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Abstract of this study and for comparable HN physiologies our results
Introduction—The hybrid Norwood (HN) is a relatively new suggest that: (1) the 4.0 mm shunt is a generous shunt
first stage palliative procedure for neonates with hypoplastic diameter choice that may be problematic particularly when
left heart syndrome, in which a sustainable uni-ventricular implemented prophylactically in the absence of stenosis, and
circulation is established in a less invasive manner than with (2) the 3.5 mm shunt may be a more suitable alternative since
the standard Norwood procedure. A computational multi- it exhibits more favorable hemodynamics at lower levels of
scale model of the circulation following the HN procedure wall shear stress.

was used to obtain detailed hemodynamics. Implementation

of a reverse-BT shunt (R_BTS),@ synthetic bypass from the Keywords—HLHS, Hybrid Norwood, Reverse Blalock—
main pulmonary to the innominate artery placed to coun- Taussig shunt, Stenosis, CED, LPM.

teract aortic arch stenosis, and its effects on local and global
hemodynamics were studied.
Methods—A post-op patient-derived anatomy of the HN

procedure was utilized with varying degrees of distal arch INTRODUCTION

obstruction, or stenosis, (nominal and 90% lumenal area

reduction) and varying RBTS diameters (3.0, 3.5, 4.0 mm). A Hypoplastic left heart syndrome (HLHS) is a com-
closed lumped parameter model (LPM) for the proximal and plex type of congenital heart disease that occurs in 1
peripheral circulations was coupled to a 3D computational . 18 .

fluid dynamics (CFD) model in order to obtain converged per 5000 blrths. It presents itsell as upderdeveloped
flow fields for analysis. structures in the left side of the heart. Without surgical
Results—CFD analyses of patient-derived anatomic config- intervention, HLHS is fatal within the first hours or
urations demonstrated consistent trends of vascular bed days after birth as the severe]y malformed anatomies

perfusion, vorticity, oscillatory shear index and wall shear
stress levels. In the models with severe stenosis, implemen-
tation of the RBTS resulted in a restoration of arterial

of the left ventricle, mitral and aortic valves, and
ascending aorta cannot meet the body’s needs. The

perfusion to near-nominal levels regardless of the shunt hybri.d Norwood (HN) procedqre, involves a less
diameter. Shunt flow velocity, vorticity, and overall wall invasive strategy than conventional treatment to
shear stress levels decreased with increasing shunt diameter, establish a uni-ventricular circulation. The HN proce-

while shunt flow and systemic oxygen delivery increased with
increased shunt diameter. In the absence of distal arch
stenosis, large (4.0 mm) grafts may risk thrombosis due to

dure avoids cardiopulmonary bypass (heart-lung ma-
chine), deliberate cardiac arrest, and circulatory arrest

low velocities and flow patterns. of the patient during the procedure. The procedure
Conclusion—Among the three graft sizes, the best option consists of branch pulmonary artery banding, stenting
seems to be the 3.5mm RBTS which provides a more of the ductus arteriosus, and balloon atrial septostomy

organized flow similar to that of the 3.0 mm configuration

if required. The less invasive nature of the HN and
with lower levels of wall shear stress. As such, in the setting 4

deferment of the risk of major open heart surgery to an
older age are considered to help improve survival as
Address correspondence to Ray Prather, Mechanical and Aero- well as neurOIOglcal and cardiac functional out-

space Engineering, University of Central Florida, Orlando, FL, comes." 753 The resulting systemic-pulmonary cir-
USA. Electronic mail: wram2@knights.ucf.edu
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culation is unconventional; blood is pumped simulta-
neously and in parallel to the systemic and pulmonary
arteries after the procedure. This circulation is complex
and is yet to be fully understood. The HN procedure
has its unique set of complications that may arise
during postoperative care, of which one of the most
important is obstruction in the aortic isthmus. This can
occur immediately as a result of stent maldeployment
or later due to neointimal remodeling or fibrosis.
Clinically important obstruction of the distal aortic
arch has been reported to occur in 24% of patients
after hybrid procedures for HLHS.* It has been sug-
gested that, in patients that develop distal aortic arch
obstruction, placement of a reverse Blalock—Taussig
shunt (RBTS, main pulmonary artery-to-innominate
artery shunt) could prevent myocardial and cerebral
ischemia.® The RBTS is a straightforward surgical
addition to the HN and, although benefits of imple-
menting this step remain unproven, some have adopted
the policy of placing this shunt as a prophylactic
measure in patients with limited or absent antegrade
aortic flow, or at high risk of developing aortic arch
obstruction.® Computational fluid dynamics (CFD) is
being successfully used to elucidate the optimal
approach to staged reconstruction of
HLHS.>610:13.19.21.22.2527 11y oyr earlier work,'® we
utilized a synthetic geometry representative of an
HLHS patient treated with HN palliation to investi-
gate the efficacy of the RBTS to restore flow and
provide adequate coronary perfusion under the con-
ditions of moderate to severe arch stenosis and we
considered a single 4 mm shunt diameter. The current
study employs a patient-derived geometry and explores
and compares the hemodynamics resulting from three
shunt diameters in the context of prophylactic use of
the RBTS or in the presence of severe distal arch
stenosis. In addition, the present manuscript includes
quantifications of systemic oxygen deliveries. Specifi-
cally, we extend our investigation by using a multi-
scale CFD model coupling a detailed three-dimen-
sional (3D) model of the pulsatile hemodynamics of
the HN driven by a lumped parameter (0D) model of
the peripheral circulation to explore the flow charac-
teristics of various diameter RBTS of 3, 3.5, and 4 mm
RBTS in the presence or absence of distal arch stenosis
and the corresponding cerebral and coronary perfusion
under such range of conditions.

MATERIALS AND METHODS

In order to study the complex circulation and the
effects of shunt size and placement, a multi-scale CFD
model of the neonatal HN circulation was developed
utilizing a 0D electrical lumped parameter model
(LPM) for the peripheral circulation coupled with a 3D
CFD model that allows detailed computation of the
local pulsatile hemodynamics.

Anatomical Model

A post HN procedure patient-derived anatomy was
reconstructed from magnetic resonance imaging
(MRI) data using medical image segmentation soft-
ware (Mimics, Materialise, Belgium) to include atresia
of the aortic valve and including the ascending aorta,
transverse arch (TA), innominate artery (IA), right and
left subclavian arteries (RSA, LSA), right and left
carotid arteries (RCA, LCA), main pulmonary artery
(MPA), branched pulmonary arteries (BPA, right =
RPA, left = LPA), patent ductus arteriosus (PDA),
descending aorta (DA), and right and left coronary
arteries (RcorA, LcorA). The present study, provides
insight into the HN flow patterns and focuses on shunt
flow under multiple RBTS diameters motivated by a
recent study by Baba er al.” that suggests a significant
trend toward more neurologic complications in stage 1
patients with RBTS compared to those after the
standard HN procedure.

Eight rigid-walled models were developed for each
of the patient-derived (P1-P8) anatomy, see Table 1.
We considered two cases of severity of aortic arch
hypoplasia. The first case, models P1, is a nominal
model analogous to the standard HN procedure with
“typical” hypoplasia of the proximal arch. The sec-
ond case, models P2, is a stenosed model where part
of the computational domain was removed at a point
proximal to the PDA and distal to the LSA to de-
crease the lumen of the transverse aortic arch (90%)
representing a severe stenosis. Models P3-P8 were
constructed by incorporating a 3.0, 3.5 or 4.0 mm in
diameter by 21 mm in length bypass graft (RBTS)
from the MPA to the IA as shown in Figs. 1, 2 and
Table 1. The RBTS dimensions are representative of
a graft typically used for this procedure. In the pa-
tient-derived models, the coronary arteries were

TABLE 1. Eight models of each of the patient-derived derived anatomical configuration (P1-8).

Baseline model

RBTS diameter x length added to baseline models

Patient-derived nominal (P1)
Patient-derived 90% stenosed (P2)

3 mm x 21 mm RBTS (P3)
3 mm x 21 mm RBTS (P6)

3.5 mm x 21 mm RBTS (P4)
3.5 mm x 21 mm RBTS (P7)

4 mm x 21 mm RBTS (P5)
4 mm x 21 mm RBTS (P8)
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FIGURE 1. Patient derived anatomical configurations: 90% stenosis shown without RBTS (left) and with RBTS (right). Frontal

view. Labels indicate vessel of concern and shunt locations.

FIGURE 2. Patient derived anatomy nominal anatomy (left) and with 90% stenosis (right). Posterior view.

modeled synthetically from their take off of the
ascending aorta because the resolution and contrast
of the MRI did not allow for an accurate recon-
struction. The length of the pulmonary arteries was
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extended and banded sections of the vessels were
added synthetically due to the aforementioned rea-
sons. The dimensions of the model are depicted in
Fig. 3.
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25.48

FIGURE 3. Anatomy dimensions in millimeters (@ = diameter). Patient derived model in Nominal 4.0 mm RBTS configuration,

lateral (left) and coronal (right) views.

CFD Model

The fluid domain models were imported into Star-
CCM + (CD-Adapco, NY), a commercial Finite
Volume-based CFD software. A high- quality mesh
was obtained for all models providing grid-indepen-
dence and adequate capture of the boundary layer and
detailed flow features. The number of finite volumes
used varied in the range between 1 and 3.1 million,
depending on the anatomy. Blood was modeled as an
incompressible Newtonian fluid with density of
p = 1060 kg/m® and viscosity of u = 0.004 Pa-s. The
3D flow field is obtained by numerically resolving the
Navier—Stokes mass and momentum conservation
equations:

=t
Il
o

V. (1)

p8—lt/+ p(V-NV)V = —Vp+uV?v 2)

Here, V is the velocity vector and p is the pressure
field. The Navier-Stokes equations were solved with
an unsteady implicit scheme. The time step of 4.62 ms
provided time-independent solution for a 130 bpm.
Waveforms provided by a 0D LPM of the circulation
are used to impose an unsteady stagnation pressure
inlet at the MPA root and prescribe unsteady mass
flow rates as arterial outlet boundary conditions
(BCs).

Lumped Parameter Model

The LPM is an electrical analog of the circulatory
system®' modeling viscous drag as a resistor (R), flow
inertia as an inductor (L), vessel compliance as a
capacitor (C), and tricuspid and pulmonary valves as
ideal diodes to impose unidirectional flow. A pair of
differential equations governs each R—L—C compart-
ment model of a vascular bed:

dQ

Ap =L+ R
D aF 0

d
0=c. (3)

where Q is the flow-rate and Ap is the pressure differ-
ence, while the second equation models vessel wall
compliance with. Baseline values of R, L, and C were
obtained from the literature.?"* These were ad-
justed iteratively to approach waveforms from
catheterization data of a “‘typical” HN patient. Clini-
cally, obtaining pressure or flow waveforms for all the
required vessels in neonates is not feasible using the
standard catheterization methods, thus tuning of the
model relies to a degree in medical judgement of the
appropriate net flow rates and target pressures. The
main parameters that are initially tuned in the present
study, for which clinical data is available are: cardiac
output, ventricular pressure, atrial pressure, DA pres-
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FIGURE 4. Multi-scale model of the HN circulation, three-dimensional CFD model coupled with lumped parameter model. A

synthetic HN anatomy shown for illustrative purposes.

sure, and branched pulmonary arterial pressure. The
arterial vascular bed resistance is tuned first, since it is
the primary determinant of total flow through any
given artery. Compliance and inductance parameters
are then tuned to approach the desired waveform.
The right ventricle, modeled as a time-varying
capacitor C(7), is the driving force of the circuit pro-
viding pulsatile cardiac output. Its reciprocal, the
elastance function E,(t,)E(f), relates ventricular pres-
sure and volume at a given point during the cardiac
cycle. The form E(f) = (Emax — Emin) - Eu(tn) + Emin
was used, where, E,(t,) is the “double hill”” normalized
elastance function which has been modified from the
adult model in Simaan ez al.*’ to a neonate model as:

132
En(tn) = (0;#) 132 : 71 9] ) (4)
L+ (o) L+ (ods)

where FEj.x =2.35 and Ey;, = 0.06 regulate the

bounds of the function based on the period-normalized

time quantity #, = [ with z =% (HR is the heart
rate). The exponential coefficients in Eq. (4) were ad-

justed iteratively to produce a cardiac output for the
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nominal model of approximately 2.0 L/min. These
values were held constant for all subsequent simula-
tions. The right atrium was modeled using a constant
elastance. A 32 degree of freedom (DOF) closed-loop
circuit representation of the systemic and pulmonary
circulation (Fig. 4) leads to system of coupled ordinary
differential equations that are solved via a 4th order
adaptive Runge—Kutta integrator.

BPA banding is achieved using a geometrical
restriction in the CFD model supplemented with a
resistance placed in pulmonary LPM vascular bed to
achieve cycle-averaged ratio of total BPA artery to
ductal flow, O,/Qs ~ 1, in the nominal model. Earlier
computational models®® show that a 0,/0s ratio of one
is optimal in first stage single ventricle palliative pro-
cedures, thus, the current model is adjusted to repre-
sent a pulmonary banding procedure that achieves this
parameter closely. The effect of different levels of
pulmonary banding restriction will likely only influ-
ence localized flow in the banding region (since
0,/Qs ~ 1) and therefore this variable was not con-
sidered in the study. In order for the LPM to account
for most of the coronary perfusion during diastole, the
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coronary arterial bed resistance was assumed to be a
normalized polynomial function of the time-varying
elastance (see Eq. (5) below). The nominal LPM
parameters are held constant in subsequent simula-
tions in which the RBTS, as well as a 90% discrete
stenosis of the isthmus, are incorporated to the 3D
model.

E(’))z (5)

Rroronary =K (m
where E(f) is as determined from Eq. (4). The constant,
K = 1.75, was modified arbitrarily to achieve the
proper coronary flow rate in the nominal case, then left
unmodified for subsequent iterations.

Coupling

Coupling refers to the interaction between the
Lumped Parameter and the CFD models. A baseline
LPM of the Nominal anatomical configuration is
constructed and adjusted to approach pressure wave-
forms derived from a catheterization procedure per-
formed on a typical HN patient. This baseline LPM
model is tuned as described below, with all vascular
bed parameters influencing the output waveforms. The
cycle total flow values of the LPM are matched within
1% for patient derived anatomies in the nominal case.
In all other anatomical configurations the coupling
only affects those parameters that are common in the
LPM and CFD, that is, the parameters in the arterial
and venous beds remain constant. This is done to ob-
tain a relative comparison of results among the
anatomical configurations; no considerations were gi-
ven to physiological responses affecting vascular
resistance. The coupling is achieved by: (1) tuning the
initial LPM circuit to produce flow and pressure
waveforms that match those obtained from catheteri-
zation or supplemental data of nominal values for
typical HLHS patients, (2) imposing transient BCs to
the CFD model from the circuit, (3) carrying out the
CFD simulation to obtain the detailed flow field, (4)
modifying the CFD equivalent parameters within the
circuit to match those derived from the CFD, (5)
running the LPM and imposing updated BCs to CFD,
and (6) iterating the system of equations until con-
vergence. Convergence is achieved once the relative
change in flow rates at all branch vessels across each
iteration is less than 1072 It is reached typically within
15-20 coupling-iterations. Once the process has con-
verged, the CFD simulation is run for three cardiac
cycles to achieve a sustained periodic solution, and
post-processing is performed. Our iterative approach
provides a convenient and computationally effective
way to tune the LPM parameters.

Oxygen Transport Model

The oxygen transport model is based on the typical
uptake, consumption, and conservation equations used
in physiology, implemented in the present study using
the LPM model. Oxygen transport equations are not
calculated for the CFD model since the oxygen con-
centration entering the pulmonary and systemic
arteries is the same in the HN anatomy. The major
driver for systemic and pulmonary oxygen concentra-
tions is thus the pulmonary to systemic blood flow
ratio (Qp/Qs). The premise of the LPM oxygen trans-
port model can be described using the following
equations,

CP,venOZ . Qp = CP,artOg . QP + SVOZ (6)

Cs.ven0, - Os = Cs a0, - Os — CVo, (7)

Equation (6) states that the oxygen flow into the
pulmonary veins, Cp en0, - Op, is equal to the oxygen
flow entering the pulmonary arterial circulation,
Cp.ari0, - Op, plus the oxygen uptake in the lungs,
S Voz- Equation (7) states that the oxygen flow out of
the systemic venous circulation, Cs .0, - Os, is equal
to flow of oxygen entering the systemic arterial circu-
lation Cs 440, - Os, minus the whole-body oxygen
consumption, CVo,. The analysis will assume steady
state conditions (maintaining constant oxygen con-
centration in time), therefore according to the mass
conservation for oxygen,

SVo, = CVo, (8)

The systemic oxygen delivery is thus a function of
cardiac output (CO), Q,,,Qs, pulmonary venous blood
oxygen delivery, and the whole-body oxygen con-
sumption as follows,

CO . 1

Csvﬂffoz Qs = CP,venO o CV02 o (9)
e g

CP,venOg = P - Sat * Y (]())

where y is the blood oxygen capacity defined as 0.22
(mL oxygen/mL blood), P - Sat is the pulmonary ve-
nous flow oxygen saturation defined as 96%, and the
whole-body oxygen consumption, CVOZ, as 18 (mL
oxygen/min) for a neonate.*

Hemodynamic Parameters

Hemodynamics are investigated in post-processing
by examining the velocity vectors, by computing the
wall shear stress (WSS), and by computing the oscil-
latory shear index (OSI), an indicator of cyclic depar-

BIOMEDICAL
ENGINEERING
SOCIETY



142 CEBALLOS et al.

ture of the wall shear stress vector from its predomi-
nant axial alignment. The WSS and OSI are defined as:

T
ws - \% [ m
0
fT Tt
OSI — % - ’01‘ (12)
I alde

where 1, is the instantaneous wall shear stress vector.
Equation (11) is the time average of the wall shear
stress magnitude.'” In Eq. (12), the numerator of the
shear stress fraction represents the magnitude of the
time averaged wall shear stress while the denominator
represents the time-average of the wall shear stress
magnitude. The OSI can vary from 0 or no variation in
the stress alignment to 0.5, a complete reversal. In
addition, we studied the shunt flow vorticity (V x \7)
which is a measure of fluid rotation in the RBTS.

RESULTS AND DISCUSSION

Pressure and flow-rate waveforms were obtained for
the major arteries in all configurations. A comparison
of the major phenomena in anatomical configurations
with and without the RBTS was performed in our
previous study for the synthetic anatomy using a 4 mm
RBTS.!Y The strong effect due to the presence of

stenosis and the relief introduced by the shunt can be
highlighted (Table 2). In general, with 90% stenosis,
the model displays a marked reduction in flow up to a
15% in branching arteries, loss in pressure and pul-
satility when no shut is present. In the stenosed RBTS
cases, the RBTS compensated for the distal arch
obstruction, restoring cardiac output as well as coro-
nary and arch branch flows and pressures to near
nominal levels. When no stenosis is present, the shunt
has little influence on flow rates of branching vessels.
The effect of shunt size, though smaller in comparison,
shows flow variations through the RBTS as a per-
centage of cardiac output up to 3% in both stenosed
and non-stenosed configurations. Models including
arch stenosis have lower cardiac output (up to 3.95%
drop) due to the increased afterload resulting from the
reduction of the isthmus lumen. Individual cycle-av-
eraged flow rates are provided in Table 2 as a per-
centage of cardiac output as well as percent change
from Nominal values. Cycle-averaged velocities
through the shunt, as well as averaged retrograde and
antegrade flow, are provided in Fig. 5.

Incorporating the RBTS in the absence of stenosis
results in a slight increase in cardiac output (Table 2)
of up to 1.60%. This is observed for increasingly larger
shunt diameters in the nominal cases without causing
significant changes in the overall flowrates and pres-
sures. This supports the notion of implanting the shunt
as a preventative measure foreseeing the possibility
that stenosis may develop over time after the initial

TABLE 2. Cardiac output, arterial flow rates and relative flow changes in the patient derived anatomical configurations.

Flow rates as percentage of cardiac output

Patient derived Cardiac output (mL/min)  Q, Qs DA LCA LcorA LPA LSA RCA RcorA RPA RSA Shunt
Nominal 2022 095 292 47 1.8 243 4.7 4.7 1.7 24.4 4.6
Nominal-3 mm RBTS 2029 094 292 46 1.7 245 4.7 4.7 1.8 24.0 4.7 10.8
Nominal-3.5 mm RBTS 2047 096 29.1 4.6 1.7 245 4.6 4.6 1.7 24.6 4.6 11.7
Nominal-4 mm RBTS 2055 094 291 47 1.7 242 47 4.8 1.7 242 47 13.7
Stenosed 1942 1.01 29.8 41 1.6 25.0 4.2 4.2 1.7 252 41
Stenosed-3 mm RBTS 2031 096 291 46 1.7 245 46 4.6 1.7 246 4.6 15.1
Stenosed-3.5 mm RBTS 2041 096 29.0 46 1.7 245 4.6 4.6 1.7 24.6 4.6 16.7
Stenosed-4 mm RBTS 2051 096 29.0 46 1.7 245 46 4.6 1.7 24.6 4.6 18.1
Percentage change from nominal

Cardiac output (mL/min) Q,Qs DA LCA LcorA LPA LSA RCA RcorA RPA RSA
Nominal-3 mm RBTS 0.33 - 0.7 06 -06 —-13 1.3 0.6 0.6 52 —-13 1.4
Nominal-3.5 mm RBTS 1.20 1.3 11 -09 -—-141 20 -05 0.0 0.9 1.8 1.1
Nominal-4 mm RBTS 1.60 - 1.0 1.5 2.5 1.4 1.4 2.2 3.6 1.7 0.8 4.2
Stenosed —3.95 64 -19 -155 —-101 —-10 —-135 —-142 -85 —-09 -14.0
Stenosed-3 mm RBTS 0.41 15 0.3 —-1.8 -1.3 1.3 - 1.6 -13 —-04 1.1 0.1
Stenosed-3.5 mm RBTS 0.90 1.5 05 —-11 —-141 18 —-07 -02 0.7 1.6 1.1
Stenosed-4 mm RBTS 1.40 1.3 09 -02 0.6 2.2 0.0 0.7 -0.1 2.0 1.6
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FIGURE 5. Averaged flow velocity magnitude through shunt during the cardiac cycle. Antegrade and retrograde averaged
velocity magnitudes also included for the patient derived anatomical configurations with illustration of the corresponding

reference nomenclature.

procedure, reducing or eliminating the need for re-in-
tervention. However, the prophylactic use of the
4.0 mm RBTS in the absence of distal arch stenosis
may have negative implications due to abnormal
hemodynamic patterns that are potentially thrombo-
genic sites, as will be discussed below.

Patient Derived Anatomy Hemodynamics

In previous work with a synthetic Nominal 4.0 mm
RBTS configuration, prominent recirculation and
stagnation zones were observed, particularly at the
origin of IA caused by the confluence of retrograde
flow from the PDA and the RBTS through the IA, as
well as at the distal anastomosis of the RBTS

(Fig. 6a).” ! The patient-derived 90% stenosis 4.0 mm
RBTS configuration exhibits more organized flow
through the shunt and reduced recirculation zones
(Fig. 6b). The chaotic swirling seen through the shunt
in the Nominal 4.0 mm RBTS configuration is not
present in the 90% stenosis configurations.'® This is,
again, a consequence of the higher flow velocity
through the RBTS. Hence, careful consideration of
shunt size in the absence of distal aortic arch
obstruction is important, as it may result in undesir-
able flow conditions such as persistent stagnation and
recirculation zones. Characteristically, such zones have
low shear stress promoting platelet activation, aggre-
gation and thrombosis, especially within the lumen of a
synthetic graft.>>* The hypoplastic features of the pa-
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FIGURE 6. Streamlines through shunt at selected points during cardiac cycle. 4.0 mm RBTS configuration, (a) Nominal, (b) 90%

stenosis.

tient-derived anatomy are less severe than the synthetic
model. The Nominal 4.0 mm RBTS configuration has
a more uniform flow through the shunt as compared to
its synthetic analog during most of the cardiac cycle,
with less formation of swirling structures. There are
multiple areas of flow recirculation, most prominently
in the TA root and the ascending aorta, the latter being
significantly larger and more proximal to the atretic
aortic valve than in the synthetic case and thus creates
regions of low flow velocity and recirculation
throughout the cardiac cycle. RBTS flow in late dias-
tole in nominal configurations exhibits an interesting
phenomenon in which both antegrade and retrograde
flow exist within the lumen. The portion of shunt wall
corresponding to the larger radius of curvature (distal
to the PA) is in contact with a swirling antegrade flow,
while the wall portion corresponding to the inner
radius of curvature is in contact with a more uniform
retrograde flow. Figure 7 provides a close-up of late
diastolic shunt flow during mid-diastole (correspond-
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ing to time point 3 as indicated in Fig. 6) for pa-
tient-derived nominal cases with RBTS.

For all patient derived configurations, the flow
velocity is significantly higher in the LCA due to it
being severely narrowed in this anatomy as compared
to the other branching arteries (an outlet RCA to LCA
area ratio of 9.5). Nominal RBTS cases exhibit a less
prevalent recirculation zone at the IA root and a more
uniform shunt flow throughout the cardiac cycle in the
Nominal 3 mm and 3.5 mm RBTS configurations. The
antegrade shunt flow velocity with the 3.5 mm RBTS is
lower than in the 3.0 mm RBTS configuration (Fig. 5),
while the retrograde shunt flow velocity increases for
decreasing shunt size.

Severely stenosed cases exhibit pronounced
impingement and recirculation zones at the IA root. In
general, shunt flow is more uniform as the shunt is
reduced in diameter. Increased shunt flow results in
increased cycle averaged and peak shunt flow velocities
(Fig. 5). The increase of RBTS antegrade flow velocity
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FIGURE 7. Comparison of shunt flow in mid-diastole (time point 3 as indicated in Fig. 6). Nominal patient-derived configurations
with 4 mm (Top), 3.5 mm (Middle), and 3 mm (Bottom) RBTS.
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over the cardiac cycle in severely stenosed cases relative
to nominal cases for the same diameter is 62, 69, and
59% respectively for 3.0, 3.5, and 4.0 mm diameters. A
larger increment is computed for retrograde flow
velocities over the cardiac cycle, where the increase in
flow through the RBTS relative to the nominal cases is
145, 166, and 148% respectively for 3.0, 3.5, and
4.0 mm diameters.

Figure 5 also offers insight in the cycle fraction of
antegrade flow for each case. This can be interpreted as
the portion of time the shunt experiences antegrade
flow or alternatively the fraction of time in a cycle
where recirculation is prominent. For large fractions of
cycle antegrade flow, as for the 3 mm and 3.5 mm
grafts, flow pattern presents less recirculation which
can reduce the potential for thrombogenesis. In com-
parison, the 4 mm RBTS consistently shows lower
cycle antegrade flow fractions which translate in longer
presence of recirculation and larger potential for
thrombogenesis. This observation may cause the 4 mm
graft to be less desirable.

Another important result from the stenosed RBTS
cases is that systemic flow and pressure waveform
amplitudes increase relative to the Nominal RBTS and
non-RBTS cases (Figs. 8, 9, 10, and 11). The opposite
is true for the pulmonary arterial waveforms (Fig. 9).
This results in higher forward flow during systole and
higher reverse flow during diastole for the branched
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arteries, with a net gain in cycle arterial perfusion.
Pulmonary flow on the other hand is always forward
regardless of the configuration but becomes steadier in
RBTS cases, with a higher flow contribution from the
branched arteries during diastole (Fig. 9).

In non-RBTS cases with severe stenosis, there is
considerable diastolic flow to the branched arterial
beds, and most of the pulmonary flow during diastole
is provided primarily by reversed flow from the DA
and LSA since these vessels are proximal to the pul-
monary banding sites. In severe stenosis with RBTS
cases there is less restriction to systemic flow
throughout the cardiac cycle and thus pulmonary flow
during systole is reduced while systemic flow is
increased. Furthermore, the pulmonary banding is in
itself a non-linear resistance and acts to restrict flow
increasingly during systole than during diastole. That
is, an equivalent rise in the pressure differential across
the banding during systole produces lower flow than it
would during diastole. This behavior encourages sys-
tolic shunt flow to the branched arteries and thus
increases the need for diastolic pulmonary flow
(Fig. 10). The pulmonary diastolic flow in RBTS
configurations has three instead of two sources, ret-
rograde flow across the stenosis, the RBTS, and the
DA. Since the shunt is proximal to the pulmonary
banding sites, the contribution of branched arterial
flow (reversed/retrograde flow) to pulmonary flow

Nominal DA Press
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FIGURE 8. DA pressure and mass flow rate waveforms for all configurations.
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FIGURE 9. LPA pressure and mass flow rate waveforms for all configurations.
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FIGURE 10. Shunt pressure and mass flow rate waveforms for all configurations.
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FIGURE 11.

during diastole rises considerably and relative to DA
flow.

A key result is that all three shunts restored coro-
nary flow and pressures back to near nominal values in
the presence of severe 90% stenosis. The waveforms
are provided in Fig. 11 for the left coronary (the right
coronary exhibits similar trends and is not displayed
here). In nominal case, the presence of the RBTS
shunts placed prophylactically result in slightly lower
coronary pressure as compared to the no shunt case,
with the 4 mm shunt resulting in the largest deviation
from nominal pressure waveform.

Oxygen Transport

The maximum systemic oxygen delivery increase for
the patient derived anatomies obtained by introducing
the RBTS is 2.2% for nominal configurations and
8.5% for stenosed configurations (Fig. 12). In the
nominal cases the implantation of a shunt does not
strongly improve oxygen delivery, although the 4 mm
shunt seems to the most advantageous. In the stenosed
configurations the shunt greatly enhances the oxygen
delivery, however the diameter used for the RBTS has
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Left coronary pressure and flow waveforms for all configurations.

little effect on overall systemic oxygen delivery, while
the 4 mm shunt appears to be the best option.

Table 3 offers a closer look at the effects of the
RBTS on systemic oxygen delivery. In the absence of
stenosis, shunt diameter does not lead to large changes
in oxygen transport. The 4 mm RBTS can be observed
to induce the largest increment in oxygen transport as
seen in Fig. 12. In the presence of stenosis, the intro-
duction of the RBTS has clearly a beneficial effect for
all branches. Shunt diameter seems to have a milder
effect on oxygen transport with an increase in oxygen
delivery observed for increasing shunt diameter. It can
be observed that in the stenosed model, the graft re-
stores oxygen delivery to nominal levels for each of the
cerebral vessels. A similar effect is seen in the coronary
bed as well as in the subclavians. The lower systemic
circulation has only a mild enhancement of the sys-
temic oxygen transport.

The beneficial effect on the systemic oxygen delivery
can be explained by an improved perfusion of the
various beds. Table 1 in conjunction with Table 3
display this effect quantitatively. The introduction of
the RBTS restores flow to near nominal levels in the
upper circulation, which in turn enhances oxygen
delivery.
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FIGURE 12. Systemic oxygen delivery for all anatomical configurations and shunt diameters.
TABLE 3. Systemic oxygen delivery based on percentile branch flow of systemic flow.
Systemic oxygen delivery (mL oxygen/min)
Patient derived DA LCA LcorA LSA RCA RcorA RSA
Nominal 113.9 18.3 7.0 18.3 18.3 6.6 17.9
Nominal-3 mm RBTS 1141 18.0 6.6 18.4 18.4 7.0 18.4
Nominal-3.5 mm RBTS 115.0 18.2 6.7 18.2 18.2 6.7 18.2
Nominal-4 mm RBTS 115.4 18.6 6.7 18.6 19.0 6.7 18.6
Stenosed 111.5 15.3 6.0 15.7 15.7 6.4 15.3
Stenosed-3 mm RBTS 113.9 18.0 6.7 18.0 18.0 6.7 18.0
Stenosed-3.5 mm RBTS 1141 18.1 6.7 18.1 18.1 6.7 18.1
Stenosed-4 mm RBTS 114.8 18.2 6.7 18.2 18.2 6.7 18.2

Wall Shear Stress, Oscillatory Shear Index, and
Vorticity

Of particular interest in this study is how the vessel
WSS changes depending on shunt diameter. Stud-
ies!72%2332 have shown a strong correlation in the
magnitude of shear stress, endothelial cell function,
and vessel wall remodeling. Low levels of shear stress
promote platelet activation and coincide with areas of
low flow velocity, typically the outer walls of bifurca-
tions and recirculation zones. Varying levels of shear
stress through the PDA, where a metallic stent is
placed to prevent ductus closure, may induce the for-
mation of neointimal hyperplasia leading to distal arch
stenosis. Flow characteristics surrounding the RBTS
anastomosis are also of great interest since studies have
suggested that a careful selection of shunt diameter
and anastomosis design can achieve greater shunt pa-
tency and reduction in graft thrombosis.'® Fig-
ures 13, 14, 15 and 16 depict WSS and OSI for all
RBTS configurations, with the WSS color map clipped
at a top range of 30 dynes/cm?.

All patient derived configurations exhibit very sim-
ilar trends with respect to the effects of shunt diameter
on WSS and OSI. The prominent areas of high WSS in
all models include shunt anastomosis sites, pulmonary
banding region, stenosis region, and the root of the
LSA. Areas of high OSI in all models include the mid-
RBTS, left and right carotid roots, stenosis region, and
the DA. For both anatomical models, configurations
with the 4.0 mm shunt exhibit less wall shear stress in
critical regions such as the shunt anastomosis sites and
stenosis surroundings (Fig. 13).

In all configurations there is a region of progres-
sively higher WSS as the RBTS diameter decreases
extending from the stenosis site retrograde through the
aortic isthmus into the LCA root. The distal shunt
anastomosis as well as the shunt wall also exhibit lar-
ger regions of higher WSS as the shunt diameter de-
creases. There is very slight OSI variability in all
Nominal configurations.

In the 90% stenosis RBTS cases (Fig. 15) there is a
sharp increase in WSS near the shunt anastomosis sites
as well as the proximal half of the shunt in the 3.0 mm
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FIGURE 13. Contour plots of cycle averaged wall shear stress magnitude for the nominal (0% stenosis) case.
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FIGURE 14. Contour plots of oscillatory shear index for the nominal (0% stenosis) case.

case relative to the 4.0 mm and 3.5 mm case. Higher
WSS is also seen at the root of the LSA as shunt
diameter decreases; this is due to the higher flow rate
through the stenosis site impinging at the distal side of
the LSA root.

It has been documented that exposure to regions of
high shear stress can cause platelet activation.”® In
Fig. 15 several localized areas of high WSS (= 30
dyne/cm?) can be observed proximally and distally in
the graft. For the 3 mm RBTS the exposure area is
larger compared to the other graft sizes which can
lead to longer exposure times. Prolonged exposure to
high WSS magnitudes can potentially induce throm-
bogenesis as well.”® In addition, it has been shown
that increased rates of platelet activation can follow
changes in the WSS magnitudes that platelets may
experience. Following exposure to large WSS, plate-
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lets become more ‘sensitive’ to lower downstream
shear stresses. Figure 15 displays similar flow features
for the 3 mm graft, where prolonged exposure to high
WSS is followed by much lower WSS that can cause
insulted platelets to become activated. Similar analy-
ses of the 3.5 mm and 4 mm RBTS display lower
potential exposure periods due to smaller high WSS
areas.

Regions of peak OSI for patient derived anatomic
configurations include the DA, pulmonary arteries
distal to the banding, and root of the LSA and LCA
(Figs. 14 and 16). There are no considerable changes in
OSI due to shunt diameter for the nominal configu-
rations. There is a notable decrease in OSI through the
mid-aortic arch region and branching arteries as shunt
diameter decreases in severely stenosed cases. In gen-
eral, for the severely stenosed cases there is a consid-
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FIGURE 15. Contour plots of cycle averaged wall shear stress magnitude for the severe (90% stenosis) case.
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FIGURE 16. Contour plots of oscillatory shear index for the severe (90% stenosis) case.

erable reduction in OSI in the ascending aorta and DA
relative to nominal configurations.

Moreover, we examined the shunt flow vorticity (a
measure of fluid rotation) whose volume average value
over a cardiac cycle is displayed in Fig. 17. Vorticity
increases as the shunt diameter decreases; an increased
velocity magnitude through the shunt increases the
vorticity generated at the walls. The cycle averaged
vorticity considering all shunt diameters increases from
nominal to severe stenosis by 87% for patient derived
cases. In this setting, where perfusion is restored to all
arterial beds to near nominal levels (with similar dis-
tribution of flow in both anatomies) by the RBTS,
these results suggest that shunt flow vorticity has little
correlation with the patient anatomy. In other words,
vorticity generation can be attributed predominantly

to how much flow traverses the shunt and to shunt
diameter, and not the anatomical configuration.

CONCLUSIONS

We utilized a multi-scale model to study the
hemodynamics of the hybrid Norwood palliative
treatment for HLHS.” Calculated local hemodynamics
derived from the model provide insight on the effects
of severe stenosis and the diameter of the implanted
RBTS. This study considered the effects of varying
RBTS diameters (3.0, 3.5 and 4.0 mm) and the effects
of severe stenosis of the aortic isthmus by comparing
nominal cases with cases having a 90% reduction in
distal arch lumen. In the stenosed aortic arch, the
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FIGURE 17. Volume averaged vorticity of flow through RBTS over one cardiac cycle.

RBTS compensated for the distal arch obstruction,
restoring cardiac output as well as coronary and arch
branch flows and pressures to near nominal levels.
Systemic flow and pressure waveform amplitudes in-
crease in severely stenosed cases with RBTS relative to
lesser degrees of stenosis, while the opposite occurs for
the pulmonary arterial waveforms. RBTS diameter has
little effect on overall systemic oxygen delivery with the
4.0 mm shunt providing the greatest improvement.
However, as with flow rates, the introduction of the
shunt restored near nominal oxygen delivery and
coronary flow and pressures when the arch is severely
stenosed.

The nominal case with 4.0 mm RBTS configuration
exhibits low flow wvelocity and disorganized flow
through the shunt, which increase the possibility of
thrombogenesis and hyperplasia. Cases with the
3.0 mm RBTS exhibit higher shear stress at critical
sites such as shunt anastomosis and stenosis sites which
may reduce shunt patency and promote vessel wall
remodeling. From a clinical perspective, our results
suggest that the 3.5 mm RBTS maintains accept-
able hemodynamics without the deleterious patterns
observed with the 3.0 and 4.0 mm shunts. The disor-
dered flow patterns seen in late diastole with the larger
shunt may lead to thrombosis. On the other hand, the
smaller shunt diameters are at higher risk of suture line
stenosis. However, suture-line-stenosis associated with
higher levels of WSS near anastomosis sites in small
diameter shunts develops gradually over time and,
therefore, can be detected and corrected by balloon
dilation and stenting. In case of severe stenosis, shunt
flow disorder is greatly reduced. Among the three graft
sizes, the best option seems to be the 3.5 mm RBTS
which provides a more organized flow similar to that
of the 3.0 mm configuration with lower levels of wall
shear stress. As such, in the setting of this study our
results suggest: (1) the 4.0 mm shunt is a generous
shunt diameter choice that may be problematic par-
ticularly when implemented prophylactically in the
absence of stenosis, and (2) the 3.5 mm shunt may be a
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more suitable alternative since it exhibits more favor-
able hemodynamics at lower levels of wall shear stress.

Limitations

The principal limitation of this study is the rigid-
walled CFD model, which does not account for arterial
compliance within its domain. However, other research
groups utilizing closed-loop fluid structure interaction
simulations of HLHS patients who have undergone
stage one palliation concluded that a rigid-wall
assumption does not significantly affect the resultant
flow and stress fields.'"* The peripheral arterial com-
pliances of the LPM model were tuned to compensate
for this limitation with regards to absolute flow and
pressure waveforms. Additionally, vessel wall elasticity
can exaggerate impedance mismatches at vessel junc-
tions or anastomoses, thereby affecting the flow char-
acteristics. WSS is magnified due to the lack of
compliance and thus only a relative comparison of its
magnitude among the different anatomical configura-
tions is appropriate.
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