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Abstract

Background—Cardiovascular simulations for patients with
single ventricles undergoing the Fontan procedure can assess
patient-specific hemodynamics, explore surgical advances,
and develop personalized strategies for surgery and patient
care. These simulations have not yet been broadly accepted
as a routine clinical tool owing to a number of limitations.
Numerous approaches have been explored to seek innovative
solutions for improving methodologies and eliminating these
limitations.

Purpose—This article first reviews the current state of
cardiovascular simulations of Fontan hemodynamics. Then,
it will discuss the technical progress of Fontan simulations
with the emphasis of its clinical impact, noting that substan-
tial improvements have been made in the considerations of
patient-specific anatomy, flow, and blood rheology. The
article concludes with insights into potential future directions
involving clinical validation, uncertainty quantification, and
computational efficiency. The advancements in these aspects
could promote the clinical usage of Fontan simulations,
facilitating its integration into routine clinical practice.

Keywords—Fontan, Single ventricle, Cardiac magnetic reso-
nance imaging, Computational flluid dynamics, Surgical
planning.

INTRODUCTION

Congenital heart diseases (CHDs) affect ~ 1% of
newborns and are the number one leading cause of
birth—death in the United States and worldwide. While

Address correspondence to Mark A. Fogel, Division of Cardi-
ology, Children’s Hospital of Philadelphia, 3401 Civic Center Blvd,
Philadelphia, PA 19104, USA. Electronic mail: FOGEL@email.
chop.edu

1869-408X/21/1200-0618/0 © 2021 Biomedical Engineering Society

618

single ventricular defects are rare CHDs, they are
severe and can lead to financial and mental burdens for
not only the affected families but also the entire med-
ical system. Families of patients with CHDs are often
overwhelmed by higher caregiving hours and dimin-
ished mental health.> In addition, the medical care of
single ventricular defects costs ~ $400 million per year
in total, which comprises ~ 8% of the total cost of
CHDs in the United States.®

The Fontan procedure is the most common treat-
ment for palliating single ventricular defects. This
procedure usually has two to three stages: (1) Nor-
wood surgery if needed, (2) Glenn (or hemi-Fontan)
surgery, and (3) Fontan completion, as illustrated in
Fig. 1. The final stage generates the total cavopul-
monary connection (TCPC), rerouting systemic venous
return to passively flow to the pulmonary circulation
without the aid of a subpulmonary pumping chamber.

The primary purpose of the TCPC is to address the
mixing of oxygenated and deoxygenate blood in the
single ventricle patient. Since its advent, this procedure
has saved numerous lives and generally provided
favorable short-term outcomes. Nevertheless, Fontan
circulation is physiologically altered from a normal
biventricular one due to the lack of a subpulmonary
pumping chamber. For this reason, long-term com-
plications are broadly present, and the life expectancy
of post-Fontan patients remains low. The formation
and progression of Fontan-related complications are
undoubtedly multifactorial in etiology. Many
researchers have endeavored to delve into associations
of these complications with Fontan hemodynamics.
The focus was on hemodynamics within the TCPC
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Stage 1 - Norwood

Stage 2 - Glenn

Stage 3- TCPC

BT Shunt: Blalock-Taussig Shunt; TCPC: Total Cavapulmonary Connection; [VC/SVC: inferior/superior vena cava;
LPA/PRA: left/right pulmonary arteries; LV/RV: left/right ventricle; LA/RA: left/right atrium; Fn: fenestration.

FIGURE 1. Schematic representation of a common 3-stage Fontan procedure using hypoplastic left heart syndrome as an
example, consisting of the formation of (1) Norwood, (2) Glenn, and (3) total cavopulmonary connection (TCPC). Schematics are
adapted from images: https://www.chop.edu/treatments/staged-reconstruction-heart-surgery.

because the construction of TCPC is the crucial step in
the Fontan procedure. In other words, TCPC hemo-
dynamics is a modifiable risk factor and thus has great
potential for improvements. Examples of some asso-
ciations include:

1. Reduced exercise capacity, which universally
exists in all Fontan patients, was found to be
correlated with elevated TCPC power loss
(PL). 3786

2. Heart failure of Fontan patients could attri-
bute to suboptimal TCPC energetics.”"’

3. The quality of life of Fontan patients is nega-
tively correlated with TCPC PL.*

4. Fontan-related liver diseases, a rising concern
for Fontan patients, are suspected to be linked
to elevated central venous pressure.'*’! Recent
studies also demonstrated that inefficient
TCPC design with high TCPC resistance might
contribute to the progression of liver fibro-
sis 9394

5. Pulmonary  arteriovenous  malformations
(PAVMs) have been associated with the
deprivation of a mysterious nutrient from the
liver or ‘“hepatic factor,” as referred to by
previous literature.””*! Therefore, a subopti-
mal hepatic flow distribution (HFD) may lead
to PAVMs, and correction of HFD has been
approved to be effective in treating these dis-
eases.”®%?

These findings have suggested that personalized
treatment paradigms for Fontan surgeries would be
useful, including pre-procedural planning that opti-
mizes the patient-specific TCPC design before the
surgery and post-procedural follow-up analysis for
improving the prognosis of Fontan-related complica-
tions.?® Patient-specific Fontan simulations play a vi-
tally important role in both pre-procedural planning

and post-procedural follow-up analyses. Rooted in
fundamental engineering concepts and techniques,
Fontan simulations combine advanced medical imag-
ing with computational modeling to assess complex,
patient-specific flow fields inside TCPCs and evaluate
hemodynamic metrics.®!'!"!7265292 The translational
value of these simulations has been demonstrated by
their use in exploring novel surgical techniques, such as
the Y-graft,***>!"® and in examining the effectiveness
of (novel) medical devices.®®*!

Even though the basic workflow remains nearly the
same in the past decade, techniques involved in the
Fontan simulation have substantially advanced.
Therefore, this article will review the important con-
siderations in technical advancements and discuss their
impacts on clinical practice.

WORKFLOW OF FONTAN SIMULATION

Image Acquisition

In general, the patient-specific Fontan simulation
commences with image acquisition for the patient, as
indicated in Fig. 2. Cardiovascular magnetic resonance
(CMR) can obtain both high-resolution anatomy and
time/spatially resolved blood flow without ionizing
radiation; therefore, it is commonly used to assess
Fontan patients. Computed Tomography (CT) is an-
other option when CMR is not readily available or
expects significant artifacts; however, blood flow
hemodynamics must utilize echocardiography or car-
diac catheterization with their limitations which is less
than optimal. Blood flow data from CMR is acquired
using the phase-contrast MRI technique (PC-MRI) or
Doppler echocardiography if CT is needed. The for-
mer technique is favored because of a) higher accuracy,
b) higher reproducibility, c) more reflective of true
physiology as it is averaged over many heartbeats and
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FIGURE 2. Patient-specific cardiovascular simulation for Fontan patients. Images adapted from Refs. 107,108.

d) capability of resolving three-dimensional flow fields.
Detailed reviews of medical imaging techniques used in
Fontan simulation can be found in Refs. 1, 26.

Image Processing

The next step is image processing (Fig. 2). This step
involves reconstructing the patient’s anatomy and flow
data from the medical images. The technology for
reconstructing patient-specific anatomy has been stea-
dily advancing in the past decade. Many commercial
and open-source software facilitate manual segmenta-
tion of blood vessels from a stack of medical images,
interpolate between consecutive layers of medical
images, and export a surface or volumetric mesh for
the simulation. Examples of these image processing
packages include Materialise Mimics (Materialise NV,
Leuven, Belgium), 3D Slicer (http://www.slicer.org/),
and VMTK (http://www.vmtk.org/). Since manual
segmentation can be time-intensive, current efforts
have been made to automate the process of segmenting
the vessels for anatomical reconstructions. Thus far,
the substantial inter-patient variability of Fontan
anatomy has delayed the progress of these efforts, al-
though endeavors in artificial intelligence hold promise
for future automation.

It is relatively easier to segment patient-specific PC-
MRI images. Open-source packages can adequately
track the vessel automatically and obtain the flow over
a cardiac cycle. An example is Mediviso Segment (h
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ttp://medviso.com/segment/). Doppler echocardiogra-
phy often provides plots with blood velocity wave-
forms in two dimensions. Therefore, plot digitizers
(e.g., https://apps.automeris.io/wpd/) can be a useful
tool to reproduce these waveforms.

Computational Modeling

Computational modeling techniques, including
computational fluid dynamics (CFD) and fluid—struc-
ture interaction (FSI), have extensively been used for
the assessment of patient-specific hemodynamics inside
the TCPC. Adequate CFD solvers include commercial
software such as ANSYS Fluent (ANSYS Inc,
Canonsburg, PA) and Simcenter Star-CCM + (Sie-
mens PLM, Plano, TX). Companion structural mod-
eling programs, such as ANSYS Mechanical (ANSYS
Inc, Canonsburg, PA) and Abaqus FEA (Dassault
Systémes, Vélizy-Villacoublay, France), can be coupled
with explicit numerical schemes for FSI modeling.
Open-source scientific packages, like SimVascular,”®
CRIMSON (http://www.crimson.software/), FEBio (h
ttps://febio.org/), and LifeV.* are also widely used. In
particular, implicit numerical schemes for fluid—struc-
ture coupling in these open-source packages are
advantageous for resolving detailed interactions
between blood flow and vessel structures.

Mesh generation is a critical step in computational
modeling. Dedicated work must be performed for a
good quality mesh; otherwise, the simulated results
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could be highly inaccurate and unreliable. Most com-
mercial software, fortunately, has embedded meshing
modules with advanced mesh generation capabilities.
Open-source mesh generation packages are also con-
venient, including Gmsh (https://gmsh.info/) and
Netgen (https://ngsolve.org/). Though the most te-
dious meshing work has been encapsulated, the users
have full control over the mesh size (i.e., the most
critical parameter to quantify the mesh quality). A
smaller mesh size, in general, leads to a better simu-
lation result at the cost of increased computational
time and power. Therefore, mesh independence studies
are essential for identifying an adequate mesh size,
resulting in acceptable discrepancies in the simulation
compared with a further refined mesh. It is worth
mentioning that the ‘“‘adequacy” of mesh size may
change regarding different variables from the simula-
tion. A relatively coarse mesh is acceptable to obtain
mesh-independent primitive variables, i.e., velocity and
pressure, while a much finer mesh (~ 15 times smaller
in mesh cell volume) is necessary for achieving mesh
independency for metrics involving derivatives of the
primitive variables, such as shear stress.'>'%® Lastly,
the choice of time step size should suffice for the
Courant-Friederichs-Lewy (CFL) condition for
numerical stability. Solvers with explicit time-marching
schemes typically require a CFL condition = ~ [;
whereas implicit solvers tolerate a looser requirement
in the CFL condition.

Hemodynamic Metrics

Computational modeling can generate a wide range
of fluid and structure dynamics data. Most Fontan
studies concentrated on clinically relevant metrics
associated with Fontan-related complications, and the
primary metrics are HFD and PL. Additionally, the
pre-procedural planning of Fontan surgeries (one of
the primary clinical applications of Fontan simulation)
usually attempts to optimize these two metrics to
provide a personalized TCPC design for a given Fon-
tan patient.

HFD is a measurement of the amount of hepatic
factor being transported through the TCPC to both
lungs. This metric, by definition, is quantified by
weighing the percentage of hepatic flow to one side of
the lung. The calculation of HFD can be based on
either Eulerian or Lagrangian methods. The Eulerian
method treated the hepatic factor as a scalar that flows
with the blood from the liver, while the Lagrangian
method treats hepatic factors as particles. Both meth-
ods are acceptable for the calculation of HFD. The
Lagrangian method could quantify and elucidate other

important features of complicated flow fields inside the
TCPC, such as particle residence time; therefore, it is
more frequently used.”®®

The expression of PL is

PL = / (p+%p|u||2>u-ndA (1)

cS

where p, u, n, p, A, and CS are the static pressure,
velocity vector, normal unit vector, the blood density,
and a control surface (original vessel ends and the
TCPC wall in Fontan simulations). To eliminate inter-
patient variations, PL is usually indexed using clinical
metrics, including the venous return, Q,, and body
surface area, BSA, leading to a unitless measure:

PL

Pl =——
= oiBsa

(2)

Other approaches have also been proposed for
indexing the power loss, such as using the dimension of
vessels associated with the TCPC.*' Index power loss
(iPL) provides only a single, time-averaged value
characterizing TCPC energetics without delving into
detailed flow characteristics that lead to energy trans-
formation. Recently, another hemodynamic metric, the
indexed viscous dissipation rate (iVDR), was pro-
posed.'® 1In the scope of Fontan hemodynamics,
iVDR is theoretically equivalent to iPL and has time-
resolved, spatial distribution contours, which may en-
able additional clinical and engineering insights that
iPL may not provide.

Other important metrics include particle residence
time and wall shear stress. Both particle residence time
and wall shear stress are hypothesized to be associated
with the thrombosis risks in Fontan
patients,®> 197115116 byt no direct correlations have yet
been observed. A good review of approaches of com-
puting particle residence time can be found in Ref. 70.

PATIENT-SPECIFIC ASPECTS OF FONTAN
SIMULATION

The patient-specific nature of the Fontan simulation
relies heavily on being detailed regarding the individual
anatomy and blood flow data. Both, technically, are
boundary conditions for simulations and play critical
roles in deriving simulated Fontan hemodynamics. The
anatomy is the wall boundary that enforces “no-slip”
conditions and prevents blood flow from penetrating
through. The blood flow data regulates flow behavior
at the corresponding locations, e.g., the vessel ends, in
the TCPC.

BIOMEDICAL
ENGINEERING
SOCIETY


https://gmsh.info/
https://ngsolve.org/

622 WEI et al.

Patient-Specific Anatomy

Early Fontan studies used idealized TCPC ana-
tomies, which simplified the patient’s TCPC anatomy
to four tubes with uniform cross-sectional areas.
Idealized anatomies reasonably reproduce key features
of Fontan hemodynamics, including the collision
between the Fontan pathway (FP) and SVC flow
streams (FP-SVC or IVC-SVC flow collision).'®33:3:7%
Therefore, studies with variations of idealized TCPCs
provide valuable insights to understand patient-specific
hemodynamics in Fontan patients. For example, it was
demonstrated that a larger FP-SVC offset (i.e., the
separation between both vessels as they connect to the
pulmonary artery) could reduce the power loss in the
TCPC by avoiding the FP-SVC flow collision; how-
ever, this offset may deteriorate the balance of HFD to
pulmonary arteries.'®”® Population studies with pa-
tient-specific data later confirmed this compounding
effect of the FP-SVC offset.”*® Nevertheless, the
idealized TCPC failed to represent many aspects of the
specifics of individual patients, including varying vessel
diameters and changing angles between the vessels.
These anatomical features of a patient’s TCPC could
cause a 150% discrepancy in simulated hemodynamics
when comparing with using idealized TCPCs*"!
Therefore, the usage of patient-specific TCPC ana-
tomies has been advocated in recent studies.'>'®

Another critical piece of an individual patient’s
TCPC anatomy is vessel compliance or material
properties. It is not trivial to obtain the patient-specific
compliance for a TCPC as the TCPC contains tissues
from venae cavae and pulmonary arteries as well as
artificial materials.®> One workaround is to reproduce
the patient-specific wall motion acquired from medical
images, which takes the patient-specific compliance
into account, by utilizing one-way FSI modeling.”’ If
unavoidably required, e.g., in two-way FSI modeling,
the patient-specific compliance can be estimated by
either (1) the use of cohort-averaged compliance for
vessels that composes the TCPC,* or (2) treating the
TCPC as a single bulk material and obtaining the pa-
tient-specific bulk compliance.’*%%° Despite the dif-
ferent approaches of considering compliance, previous
studies have concluded that under resting conditions,
the clinically relevant hemodynamic metrics (such as
PL and HFD) are relatively unaffected by the effect of
vessel compliance while local metrics, e.g., wall shear
stress, could be affected.*®>” Nevertheless, FSI mod-
eling is plagued with poor computational efficiency,
and therefore, it is as yet impractical to employ this
numerical technique for large-cohort Fontan investi-
gations or pre-procedural planning for Fontan surg-
eries.
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Despite errors introduced by idealized TCPCs and
non-physiological vessel compliance, the medical
image is also a primary source of error for anatomical
reconstructions, especially in retrospective studies.
Advanced CMR techniques such as 3D SPACE, which
yields high-resolution dark blood images, the MUSIC
sequence,®™'!"” and inversion recovery gradient echo
imaging using ferumoxytol, could be employed for
enhanced image resolution, thereby reducing the error
from medical images. However, it remains a substan-
tial challenge to accurately predict patient-specific
anatomies in prospective investigations. A good
example is the pre-procedural planning for Fontan
patients, which extrapolates the post-operative anat-
omy based on the pre-operative state,”>”> while sur-
geons exercise their discretion in the operating room at
the time of Fontan reconstruction. Additionally,
Fontan cohorts consist of children where growth is
inevitable and could substantially alter TCPC anatomy
and blood flow over time.®” The absence of consensus
is evident in previous literature; for example, the
diameter change of TCPC-associated vessels over time
in different cohorts was found to be proportional,’?’
not to somatic growth.®"636887193 Therefore, no reli-
able model has yet been developed for predicting the
temporal variation of patient-specific TCPC anatomies
due to patient growth.

Theoretically, errors derived from the boundary
conditions decay exponentially with the distance away
from the boundary.'® The Fontan simulation is
intrinsically an internal flow problem. With small
vessel diameters (10-20 mm), any errors from TCPC
anatomies could considerably affect the hemodynam-
ics throughout the TCPC. Trusty et al. also confirmed
that enhanced anatomical prediction could greatly
improve the prediction of Fontan hemodynamics in
pre-procedural planning.”® Therefore, approaches for
minimizing errors involved in the patient’s anatomy
are warranted for future investigation and improve-
ments.

Patient-Specific Flow Data and Boundary Conditions

Typical Fontan simulations directly use patient-
specific flow data derived from medical images (either
mass flow rate or velocity) as inflow boundary condi-
tions. Outflow boundary conditions can also be pa-
tient-specific flow data, especially for applications with
rigid vessel wall assumptions.'®*!"® When considering
patient-specific vessel compliance, it is vitally impor-
tant to obtain a physiological level of pressure.
Therefore, other choices of outflow boundary condi-
tions should be considered, such as lumped parameter
models. A typical open-loop lumped parameter model
is the Windkessel model, which lumps the resistive,
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elastic, and inertial properties of blood flow in vessels
downstream of TCPC as resistors, capacitors, and
impedances. The parameters of a Windkessel model
can be calculated by analytical solutions for fluid
dynamics, e.g., the Hagen-Poiseuille equation, based
on patient-specific in vivo measurements.’'**® Close-
loop lumped parameter models usually involve car-
diovascular lumped parameter networks (LPNs). The
advantage and challenges related to LPNs will be dis-
cussed in Patient-specific Circulatory System. Never-
theless, since using lumped-parameter models applies
pressure to outflow boundaries, it often faces numeri-
cal instability because of backflow divergence. Recent
progress on backflow stabilization has greatly im-
proved the numerical stability without much extra
computational cost.?!->*!13

Though the blood flow is pulsatile, time-averaged
flow data with spatially parabolic velocity profiles were
historically used in Fontan simulations.”>’*> While the
parabolic profile is acceptable when compared with the
real, patient-specific spatial profiles,' remarkable
differences have been observed between simulations
using pulsatile and time-averaged flow data,*®'*
especially when the flow pulsatility is high. Flow pul-
satility in TCPC is by respiration as well as the cardiac
cycle.?’2%33119 1 ow blood flow pulsatility may occur
when the patient is under breath-hold (BH) conditions,
while high pulsatility (> 100%) may occur under free-
breathing (FB) and exercise conditions.

The flow data under FB conditions contains respi-
ratory cycles that can only be captured by real-time
measurements such as real-time PC-MRI.**'"
Unfortunately, real-time acquisitions under FB con-
ditions may have disadvantages, including relatively
low spatial and temporal resolution (40 ms), artifacts
related to vessel motion, and flow errors related to
eddy currents. Therefore, cardiac-gated BH acquisi-
tions are widely used for routine scans unless the pa-
tient cannot follow the breath-holding protocols.
While exercise is a critical component in the overall
health of Fontan patients and has been the subject of
much research, flow acquisitions are generally much
easier under resting conditions. With the capability of
capturing exercise flow with both respiratory and car-
diac components, real-time PC-MR measurement dis-
advantages may be amplified in exercise.

Several methods have been proposed to estimate
“patient-specific” exercise flows. Many simulation
studies have utilized patient-specific flows under exer-
cise conditions obtained by the cardiac-gated PC-
MRI.%*¥7#¢ These studies have advocated that the
respiration effect on blood flow could be ignored under
exercise conditions because of the strong effect of the
cardiac cycle under these conditions. Another option is
the use of LPNs. Kung et al. presented a cardiovas-

cular LPN that adapts the patient-specific flow data
under resting conditions to exercise conditions by
implementing cohort-averaged physiological changes
during exercise for Fontan patients.*** This method
has been validated against clinical data and obtained
acceptable agreement in time-averaged measurements
for most cases (“larger discrepancies do occur in a few
cases”).* Therefore, cardiovascular LPNs could be a
cost-effective tool to extrapolate patient-specific exer-
cise data when direct measurements are absent. Lastly,
scaling the patient-specific flow rates under resting
conditions by a factor could be used to approximate
the exercise flows,””!'? considering many physiological
studies have repeatedly confirmed these factors.?!¥%77
However, the factor scaling method may be less
accurate than other methods.

Like TCPC anatomical reconstructions, patient-
specific flow data can usually be obtained for retro-
spective studies while challenging to be predicted
prospectively. Utilizing cardiovascular LPNs with
physiological changes over time for Fontan patients
could be a solution; however, no large-cohort valida-
tion has yet been conducted. Nevertheless, the effort of
enhancing flow predictions may be less effective than
the improvement of the anatomy described in the
previous section.”® The primary reason is that the
TCPC vessels usually are long (~ 100 mm) to diminish
the errors originated from flow boundary conditions,
while they are relatively narrow (~ 20 mm) to dissipate
errors from anatomy.

Patient-Specific Rheology

Blood is well-known as a non-Newtonian fluid
(nNF), but many previous studies have utilized New-
tonian fluid (NF) models for Fontan simulation. This
assumption is generally acceptable for cardiovascular
simulations involving large vessels, which are usually
associated with high flow velocities. While TCPCs
consist of large vessels, they have a unique fluid me-
chanic feature - the colliding flow streams from the
upper and lower body, as mentioned in the section of
Patient-specific Anatomy. This flow collision creates a
recirculating region, thereby leading to low flow
regions and manifesting the non-Newtonian effect.
Recently, Cheng et al. confirmed elevated low-shear
blood viscosity in Fontan patients, associated with
increased pulmonary vascular resistance and decreased
pulmonary blood flow presented in their patient
cohort.'® As demonstrated by both in vitro experiments
and computational simulations, using a nNF model
could considerably affect clinically relevant hemody-
namics metrics, especially wall shear stress,”'*>'%7 for
certain patients. At the population-level, no clinically
significant difference was observed between using NF
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and nNF models regarding iPL, iVDR, and HFD.'"’
Nevertheless, nNF models were suggested for Fontan
simulation, primarily because these models could (1)
provide more physiological results and (2) save com-
putational cost. The higher viscosity while using nNF
models may diminish the flow unsteadiness in TCPCs,
thereby leading to better numerical convergence and
reduced computational time.’™'%” It is worth noting
that previous studies used cohort-averaged blood rhe-
ological data for their nNF models, while inter-patient
variations in hematocrit could lead to unique nNF
models for each patient. Therefore, the implementa-
tion of patient-specific nNF models is warranted for
future investigations.

Patient-Specific Circulatory System

TCPC is just one piece of the compromised Fontan
circulation. To capture the interaction between the
TCPC hemodynamics and the rest of circulatory sys-
tem, closed-loop multiscale simulations have been
developed to integrate 3D TCPC simulation into car-
diovascular LPNs.>3%33! The cardiovascular LPNs
are usually zero-dimensional for simplicity and com-
putational efficiency. The LPNs are valuable to study
(1) the pathophysiological responses to exercise in
Fontan patients,* (2) hemodynamic differences
between the univentricular circulation in Fontan
patients and normal biventricular circulations,*” (3) the
effectiveness of ventricular assist devices to the Fontan
circulation,*** and so on. One dimensional LPNs
have also been developed and used in Fontan investi-
gations when pulse wave propagation is concerned.”>
It is worth noting that, though cardiovascular LPNs
(OD or 1D) demand much less computational power
than 3D simulations, the construction of a patient-
specific cardiovascular LPN is still time-consuming.
Poignant lack of clinical measurements leaves
researchers no choice but to estimate parameters in
LPNs based on patient-cohort values or automated
approaches.”® The estimation of parameters, in any
case, diminishes the patient’s characteristics from the
cardiovascular LPNs.

PATHWAY TOWARDS ROUTINE CLINICAL
PRACTICE

Cardiovascular simulation has been widely used to
investigate Fontan hemodynamics and assist clinicians
in optimizing real-world surgeries. Despite its potential
benefits and the power to revolutionize current
healthcare delivery, patient-specific Fontan simulation
has not yet been integrated into routine clinical prac-
tice because of various limitations. This section at-
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tempts to discuss the current challenges which delay
clinical integration and potential directions for
methodology improvements.

Clinical Validation

Many Fontan studies have validated their simula-
tions against in vitro experiments in the past decade
and obtained good comparisons.”'**!"® These vali-
dation studies served as an excellent first step for
developing the credibility of Fontan simulations in
assessing patient-specific hemodynamics. Recent clini-
cal validation studies have also emerged with encour-
aging results. Haggerty er al. compared Fontan
simulation with PC-MRI and demonstrated accept-
able agreement in the flow field and HFD (mean, [min,
max] = 11.8%, [3%, 16%]).>° Yang et al. reported
reasonable discrepancies in HFD (mean =+ std = 4.3
+ 10%) between simulated HFD and in vivo lung
perfusion data.''> General consistency has also been
achieved in validating oxygen consumption, al-
though ~ 50% inconsistency remains in a few
cases.'>** However, the sample size involved in the
above studies is limited. Therefore, further validations
against clinical measurements in larger patient cohorts
are necessary to promote the clinical value of Fontan
simulations and to drive advancements in the simula-
tion workflow.

Uncertainty Quantification

Cardiovascular simulations can be contaminated by
errors introduced by a myriad of sources, thereby
causing differences from in vivo Fontan hemodynam-
ics. Common sources of errors can originate from
CFD/FSI solvers and their inputs derived from medi-
cal images, including the patient-specific anatomy
(with compliance) and flow data. Uncertainties, be-
cause of these errors, could remarkably affect the
simulation and diminish trust in the simulated results.
For example, Restrepo et al.®” demonstrated that small
anatomical variations could lead to over 100% change
in iPL and HFD. Therefore, progress has been made to
quantify uncertainties for Fontan simulations. How-
ever, because of the complexity of Fontan anatomy,
previous studies have mostly focused on uncertainties
derived from flow acquisitions and data process-
ing.7476.96

Additionally, for Fontan patients, the problem of
accounting for patient growth is inevitable. So far, it is
very challenging to estimate the uncertainty derived
from deviation in the patient’s anatomy and flow data
because of the patient’s growth. In other words, car-
diovascular simulations technically can only assess the
patient-specific hemodynamics when the medical
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images were acquired, and its predictive value is lim-
ited at this time. This drawback has considerably
postponed the application of cardiovascular simula-
tions in the prognosis and management of Fontan-re-
lated complications. Big data analysis could provide a
solution to this problem. The first step could be the
establishment of population-based registries of Fontan
patients, for example, the Australian and New Zealand
Fontan Registry (https://www.fontanregistry.com/),
the PREpArE-Fontan registry in the United Kingdom
(https://www.hra.nhs.uk/planning-and-improving-rese
arch/application-summaries/research-summaries/prep
are-fontan-registry/), the Georgia Tech-Children’s
Hospital of Philadelphia Fontan database,**'°® and
the recently organized FORCE registry (https://fonta
nregistry.squarespace.com/).

Computational Efficiency

Limited computational power (or interminable
computational time) is always one of the primary
bottlenecks for achieving accurate Fontan simulations
and comprehensive uncertainty quantifications. In the
past decades, numerical algorithms for Fontan simu-
lations have progressed, including in the field of

1. boundary conditiong>2#4:43:66.102,

2. fluid—structure interaction modelin

3. preconditioners and time-adaptive solvers to
accelerate the solution of cardiovascular sim-
ulations?*-2%-101,

4. numerical methods, such as immersed bound-
ary methods that have inherent advantages for
handling complex deformation.''"!"*

5. Turbulence models,>'*!'"* especially for appli-

cations of blood pumps in Fontan patients.

3,48,57.
b

Nevertheless, these improvements are still far from
resolving the lack of computational efficiency in cap-
turing realistic in vivo Fontan hemodynamics. More-
over, the clinical usage of Fontan simulation, i.e., in
pre-procedural planning, is hindered by the low com-
putational efficiency of current methods. Fontan pre-
procedural planning usually has a short time-frame
and needs to assess the hemodynamics of multiple
surgical options relatively quickly. Heretofore, a pre-
procedural planning case usually proposes 2-3 options
and conducts very minimal uncertainty quantifications
even with super-computing clusters.”® Therefore, clin-
icians are generally skeptical of making clinical deci-
sions solely relying on the observations provided by
Fontan simulations.

As computer technology is evolving at an unprece-
dented rate nowadays, it may not be long before the
next generation of supercomputers, such as quantum
computers, can altogether remove the concerns of

computational efficiency. Nevertheless, even before
that happens, computational experts have already at-
tempted to enhance computational efficiency by using
contemporary, cutting-edge techniques, including ma-
chine learning (ML). For example, Liang et al. has
demonstrated the feasibility of utilizing ML to directly
estimate the pressure and flow fields inside the thoracic
aorta.*® The ML is ~ 1000 times faster than a full CFD
simulation, while the discrepancies between the ML-
estimation and the full simulation is ~ 2%.%*® There-
fore, it is reasonable to assume that ML could offer a
potential solution to simulating patient-specific TCPC
hemodynamics in a real-time fashion given adequate
data for training. This could significantly encourage
the clinical application of Fontan simulations.

SUMMARY

In the past few decades, cardiovascular simulations
for Fontan patients have made substantial progress
forward. In its current state, the cardiovascular simu-
lation is a promising tool to assess patient-specific
Fontan hemodynamics and provide clinical insights for
better surgical outcomes, patient management, and
prognosis of Fontan-related complications. However,
clinical validation studies in large patient cohorts are a
necessary step in the pathway toward integrating
Fontan simulations into routine clinical practice. Fi-
nally, efforts to reduce simulation uncertainties and
enhance computational efficiency could significantly
promote the routine application of these simulations.
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