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Abstract

Single ventricle hearts have only one ventricle that can pump blood
effectively and the treatment requires three stages of operations to re-
configure the heart and circulatory system. At the second stage, Glenn
procedure is performed to connect Superior Vena Cava (SVC) to the
Pulmonary Arteries (PA). For the third and most complex operation,
called Fontan, an extracardiac conduit is used to connect Inferior Vena
Cava (IVC) to the PL and there after no deoxygenated blood goes to
the heart.

Predicting Hemodynamic Performance of Fontan Operation using
Computational Fluid Dynamics (CFD) is hypothesized to improve out-
comes and optimize this treatment planning in children with single-
ventricle heart disease. An important reason for this surgical planning
is to reduce the development of Pulmonary Arteriovenous Malforma-
tions (PAVM) and the need to perform Fontan revisions. The purpose of
this study was to develop a model for Fontan surgical planning and use
this model to compare blood circulation in two designed graft types
of Fontan operation known as T-shape and Y-graft. The functionality
of grafts was compared in terms of Power Loss (PL) and Hepatic Flow
Distribution (HFD), a known factor in PAVM development.

To perform this study, ten single-ventricle children with Glenn physi-
ology were included and a CFD model was developed to estimate the
blood flow circulation to the left and right pulmonary arteries. The
estimated blood flow by CFD was compared with that measured by
cardiovascular magnetic resonance. Results showed that there was
an excellent agreement between the net blood flow in the right and
left pulmonary arteries computed by CFD and CMR (ICC= 0.98, P-value
>0.21).

After validating the accuracy of each CFD model, Fontan operations
using T-shape and Y-graft conduits were performed in silico for each
patient and the developed CFD model was used to predict the post-
surgical PL and HFD. We found that the PL in the Y-graft was significant-
ly lower than in the T-shape (P-value £0.001) and HFD was significantly
better balanced in Y-graft compared to the T-shape (P-value=0.004).
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Introduction

Staged surgical palliation for patients with single-ventricle
heart disease seeks to eventually arrange the systemic and pul-
monary circulations in series, using the single-ventricle to pump
blood to the systemic circulation [1]. This sequence of surgeries
includes the (1) Norwood operation; (2) the bidirectional Glenn
operation; and (3) the Fontan completion resulting in a Total
Cavopulmonary Connection (TCPC), where the Inferior Vena
Cava (IVC) and Superior Vena Cava (SVC) are connected to The
Right and Left Pulmonary Arteries (RPA and LPA) and bypass the
heart [2].

Although the TCPC provides an improvement over previous
Fontan designs, patients are still affected by long-term compli-
cations [3,4]. Some of these complications are related to the he-
modynamic performance of the TCPC design. Increased Power
Losses (PL) across the connection of TCPC have been related
to the decreased exercise capability of single-ventricle patients
[5]. In addition, unbalanced Hepatic Flow Distribution (HFD) to
the left and right lungs may lead to the development of pulmo-
nary arteriovenous malformations [6,7].

Therefore, it is important to optimally design the TCPC con-
nection to have a minimum PL and an even HFD to the left and
right lungs. Previous studies have focused on hemodynamic
efficiency, not only trying to minimize the PL across the TCPC
with T-shape connection type but also improving the HFD [8-
11]. For example, the Y-graft Fontan [12,13], a modification of
the T-shape based on Soerensen’s Opti Flo [14], has been devel-
oped and implemented. In Y-graft design, collision of the SVC
and IVC blood flow is avoided by placing the two branches of
Y-graft connection with an offset with respect to SVC. Howev-
er, the Y-branch placement is sometimes constrained because
of an atomical restriction. Some of these restrictions not ably
limit options for the surgical approach since they are inherent
to the patient’s an atomy. However, the location of IVC anasto-
mosis to the RPA and LPA in extracardiac T-shape conduit and
Y-graft can be augmented to minimize the PL and balance the
HFD to the left and right lungs. Previous studies used Computa-
tional Fluid Dynamics (CFD) to modify the extracardiac T-shape
and Y-graft conduits to analyze the hemodynamics outcomes
[15,16]. These studies, however, have not modeled T-junction
and Y-graft structures on the single-ventricle patients with
Glenn physiology and compared their resulting hemodynamic
outcomes. They have mainly revised and modified the existing
Fontan structures to achieve lower PL and more balanced HFD.

In this study, we designed a CFD model for accurately esti-
mating the blood flow circulation to the RPA and LPA in single-
ventricle patients with Glenn physiology. We then simulated a
Fontan surgery in these patients using both the extracardiac T-
junction and Y-graft conduits. The developed CFD model was
then used to compare the resulting PL and HFD between these
two connections.

Methods
Patient population and imaging exams:

This retrospective study was approved by Institutional Re-
view Board at Boston Children’s Hospital (IRB-P00011748).

Ten patients (1 female, median age 3.2 years, age range 1.3-
5.3 years) with single-ventricle heart disease and a Glenn shunt
who had a Cardiovascular Magnetic Resonance (CMR) exam
and catheterization on the same day were retrospectively iden-
tified. The CMR exam was performed with the patient under
anesthesia in part to evaluate the cardiac anatomy and the
Glenn pathway, and to measure blood flow in the RPA, LPA, IVC,
and superior vena cavae. A free-breathing prospective Elec-
trocardiogram (ECG) and respiratory-gated Three-Dimensional
(3D) steady-state free precession sequence was used to image
the whole-heart and central mediastinum at end-diastole [17].
A free-breathing 2D phase-contrast spoiled gradient echo se-
guence was used to measure the blood flow in great vessels in-
cluding the RPA, LPA, IVC, and superior vena cavae. Immediately
after the CMR exam, these patients went to the catheterization
laboratory while still under anesthesia where RPA, LPA, and Left
and Right Atrium (LA and RA) pressures were measured. Table
1 displays these patients’ diagnosis, gender, age, and their mea-
sured blood flow by CMR and pressures by catheterization.

CFD model for the estimation of hemodynamics in single-
ventricle patients with Glenn physiology

Figure 1A shows the schematic diagram of the developed pa-
tient-specific CFD model for the estimation of blood flow in the
RPA and LPA in Glenn pathway. First, the axial images from the
3D steady-state free precession sequence from 10 patients were
manually segmented using 3D-Slicer software [18] to delineate
the superior vena cavae, Glenn pathway, RPA, and LPA. The seg-
mentation results were then used in Ansys meshing software
[19] to generate a 3D patient-specific mesh model for each pa-
tient (Figure 1B). A non uniform triangular mesh with size of 0.6
mm was chosen after performing a mesh independency study.
Ansys Fluent software [20] was then used to perform the CFD
simulation and compute the blood flow in the RPA and LPA. Sim-
ulations were performed using a pressure integrated algorithm
assuming a Newtonian fluid, viscous flow, and a rigid wall with a
no slip boundary condition [21]. Blood behaves as a Newtonian
fluid in large arteries [22] with the kinematic viscosity of 0.004
kg-m-s7t and fluid density of 1060 kg/m3 [11].

The inputs to the CFD model, i.e., inlets, were the transient
SVC, or Left SVC (LSVC) and Right SVC (RSVC) blood flow from
CMR and the proximal RPA and LPA mean pressures measured
from catheterization. The outputs of the CFD model, i.e., out-
lets, were the transient blood flow in the RPA and LPA. To vali-
date the accuracy of the developed CFD model in the estima-
tion of the blood flow in the RPA and LPA, the estimated net
blood flow in the RPA and LPA was compared to that measured
by CMR.
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Figure 1: CFD Model for the estimation of hemodynamic param-
eters in Glenn pathway. (a) CFD simulation workflow and (b) gen-
erated 3D model and boundary conditions for one patient. Inputs
(i.e., inlets) to the CFD analysis model are Right and Left Superior
Vena Cava (RSVC and LSVC) flow by CMR and mean pressure values
in the Right and Left Pulmonary Artery (RPA and LPA) by catheter-
ization. Outputs (i.e., outlets) from the CFD analysis model are the
time-resolved blood flow in the RPA and LPA. CFD: Computational

LSVC (inlet)

(<ren

Fluid Dynamics; CMR: Cardiovascular Magnetic Resonance.

%
Construction of extracardiac T-shape and Y-graft Fontan Op-
eration on single-ventricle patients with Glenn physiology and

estimation of postsurgical PL and HFD

Two types of extracardiac TCPC conduits, T-junction con-
nection and Y-graft, were constructed for each patient. In the
T-junction connection, the IVC was connected to branch Pul-
monary Artery (PA). The cross section of IVC coming out of the
liver was segmented in the 3D-slicer and then a tube with the
standard diameter of 12 mm was generated to connect the IVC
to the branch PA using Space Claim software (one of the tools of
Ansys package). This size of conduit was chosen since the mean
IVC diameter for these patients was 12.42 + 1.5 and the con-
duit over size diameter shouldn’t be more than 20% [23]. Since
our goal was to compare the functionality of graft types, a fixed
conduit size of 12 mm was chosen for all patients to satisfy the
20% oversize limit. The location of the connection between IVC
and branch PA was optimized based on the most possible bal-
anced HFD and applying a surgeon’s ideas. For the Y-graft, the
standard 12 mm conduit that was connected to IVC was divided
into two symmetrical 6 mm conduits and each 6 mm tube was
connected to the RPA and LPA. Figure 2 shows an example of
constructed T-junction connection and Y-graft in a single-ventri-
cle patient with Glenn physiology.

CFD model for the estimation of hemodynamics in Fontan
physiologies

The developed CFD model was used to estimate the PL and
HFD to the left and right lungs in the new Fontan physiologies.
As shown in Figure 2C, the input to the CFD model was tran-
sient IVC and SVC blood flow measured by CMR. Also, LPA and
RPA pressures must be set as input, and we needed to estimate
them since the real operation has not been performed yet to
do the measurement. Pressures can be estimated based on the
relationship between the pulmonary artery pressure, total pul-
monary artery flow and pulmonary resistance [24].

The right and left pulmonary vascular resistance could be

calculated at the Glenn stage. The right pulmonary vascular
resistance was calculated as pressure difference between the
RPA and pulmonary venous RA divided by the net blood flow at
RPA, and the left pulmonary vascular resistance was calculated
as the pressure difference between the LPA and pulmonary ve-
nous LA divided by the net blood flow at LPA:

_Bpa— P (1
RLF..-I. — L?—.
LPA
Fapa — Fra 2
Rara = Qara

To calculate the P_LPA and P_RPA, it was assumed that the
pulmonary vascular resistance remained unchanged before
(i.e., at the Glenn stage) and after the Fontan operation. To per-
form the CFD simulation on the constructed T-junction and Y-
graph Fontan physiology, the pressures of RPA and LPA should
be estimated as follows:

Pipa =Qupa X Rypag + Py 3)
Fapa = Qrpa X Rppa + Fra. )
Papa = Qapa X Agpa + Ppa. “4)

In these equations, there are four unknowns as P_LPA ,
P_RPA , Q_LPA ,Q_RPA while P_LAand P_RAwere measured
by catheterization. For the very first estimation of P_RPA and
P_LPA, if we assume that blood flow split to the right and left
lung remain constant, considering the physiology like a parallel
circuit (Figure 2), and considering the conservation of mass as

Qapa + Qupa = Qeve + Quve ®)

Q_RPA and Q_LPA could be found and the first estimation
of the pressures as an input to the simulations would be calcu-
lated by Equations (3) and (4). These pressures along with the
transient blood flow at the SVC (LSVC and RSVC in bilateral cas-
es) and IVC were set as inputs to the CFD model to compute the
transient blood flow at the RPA and LPA. The blood flow in the
RPA and LPA as outputs of simulation were then used in Equa-
tions (3) and (4) to recalculate the pressures. This procedure
was repeated until the pressure converged to a specific amount.
These pressures were calculated for every Fontan physiology
and then were used as an input for the simulations. To analyze
the performance of Fontan conduits, PL and HFD were calcu-
lated based on the estimated blood flow at the RPA and LPA.
The absolute PL was measured as the difference between the
hemodynamic energies in the inlets and outlets by [25,26].

Y ofpe3em)- Y ofpezerd) @

SYCJIVE RPALPA

PL=

where P~ denotes the static pressure, p is density, Q is flow and U™ is
velocity vector.

The HFD was defined as the ratio of IVC blood flow to the
RPA and LPA. To calculate HFD, a specified number of seeds (N)
were generated at the IVC and then the number of particles at
the outlets (“N” _”"RPA” “and “ “N” _"RPA” ) were counted and
averaged over the last 100 timesteps of CFD simulation [25].

Nazpa (6)
HFDges = —

N (7
HFD,,, = %
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Figure 2: Schematic overview of Glenn physiology (a), Fontan with
T-shape conduit (b), and Fontan with Y-graft conduit (c). Q ,;:

Flow at Left Pulmonary Artery; Q ,,:Flow At Right Pulmonary Ar-

tery; Q .: Flow At Inferior Vena Cava; Q .: Flow At Superior Vena

Cava; P_LPA: Pressure At Left Pulmonary Artery; P_RPA: Pressure
At Right Pulmonary Artery; P ,: Pressure at Left Atrium; P_,: Pres-
sure at Right Atrium; R, : Pulmonary Vascular Resistance At Left
Pulmonary Artery; R : Pulmonary Vascular Resistance at Right

Pulmonary Artery.

\ /

Statistical Analysis

Descriptive statistics were reported as mean * standard de-
viation. The Bland-Altman plot and Intraclass Cross Correlation
(ICC) and its 95% Confidence Interval (Cl) were calculated for
the absolute agreement of a two-way mixed model between
the estimated blood flow by CFD and CMR. The normalized
mean absolute difference error between the estimated blood

flow by CFD and CMR were calculated as 0o CFDsnonl , ;o
CMPBoaet flow

The non-parametric Wilcoxon signed-rank test was per-
formed to calculate the P-value. A P-value <0.05 was considered
statistically significant.

Results

Figure 3 shows the generated patient specific mesh models
of 10 patients and the CFD results displaying the blood flow cir-
culation from the SVC (or LSVC and RSVC when both were pres-
ent) to the RPA and LPA. Figure 4 compares the CFD-simulated
transient blood flow in the RPA and LPA with that measured by
CMR in all 10 patients. As shown, the CFD model can derive
the blood flow measured by CMR at different time points of the
cardiac cycle. Although, there was a small discrepancy between
the estimated blood flow by CFD and CMR at different cardiac
phases, there was no significant difference between the net
blood flow in the RPA (0.84 + 0.31 vs. 0.82 + 0.27; P-value=0.21)
and in the LPA (0.68 + 0.19 vs. 0.67 + 0.18; P-value=0.36) mea-
sured by CMR and CFD. The maximum difference error between
the estimated net blood flow in the RPA and LPA using CFD was
less than 10% compared to the CMR (Table 2). Figure 5 demon-
strates the Bland-Altman plot between the estimated net blood
flow in the RPA and LPA using the CFD and CMR. As shown, there
is a slight under estimation of net blood flow by CFD compared
to that of CMR (bias <2%). There was an excellent agreement
between the estimated net blood flow in the RPA using CFD and
CMR (ICC=0.98; 95% Cl [0.93, 0.99]); and in the LPA using CFD
and CMR (ICC=0.98; 95% CI [0.92, 0.99]).

Figures 6 and 7 show the generated T-junction and Y-graft

Fontan pathways for the 10 single-ventricle patients with the
CFD results showing the blood flow circulation from the IVC and
SVC (or LSVC and RSVC when both were present) to the RPA and
LPA. The calculated PL and HFD to the left and right lungs in the
T-junction and Y-graft Fontan designs are shown in Table 3. On
average, the PL was 24% lower and HFD was better balanced
between the left and right lungs in the Y-graft compared to the
T-junction Fontan construction (Table 3). As shown in Figure 8a,
the mean PL for Y-graft was significantly lower than T-junction
(5.37 £ 3.77 mW vs. 7.07 = 4.36 mW; P-value <0.001). Figure 8b
illustrates that the absolute difference between the HFD to the
right and left lungs was significantly lower in the Y-graft com-
pared to the T-junction connection (4.92 + 2.74% vs. 18.51 +
12.40%; P-value=0.004).
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Figure 3: Generated Glenn pathway mesh models for the 10 pa-
tients with blood flow streamlines showing the blood flow distribu-
tions from the Right and Left Superior Vena Cava (RSVC and LSVC)
to the Right and Left Pulmonary Artery (RPA and LPA). The colors
indicate estimated blood flow distributions from SVC to RPA and
LPA. In patients with bilateral SVCs, red and blue colors display
blood flow circulations from LSVC and RSVC, respectively, while
in patients with single SVC, only blue color is used. SVC: Superior
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Figure 4: CFD simulated times-series flow curves and CMR-mea-
sured time resolved flow curve at RPA and LPA from 10 single-ven-
tricle patients with Glenn physiology. CFD: Computational Fluid Dy-
namics; CMR: Cardiovascular Magnetic Resonance; LPA and RPA:
\\Left And Right Pulmonary Arteries. Y,
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namics; CMR: Cardiovascular Magnetic Resonance; LPA: Left Pul-
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Discussion

This study offers, to the best of our knowledge, the first com-
parison of prospective T-junction and Y-graft for Fontan surgi-
cal planning on single-ventricle children with Glenn physiology.
Prior studies have been limited to evaluating patients who had
already undergone a Fontan and in whom a Fontan revision was
being considered. Our study incorporates data sets from CMR
and catheterization to develop a CFD model that accurately
estimates the net blood flow distribution to the RPA and LPA
with the estimation error of <10% in patients with Glenn physi-
ology. There was slightly higher disagreement between the es-
timated blood flow by CMR and CFD at different time points of
the cardiac cycle, in part likely due to the assumption of rigid
wall in our CFD model. Fontan operations were then simulated
with patient-specific designed extracardiac T-junction and Y-
graft conduits. The developed CFD model was used to predict
the postsurgical blood flow distribution to the RPA and LPA and
calculate the PL and HFD. Various simulations were performed
with different graft placements in the T-junction connection and
Y-graft to optimize PL and HFD. It was shown that the PL was
lower in Y-graft compared to T-junction connection and the HFD
was more evenly balanced in Y-graft. It was also observed that
relatively small offsets in graft placement and angulation could
largely alter the collisions and interactions among flows from
SVC and IVC which affects PL and HFD.

Our method allowed for experimenting with different graft
placements and angulations and finding the optimum place-
ment in terms of PL and HFD. The optimal Fontan conduit con-
nection including graft placement and angulation should be
precisely replicated by surgeons to achieve the predicted PL
and HFD. Any difference between the simulated Fontan conduit
connection and the implemented one by surgeons can lead to
an error in the predicted PL and HFD. Therefore, if the suggest-
ed Fontan conduit can be precisely implemented by surgeons,
the developed technique may provide a methodological as-
sessment for the improvement of surgical planning. Although
a threshold for HFD to prevent pulmonary arteriovenous mal-
formations is not currently defined, our technique can be used
to achieve a balanced HFD through an appropriate Fontan graft
conduit connection.
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CTable 1: Demographic information of each patient in our study along with their CMR and Catheterization data (n=10).

)

Single- Blood Flow (I/min) Measured by CMR Pressure (mmHg) Measured by Catheterization
. Primary Age at CMR
ventricle . ! Gender
Patient Diagnosis (Years) RSVC LSvC RPA LPA RPA LPA RA LA
AVCD, BDG,
1 BSVC, DORV Male 5.30 0.86 0.58 0.86 0.83 13.00 12.00 6.00 5.00
BDG, PA,
2 TGAVSD Female 5.10 1.84 0.97 0.87 10.00 10.00 6.00 7.00
BDG, BSVC,
3 DORY, Male 3.90 0.72 0.9 1.07 1.05 12.00 12.00 6.00 6.00
TGA,VSD
AVCD,
4 DORV, PS Male 1.30 1.28 0.71 0.57 11.00 13.00 7.00 7.00
BDG, PA,
5 TGA, VSD Male 2.10 1.49 0.98 0.51 12.00 12.00 9.00 9.00
AVCD, BDG,
6 BSVC, DORV Male 1.70 0.50 0.54 0.50 0.55 14.00 14.00 8.00 8.00
7 BDG, DILV Male 2.90 1.34 0.79 0.55 12.00 12.00 8.00 8.00
BDG, PA,
8 TGA, VSD Male 3.40 1.46 0.73 0.73 12.00 13.00 7.00 5.00
9 BDG, VSD Male 3.60 2.07 1.56 0.51 11.00 11.00 5.00 5.00
AVCD, BDG,
10 DORV, PA Male 3.10 1.69 1.03 0.66 11.00 11.00 6.00 7.00
Mean *

D 3.24+£1.32 1.53+0.29 0.84+0.31 0.68+0.19  11.80+ 1.13 4 12.00+1.15 6.80+1.23 | 6.70+ 1.42
Data are presented as mean * standard deviation. AVCD: Atrioventricular Canal Defect; BDG: Bidirectional Glenn; BSVC: Bilateral Superior Vena Cava; CMR:
Cardiovascular Magnetic Resonance; DILV: Double Inlet Left Ventricle; DORV: Double Outlet Right Ventricle; LPA: Left Pulmonary Artery; LSVC: Left Superior
Vena Cava; PA: Pulmonary Atresia; PS: Pulmonary Stenosis; RPA: Right Pulmonary Artery; RSVC: Right Superior Vena Cava; SV: Stroke Volume; TGA: Trans-
position of the Great Arteries; VSD: Ventricular Septal Defect.

CTabIe 2: Comparing CFD-simulated flow and CMR-measured flow at RPA and LPA from 10 single-ventricle patients with Glenn physiology. >

';;S‘cﬁ‘glg Outlet (RPA) Outlet (LPA)
Patients 2D ﬂ?w CM.R CFP Error CM.R CFI_) Error (%)
(I/min) (I/min) (I/min) (%) (I/min) (I/min)

1 1.44 0.58 0.60 3.45 0.86 0.85 1.16

2 1.84 0.97 0.88 9.28 0.87 0.80 8.04

3 1.62 0.55 0.57 3.64 1.07 1.05 1.87

4 1.28 0.71 0.70 1.41 0.57 0.55 3.51

5 1.49 0.98 0.92 6.12 0.51 0.50 1.96

6 1.04 0.54 0.55 1.85 0.50 0.53 6.00

7 1.34 0.79 0.81 2.53 0.55 0.59 7.27

8 1.46 0.73 0.77 5.48 0.73 0.69 5.48

9 2.07 1.56 1.46 6.41 0.51 0.55 7.84

10 1.69 1.03 0.95 7.77 0.66 0.60 9.09
Mean = SD 1.53+0.29 0.84+£0.31 0.82+£0.27 4.79+2.63 0.68 £0.19 0.67 £0.18 5.22+2.90

Data are presented as mean + Standard deviation. CFD: Computational Fluid Dynamics; CMR: Cardiovascular Magnetic Resonance; LPA: Left Pul-
monary Artery; LSVC: Left Superior Vena Cava; RPA: Right Pulmonary Artery; RSVC: Right Superior Vena Cava; SVC: Superior Vena Cava.

Error (%) =%¢w %100.
flow
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Similar to our study, there have been other attempts to pre-
dict and assess PL, HFD, maximum kinetic power, and wall shear
stress in Fontan conduit connections. Yang et al. examined the
influence of graft size and anastomosis locations on wall shear
stress and HFD and illustrated that the performance of the Y-
graft design is highly patient-specific and the anastomosis loca-
tion is likely the most important factor influencing the HFD [30].
Lock et al. showed that customized Fontan designs generated
by computer-aided design and optimized by CFD simulations
can lead to novel patient specific Fontan conduits and better in-
dexed PL, HFD, and wall shear stress [25]. Trusty et al. investigat-
ed the efficacy of a Y-graft Fontan conduit in terms of HFD over
time. It was shown that Y-grafts resulted in significantly more
balanced HFD over a three year follow up without an increase
in TCPC resistance [27]. Although Fontan surgical planning can
offer accurate HFD prediction, the same authors showed that
improving postoperative anatomy prediction are important to
increase the overall accuracy of Fontan surgical planning [28].
Restrepo et al. studied the effect of SVC placement on Y-graft
hemodynamics in terms of PL and HFD. It was shown that po-
sitioning of SVC plays an important role in the hemodynamic
performance of Fontan anatomies and suggested connecting
Y-graft branches away from the SVC to minimize the interaction
of SVC and IVC flows, and have better flow distribution to the
RPA and LPA [29]. Rajabzadeh et al. performed a CFD analysis
on T-shaped and Y-grafts and showed a better performance of
Y-graft over T-shape [26].

Our approach, however, has some limitations. The patient
population is small, and results may vary in a larger patient pop-
ulation. A multicenter study is necessary to increase the num-
ber of patients, datasets, and statistical power. In our CFD mod-
el, we assumed that the superior vena cava and IVC blood flow
as well as pulmonary vascular resistance remained unchanged
going from the Glenn stage to Fontan. In addition, our CFD mod-
el is mainly based on the data gathered in a resting state and
further analysis is necessary to evaluate our model in exercise
conditions that may alter PL and HFD [11,12,30-35]. We did not
have data after the Fontan operation to validate the estimation
of PL and HFD. Our next aim is to follow the results after the
Fontan operation and evaluate the accuracy of our model in the
prediction of PL and HFD prior to operation. Current methods
include only passive static pulmonary circulation, but future ef-
forts can potentially benefit from inclusion of collaterals, elastic
vessel walls, systemic circulations, and heart with a fluid struc-
ture interaction analysis [35-37]. When a surgeon has selected
the surgical option to implement, closely replicating that option
in-vivo might be challenging. Some efforts have investigated
3D printing and virtual reality for guiding surgeons, but further
improvements are necessary [38]. In addition, patient growth
might be important to incorporate into the model to improve
surgical planning results.

Conclusions

We developed a CFD model that estimates the blood flow
in the LPA and RPA with an estimation error of <10% in single-
ventricle patients with Glenn physiology. Fontan operations
were then simulated with extracardiac T-junction and Y-graft
conduits and the CFD model was used to predict the postsurgi-
cal PL and HFD. Overall, PL was significantly lower and HFD was
significantly more balanced using a Y-graft compared to the T-
junction connection. Future efforts and refinements to the sur-
gical planning process will greatly benefit from the inclusion of
collaterals, fenestrations, and systemic circulation in both rest

and exercise conditions in the model.
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