9%), extensive intervention
achieved respective reductions of 40% (IQR, 32.9%—
41.1%) and 24% (IQR, 20.9%-28.1%; Figure 4A). Of
note, patients AS-1 and AS-4 did not benefit from

J Am Heart Assoc. 2022;11:023532. DOI: 10.1161/JAHA.121.023532

proximal intervention alone and required extensive
repair of their predominantly distal lesions. The sys-
tolic MPA pressure in patient WS-1 remained hyper-
tensive at 114 mm Hg despite extensive intervention
(Figure 5).

Proximal intervention led to diminished pressure gra-
dients across the central PAs and increased RPA and
LPA pressures. With further PVR reductions (Figure 4B)
by way of extensive repair, MPA and branch PA pres-
sures decreased.

A comparison of the BSA-indexed 3-dimensional
and total PVR revealed that the elevated resistances
in these patients were predominantly driven by PA le-
sions rather than the downstream microvasculature.
Whereas proximal intervention reduced the BSA-
indexed PVR and RVSW, respectively, by 27% (IQR,
7.81%-37.6%) and 10% (IQR, 1.07%-21.5%), extensive
intervention achieved larger reductions of 56% (IQR,
41.5%-63.0%) and 45% (IQR, 30.9%-50.9%), respec-
tively. We again observed the lack of improvement
experienced by patients AS-1 and AS-4 upon proxi-
mal intervention. Furthermore, although patient WS-1
experienced a 20% reduction in BSA-indexed PVR
from proximal intervention and an additional 7% re-
duction from extensive intervention, the autoregulatory
increase in cardiac output yielded only minor improve-
ments in MPA pressure and effectively no changes to
the BSA-indexed RVSW.
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Figure 3. Autoregulatory adaptation of the cardiac output and downstream arterial resistance.

A, Simulated CO (L/min) and central RPA/LPA flow splits (annotated). B, Negligible percent changes
in CO and time-averaged RPA flow attributed to downstream microvascular adaptation. AS indicates
Alagille syndrome; CO, cardiac output; Extv, extensive intervention; LPA, left pulmonary artery; Pre,

preintervention; Prox, proximal intervention; RPA, right pulmonary artery; and WS, Williams syndrome.

Segment Resistances for Treatment
Planning

In addition to providing accurate posttreatment hemo-
dynamic predictions, a PPAS treatment planning plat-
form must identify lesions most critical for normalizing
PVR and thus PA and RV pressures. Visualization of
segment resistances on vessel centerlines (Figure 6)
enables both cardiothoracic surgeons and interven-
tional cardiologists to accurately identify resistance
hotspots. Although several distal stenoses were vir-
tually repaired in our extensive interventions, further
hemodynamic improvements could be gained upon
addressing the remaining lesions.

DISCUSSION

Our study represents the first to accurately model
the severely nonlinear and hypertensive hemody-
namics of PPAS in WS and AS and to further predict
postinterventional pressures, the primary indicators
of success in PPAS repair. Novel aspects include (1)
an automated tuning framework that leverages a high-
fidelity, O-dimensional surrogate and numerical op-
timization to efficiently identify boundary conditions
that achieve clinically measured PA pressures and
flow splits, (2) autoregulatory adaptation of the car-
diac output and microvascular resistance in response

J Am Heart Assoc. 2022;11:023532. DOI: 10.1161/JAHA.121.023532 7
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Figure 4. Simulated preinterventional and postinterventional hemodynamics (n=6).

A, Simulated main, central right, and central left pulmonary artery (MPA, RPA, LPA) systolic and mean
pressures (mm Hg). Line segments denote data from the same patient. B, Simulated body surface area
(BSA)-indexed 3-dimensional resistance (R;,xBSA), total pulmonary vascular resistance (PVRI; Wood
units:m?), and right ventricular stroke work (RVSWI; cJ/m?). *P<0.05 with the Bonferroni correction. Extv
indicates extensive intervention; Pre, preintervention; Prox, proximal intervention; P p,, LPA pressure;
Pypa, MPA pressure; and Pgp,, RPA pressure.

to intervention-induced hemodynamic perturbations,
(3) development of a new resistance “map” allow-
ing clinicians to easily determine the clinical import of

stenoses, and (4) a controlled hemodynamic compari-
son between proximal and extensive transcatheter in-
terventions in the same patient cohort.
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Figure 5. Simulated preinterventional and postinterventional systolic pressure distributions at peak systole.
Stent diameters are annotated. AS indicates Alagille syndrome; Extv, extensive intervention; Pre, preintervention; Prox, proximal

intervention; and WS, Williams syndrome.
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Figure 6. Preinterventional vessel segment resistances projected onto vessel centerlines.
Regions with severe distal pulmonary artery lesions are highlighted and rotated for ease of display. AS
indicates Alagille syndrome; WS, Williams syndrome; and WU, Wood units.

Although we observed negligible effects of micro-
vascular adaptation on the postinterventional cardiac
output and PVR in our cohort, this observation may
not extend to other interventions or patients with lower
3-dimensional resistances, such as patients with uni-
ventricular heart undergoing the Fontan procedure.®?

As the optimal treatment strategy for WS and AS
continues to be debated among centers advocating
either surgical PA reconstruction or transcatheter in-
terventions, our study offers insight into the range of
potential transcatheter outcomes. In practice, each
balloon angioplasty is associated with some probability
of acute success in the catheterization laboratory. The
proximal intervention presented here, in which stent-
ing is performed only on the central PAs and all bal-
loon angioplasties are unsuccessful, can therefore be
considered the worst-case scenario for these patients.
The extensive intervention, in which distal PAs are ad-
ditionally stented and all balloon angioplasties are suc-
cessful, can be considered the best-case scenario.

Proximal Stenting Alone Is Insufficient for
Patients With WS and AS

We have shown that the most common clinical practice
of stenting only the central PAs, that is, the proximal

J Am Heart Assoc. 2022;11:023532. DOI: 10.1161/JAHA.121.023532

intervention, confers minimal benefits on patients with
distal lesions. Cunningham et al previously reported
a modest decrease of the median systolic RV:aortic
pressure ratio from 1.0 to 0.88.° These combined re-
sults suggest that in complex PPAS, especially when
associated with WS or AS, proximal stenting alone is
insufficient and should be avoided.

Surgical Reconstruction Achieves Larger
Hemodynamic Improvements Than
Extensive Transcatheter Therapy
In our study, extensive interventions reduced the me-
dian systolic MPA pressure (94.0 to 49.6 mm Hg) by
47%. Although impressive, this was a much smaller
improvement than reported in the surgical literature for
patients with WS (66% reduction; 80 to 27 mm Hg)'
and AS (61% reduction; 75 to 29 mm Hg).? In addition,
these surgical results were reported to persist at long-
term follow-ups of 1.5 and 2.5 years, respectively. WS
and AS, however, have been associated with signifi-
cantly worse odds for sustained increases in intralumi-
nal diameters following transcatheter therapy.*”

We present our data with some fear and trepidation,
as one might incorrectly infer that we are recommend-
ing the use of extensive transcatheter interventions to
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treat these patients with highly complex conditions. In
our center, where we have decades of institutional ex-
perience with surgical reconstruction of complex PA ste-
noses and excellent long-term patient outcomes offered
by the growth potential of homograft patches, surgical
PA reconstruction is the preferred strategy. Most nota-
bly, even the “best-case” immediate postinterventional
hemodynamic outcomes presented here may worsen
over time with in-stent restenosis or as jailed vessels ini-
tially salvaged by balloon angioplasty become occluded
over time. We do understand, however, that despite their
generally inferior outcomes, transcatheter interventions
may be necessary in certain circumstances, including
the associated morbidities in WS and AS, or when treat-
ment at a center with significant surgical experience is
simply not an option. We in fact employed extensive
transcatheter therapy as a bridge to liver transplantation
for patient AS-1, who was too ill for surgical repair.

CFD Presents a Promising Future for
Virtual PPAS Treatment Planning

Regardless of the chosen strategy, our spatial resistance
“map” offers a promising foundation for a virtual PPAS
treatment planning platform. We have demonstrated
our ability to accurately model baseline hemodynam-
ics and predict postinterventional hemodynamics with
3-dimensional CFD simulations. To provide real-time
hemodynamic information on such a platform, however,
additional validation is needed along with reduced-order
model development to accelerate the simulation pro-
cess while maintaining its predictive ability.

Study Limitations
Given the paucity of complete data sets necessary for
tuning our image-based CFD simulations, our study
was performed on a small cohort. Our stenting cohort
size was further limited by the predominant surgical
approach undertaken at our center. As lung perfusion
scans are not routinely performed for these patients,
only postinterventional PA pressure predictions were
validated. Numerous hemodynamic confounding fac-
tors exist (including the effects of anesthesia, con-
trast, and catheter-induced tricuspid regurgitation) in
the acquisition of catheterization data and, although
important for data accuracy, were not considered at
this time. In addition, patient-specific inflow waveforms
were unavailable, which otherwise could have served
as optimization targets for the right heart model.

Additional limitations include the lack of PA me-
chanical characterization for WS and AS and the use
of a linear membrane model for the PA wall. We also
did not consider genetic variability or any associated
comorbidities.

Finally, although the variable success rates for bal-
loon angioplasty were not addressed in this study, the

J Am Heart Assoc. 2022;11:023532. DOI: 10.1161/JAHA.121.023532
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statistical uncertainty could be propagated forward
to simulated hemodynamic metrics using uncertainty
quantification techniques.** Nonetheless, our study
presents a fair assessment of the transcatheter strat-
egy via evaluations of both worst-case and best-case
scenarios.

CONCLUSIONS

Despite several retrospective reports of outcomes fol-
lowing either surgical PA reconstruction or transcath-
eter intervention in patients with PPAS in association
with WS and AS, the standard of care continues to
be debated. In this study, we engineered a resistance
“map” allowing clinicians to easily assess the clinical
import of stenoses and demonstrated the ability to
accurately model and predict baseline and postin-
terventional hemodynamics using patient-specific,
image-based CFD simulations. Controlled compari-
sons of different transcatheter interventions within the
same cohort revealed that in the setting of complex
PPAS, proximal stenting alone yields little benefit. In
cases without long-segment stenosis, extensive inter-
ventions can reduce pressures to approximately half
systemic levels. These hemodynamic improvements,
however, still pale in comparison with reported surgi-
cal outcomes. Ultimately, the optimal treatment strat-
egy must be chosen alongside consideration of other
factors, including the availability of surgical expertise
and the higher morbidity rates associated with tran-
scatheter interventions. Computational modeling may
guide patient-specific treatment planning to optimize
hemodynamic outcomes while avoiding unnecessary
procedures.
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Data S1. Supplemental Methods
Fluid-Structure Interaction Simulation

Hemodynamic simulations were performed with svSolver, SimVascular's finite element
solver for the three-dimensional Navier-Stokes equations governing the flow of an
incompressible and Newtonian fluid (19). Blood density and viscosity were respectively 1.06 g/
cm® and 0.04 g/(cm-s). The classical Streamline Upwind Petrov-Galerkin/pressure-stabilizing
Petrov-Galerkin method was employed to stabilize the Galerkin formulation for spatial
discretization, and the generalized-a method was employed for temporal discretization (20).
Backflow stabilization was imposed via an additional convective traction with the parameter 8
fixed at 0.2 (21). Fluid-structure interaction was modeled with the coupled momentum method
(22), which embeds a linear elastic membrane into the fluid problem on a single stationary
mesh. To dampen non-physiological high-frequency wall oscillations, a Robin boundary
condition representative of the viscoelastic Kelvin-Voigt model was prescribed on the wall as
external tissue support. The spring and damping constants were respectively 10° g/(cm?s?) and

10* g/(cm2.s) to reflect support found opposite to the spine (23).

Right Heart Lumped Parameter Network

The right ventricle (RV) was modeled as a chamber of varying elastance, such that the
pressure was parameterized as follows by the end-systolic pressure volume relationship
(ESPVR), end-diastolic pressure-volume relationship (EDPVR), and an activation function a

representing progressive cardiac fiber excitation over a cardiac cycle T, (26, 28, 29),

= Qv — Qpv,

Ppy = a@ ESPVR + (1 — ) EDPVR,
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where Vi, is the RV volume, Q1 and Qpy are respectively the volumetric flow rates through the
tricuspid (TV) and pulmonary valves (PV), T and T,. are respectively the durations of systole
and isovolumetric relaxation, and 0, ¢y, c,, c3, and ¢, are additional parameterization constants.
Valve dynamics are modeled with dynamic pressure losses as a consequence of blood inertance
and convective acceleration, parameterized with valve opening states {7, and {py, ranging

between 0 (closed) and 1 (open) as follows,

dqQ p|Qrvl
Ly dtTV = Pgraq — Pgy — WQTV ,

dQpy p1Qpy|
Lpy dt =PRV_PMPA_—2(A 7 )ZQPV'
1 2789:4%

d{TV _ {(1 - {TV)KTV,O (PRA - PRV) PRA = PRV ’

dt {rvKrv,c(Pra — Pry) Pra < Pgy,

d(PV _ {(1 - (PV)KPV,O(PRV - PMPA) PRV = PMPA )

dt <PVKPV,C(PRV - PMPA) PRV < PMPA )
plry
Loy = )
VT Ay Cry
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plpy
ApyCpy’

Lpy =

where L, and Lpy, are the blood inertances through the valves, p is the density of blood, I, and
lpy are the effective valve lengths, A, and Apy, are the annulus areas, P4 and Pypy are

respectively the right atrial (constant) and MPA pressures, K7y , and Kpy , are the valve opening
rate constants, and K7y . and Kpy . are the valve closing rate constants (30). At each time step of

the three-dimensional finite element solver, these ordinary differential equations were integrated

with the fourth-order Runge-Kutta method.

Automated Tuning of Pre-Interventional Boundary Conditions

Each function evaluation of the high-fidelity zero-dimensional surrogate was solved
using the generalized-a method and required a drastically reduced computational cost on the
order of seconds, in contrast to the hours to days required for three-dimensional fluid-structure
interaction simulations on high-performance computing clusters. Similarly to Tran et al. (33),
numerical optimization of the zero-dimensional parameters was performed in two distinct stages
following each three-dimensional simulation, such that the PA surrogate was first tuned to reflect
simulated hemodynamics in the three-dimensional PA domain prior to tuning of the boundary
conditions. In the first stage, all parameters in the inlet and outlet LPNs were kept fixed as we
performed local Nelder-Mead optimization on the six parameters in the PA surrogate to achieve
simulated systolic, diastolic, and mean MPA, RPA, and LPA pressures, spatially averaged over
slices at their respective locations. In the second stage, the newly optimized surrogate parameters
were kept fixed as we performed global optimization via the covariance matrix adaptation
evolution strategy (CMA-ES) on parameters in the inlet and outlet LPNs to achieve clinically

measured systolic, diastolic, and mean MPA, RPA, and LPA pressures. Pulmonary flow splits
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weren't included as clinical targets, as lung perfusion scans aren't routinely performed for this
patient cohort. The newly optimized resistances and capacitances for the aggregated Windkessel
models were bilaterally distributed to the RPA and LPA outlets by cross-sectional area (12) prior
to their use in the subsequent three-dimensional simulation. In both stages of optimization, the
log barrier method was used to constrain degrees of freedom to physiological bounds.
Specifically, the total downstream resistance and capacitance were constrained to 2.4 x 10?
dyn/cm? (or 3 Wood units) and 6.67 x 10 cm®/dyn, respectively.

To ensure parameter identifiability with only 9 optimization targets but 35 degrees of
freedom in the second stage of optimization (CMA-ES), the number of degrees of freedom were
minimized through simplifications and assumptions. Given the unavailability of patient-specific
inflow waveforms from MRA, the right heart LPN at the inlet was replaced with a prescribed
healthy MPA inflow waveform (31) parameterized by two scaling factors governing the cardiac
output and cardiac cycle duration. The log barrier method was again used to constrain both
scaling factors to produce +20% of the clinically measured cardiac output and cardiac cycle
duration. Upon conclusion of boundary condition tuning, parameters in the right heart LPN were
separately optimized via the Nelder-Mead algorithm to achieve the tuned MPA inflow
waveform. In addition, as suggested by lamb studies (34, 35), an equal distribution of PVR
across the arterial, capillary, and venous compartments was assumed. Further assumptions
include a 1:9 ratio between each pair of proximal and distal resistances in the Windkessel
models, and equal capacitances in the capillary and venous compartments in each lung. Together,
these assumptions reduced the number of degrees of freedom to just 8. For both the PA surrogate
and boundary condition stages of optimization, parameter identifiability was verified by

confirming invertibility of the Fisher Information Matrix (33, 36).



20T ‘6 IoquidaAoN uo Aq S1o°sjeuwnoleye//:dyy woiy papeojumoq

Autoregulatory Microvascular Adaptation
To model stable microvascular adaptation of the small PAs and arterioles, we adapted the
following empirical model developed by Pries et al. (15, 16) to describe their experimental

observations of topology and anatomy in rat mesentery microvascular networks,

dD

E=(sr+sp+sm+sc+ss)p,

Sz = log(TW + Tref) ,

Sy = —ky,log(z,),

Sm = kp, log (QQ;; + 1),

Se = Sma + Smp + Sc.a€Xp (_Txa) + Scpexp (_Txb) )

50
Te = ge [100 — 86 exp(—50001og(log(4.5P + 10))>*) —14] + 1,

where D is the diameter of a vessel segment in a structured tree; S; and S, are the adaptive
stimuli responsible for the opposing effects of wall shear stress 7,, and intraluminal pressure P;
Tref 1S @ small constant included to prevent singular behavior at low 7,,,; and 7, is the expected
wall shear stress with a sigmoidal dependence on P, which we have scaled from the form in (15,
16) to represent typical ranges of distal PA pressures (< 20 mm Hg) and wall shear stress (< 50
dyn/cm?) (26). S,, is the metabolic stimulus, which reflects adaptation in response to metabolic
needs of the tissue perfused by the network and is a function of the actual and reference

volumetric flow rates Q and Q... and discharge hematocrit H, = 0.45; S, is the conducted
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stimulus representing upstream propagation of metabolic stimuli and therefore reflects the
topological position of a vessel segment within the network; S is the conducted stimulus at a
given junction, with contributions from the metabolic and conducted stimuli of the two
downstream daughter segments, denoted by a and b; and S is a reference sum imparting a
nonlinear saturable response. The conducted signals are assumed to decay exponentially with
distance traveled, where x, and x;, are the daughter segment lengths, and L is a length constant.
Finally, Sy is the shrinking tendency that reflects the tendency for segments to collapse in the
absence of positive growth stimuli; and ky,, k., k., and kg are the relevant sensitivity
parameters.

In order to determine the 8 adaptive parameters specific to PA microvasculature, we
leveraged Nelder-Mead optimization to identify parameters that yielded the most stable networks
under adaptation with pre-interventional hemodynamics. For each patient, upon completion of
the pre-interventional simulation, a temporary structured tree was generated for each three-
dimensional PA outlet with a tree root diameter equal to that of the three-dimensional outlet.
Recursive bifurcation was carried out with diameter scaling factors of ¢ = 0.9 and § = 0.58
until termination at the minimum diameter D,;, = 0.005 cm (37, 38). Each vessel segment was
prescribed a length in mm of x = 12.4r%1, where r is the radius in mm (37). Given the time-
averaged simulated pre-interventional outflows, every function evaluation consisted of adapting
diameters of all vessel segments across all structured trees via explicit Euler time integration, in
which the Poiseuille assumption was applied at every time step to solve for P, Q, and t,, at
segment inlets. The Féhraeus-Lindqvist effect was modeled with Pries et al.'s empirical
description of in vivo apparent viscosity i, relative to plasma viscosity fpjasma = 1.2 X 1072

poise (39, 40),
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2

m . (1-Hp¢ -1 D \? D
== |14 (oas = ) 1—0:5 C—l(D—ll) (D—ll)’
ﬂplasma ( . ) . .

Uoas = 6 exp(—0.085D) + 3.2 — 2.44 exp(—0.06D6%%)
C = (0.8 +exp(—0.075D))(—1 + (1 + 1071*D*2)~1) 4+ (1 4+ 10711D*2)1,

Segments with diameters that fell under D,;, were considered to have collapsed and were
thus immediately pruned from the trees. Squared differences between the initial and adapted
diameters were summed over all segments for the objective function. Optimized parameters were
averaged across all patients and used for all subsequent structured tree adaptations: sensitivity to
intraluminal pressure k,, = 1.24, sensitivity to metabolic stimuli k,,, = 2.29 x 1077, sensitivity
to conducted stimuli k. = 2.20, basal shrinking rate k; = 8.85 X 1071, reference wall shear
stress Tper = 2.19 X 10™! dyn/cm?, reference volumetric flow rate Qs = 9.66 X 107 cm’/s,
reference length L = 1.9974 cm, and reference sum of conducted stimuli S, = 5.9764 x 10™*.
These parameters yielded structured trees of stable topology upon adaptation with pre-
interventional hemodynamics. While most of these identified parameters fell within the same
order of magnitude as parameters identified by Pries et al. for rat mesentery microvasculature, S,
was noticeably different compared to their value of 20. S, regulates the saturation of the
conducted response in the upstream direction from the capillaries to arterioles, which is thought
to occur via electrotonic conduction of changes in membrane potential through gap junctions
between smooth muscle cells and endothelial cells (41). The small magnitude of our PPAS-
specific S, effectively eliminated the saturation response, suggesting a much larger role for
conduction of vasomotor responses in the human pulmonary vasculature as compared to the rat

mesentery vasculature.
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For each outlet, we generated a pre-interventional baseline structured tree that was
consistent with the tuned pre-interventional arterial resistance (the sum of the proximal and distal
resistances in the arterial Windkessel model) found in the automated tuning framework described
above. Specifically, we again used Nelder-Mead optimization to identify the tree root radius that
best achieved the tuned pre-interventional arterial resistance upon stable adaptation with pre-
interventional hemodynamics. With the Poiseuille assumption, structured tree resistances were
computed upstream by summing segment resistances in series and parallel according to the
structured tree topologies.

To determine flow perturbations solely due to a transcatheter intervention, an
intermediate simulation was performed on each post-interventional anatomy with the pre-
interventional boundary conditions. Outflows from the intermediate simulation were then used to
adapt the pre-interventional baseline structured trees. The resistance of each adapted tree was
computed upstream and prescribed as the adapted downstream arterial resistance for the post-
interventional simulation with the assumption of a 1:9 ratio between the proximal and distal

resistances.
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Table S1. Pre- and post-interventional target and simulated hemodynamics.

Target / Pvpa Prpa Prpa CO Flow Split
Patient
Simulation (mm Hg) (mm Hg) (mm Hg) (L/min) (% Right)
Pre Target 90 / 18 m42 50 /18 m32 50 /18 m32 5.84 52% R
Pre 94.1/20.4 m43.0 45.6 /20.1 m28.8 53.5/20.2m32.3 5.19 54.7% R
AS-1 Prox 95.4/20.4 m42.9 48.2/20.1 m29.3 86.1/20.1 m40.4 5.21 54.0% R
Extv Target 59 /13 m29 N/A 57713 m29 N/A N/A
Extv 55.4/20.4 m31.8 40.0/20.2 m27.4 52.8/20.2 m30.6 5.43 74.9% R
Pre Target 100 / 6 mN/A 11/ 6 m8 18/10 m11 1.07 N/A
Pre 97.9/6.38 m28.0 11.4/6.09 m7.84 18.3/5.83 m9.31 1.14 38.6% R
AS-2 Prox Target 71 /8 mN/A N/A N/A N/A N/A
Prox 70.3/6.89 m23.0 56.5/6.86 m19.7 50.6 / 6.62 m18.0 1.34 41.3% R
Extv 43.9/7.56 m17.8 25.7/7.59 m13.0 22.9/7.03 m12.0 1,64 46.6% R
Pre Target 68 /15 m38 39 /12 m22 29 /15 m21 2.60 68% R
AS-3 Pre 70.2/17.3 m33.5 41.1/17.3 m25.4 29.6/17.3 m21.9 2.48 66.9% R
Prox 55.0/17.3 m28.8 44.3/17.2 m25.8 44.7/17.2 m26.0 2.58 59.1% R
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Extv 43.2/17.3 m25.4 29.7/17.2m21.8 33.2/17.2m22.5 2.72 66.5% R
Pre Target 50 /11 m26 37/11 m23 18 /8 m13 2.69 56% R
Pre 49.6/10.1 m23.8 33.5/9.70 m18.7 22.0/10.0 m14.8 2.65 59.9% R
ASH Prox 47.9/10.5 m23.4 33.2/10.0 m18.7 33.5/10.2 m18.5 2.69 58.0% R
Extv 34.2/11.1 m19.1 29.0/10.8 m17.3 13.2/10.8 m12.1 2.89 53.4%R
Pre Target 125/21 mN/A 19/11 m15 27/21 m25 1.22 N/A
Pre 126/ 16.5 m49.3 20.9/153ml17.2 31.0/16.6 m21.0 1.29 56.1% R
W Prox 117/16.4 m45.5 34.5/15.9 m22.0 40.0/16.5 m23.7 1.43 52.5%R
Extv 114/17.2 m44.6 20.7/16.2 m17.9 20.7/5.63 m16.7 1.50 50.6% R
Pre Target 93 /16 m42 20/10 m17 27/21 m25 1.02 N/A
Pre 93.9/14.6 m37.9 22.9/14.7ml7.6 25.6/13.0m17.0 1.16 533%R
W2 Prox 69.0/14.9 m31.0 35.7/14.8 m21.9 58.5/14.4m27.3 1.51 48.7% R
Extv 55.3/14.6 m27.0 24.0/14.6 m18.3 28.0/14.0 m18.9 1.70 41.2% R

AS: Alagille Syndrome. WS: Williams Syndrome. Pmpa, Prra, PLpa: main, central right, and central left pulmonary artery (MPA,

RPA, LPA) pressures (systolic/diastolic and mean (m)). CO: cardiac output. Pre: pre-intervention. Prox: proximal intervention. Extv:

extensive intervention. N/A: not available.
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