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Abstract—The Fontan surgery for single ventricle heart
defects is a typical example of a clinical intervention in which
patient-specific computational modeling can improve patient
outcome: with the functional heterogeneity of the presenting
patients, which precludes generic solutions, and the clear
influence of the surgically-created Fontan connection on
hemodynamics, it is acknowledged that individualized com-
putational optimization of the post-operative hemodynamics
can be of clinical value. A large body of literature has thus
emerged seeking to provide clinically relevant answers and
innovative solutions, with an increasing emphasis on patient-
specific approaches. In this review we discuss the benefits and
challenges of patient-specific simulations for the Fontan
surgery, reviewing state of the art solutions and avenues for
future development. We first discuss the clinical impact of
patient-specific simulations, notably how they have con-
tributed to our understanding of the link between Fontan
hemodynamics and patient outcome. This is followed by a
survey of methodologies for capturing patient-specific hemo-
dynamics, with an emphasis on the challenges of defining
patient-specific boundary conditions and their extension for
prediction of post-operative outcome. We conclude with
insights into potential future directions, noting that one of
the most pressing issues might be the validation of the
predictive capabilities of the developed framework.
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INTRODUCTION

Simulation-based optimization is a concept that is
progressively making its way from engineering and
industrial applications to the biomedical area as a
promising tool to plan and/or optimize clinical treatments.
The idea is in principle quite simple: model the initial state
of the system and clinical intervention, compute the
resultant performance and iterate until an optimum is
reached. In practice, each of these steps represents a
challenge of its own, especially for biomedical applications
where the system to be modeled (i.e., the human body or
part of it) involves numerous feedback mechanisms, dy-
namic adaptation and remodeling, growth and aging,
most of which are still incompletely understood. However,
this is not to mean that computer-aided intervention
planning is a doomed enterprise. Indeed, precisely because
of the complexity of living systems, numerical models can
be a strong asset by isolating the effect of different treat-
ments and procedures, provided that (1) the optimization
problem is properly set, and (2) the numerical model
captures the mechanisms relevant for that problem.

These aspects are at the core of the current review.
We will support our discussion with an example from
the cardiovascular area, namely the Fontan surgery for
congenital heart defects, which has attracted significant
attention in terms of numerical modeling and virtual
surgical planning and also offers valuable discussion
points in terms of the interaction between local surgical
alterations and global system adaptation. After a brief
introduction to the Fontan procedure, we will provide
a concrete example of patient-specific surgical planning
followed by a discussion that focuses on what can be
learnt from existing studies to reduce the parameter
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FIGURE 1. Schematic representation of the normal, single ventricle and Fontan circulations. The single ventricle heart schematic
illustrates a hypoplastic left heart syndrome with an atrial septal defect (7), a hypoplastic aorta (2), patent ductus arteriosus (3) and
a hypoplastic left ventricle (4). Normal and single ventricle schematics from: https://en.wikipedia.org/wiki/Norwood_procedure#/
media/File:Hypoplastic_left_heart_syndrome.svg, released to the public domain.

space or guide the optimization process, and strategies
developed to impose patient-specific boundary condi-
tions.

SINGLE-VENTRICLE HEART DEFECTS AND
FONTAN HEMODYNAMICS

Single ventricle heart defects describe a set of con-
genital conditions that result in oxygenated and
deoxygenated blood mixing (Fig. 1), cyanosis, reduced
systemic perfusion pressure and poor prognosis if left
untreated.'” The Fontan procedure seeks to restore
normal oxygenation levels through a complete bypass
of the right side of the heart via the connection of the
venae cavae to the pulmonary arteries (PAs), see
Fig. 1. In its current form, the procedure consists of a
total cavopulmonary connection (TCPC) performed in
two to three surgical stages. The first stage, performed
in neonates, entails the reconstruction of the aortic
root if hypoplastic and insertion of a systemic to pul-
monary shunt, bridging patients to the actual TCPC.
The superior vena cava (SVC) is connected to the PAs
in the second stage followed by that of the inferior
vena cava (IVC) in stage three. The third stage is
typically completed between 2 and 5 years of age, the
main variants being intra-atrial or extra-cardiac Fon-
tan baffles or Y-grafts (Fig. 2).

The continuous improvements in surgical tech-
niques and peri-operative care of the single ventricle
patients have reduced post-operative mortality rates to
about 1% and allowed patients with increasingly
complex etiologies to benefit from the procedure.'’
Yet, these improvements also came with the sobering
observation that patients were prone to numerous
long-term complications.'” While no doubt multi-fac-
torial, a number of these have been associated with the
hemodynamics of the surgically created bypass con-
nection, driving an increasing number of fluid dynamic
investigations with the hope of ultimately improving
patient outcome.

Long-Term Complications and Their Relation to Fontan
Hemodynamics

The Fontan circulation presents a drastic variation
from the biventricular one, in that pulmonary and
systemic circulations are placed in series without an
intercalated pumping chamber. When compared to
healthy subjects, these patients typically feature high
central venous pressures, low trans-pulmonary gradi-
ents, limited preload due to low trans-pulmonary
blood flow and low cardiac indices. Vascular resistance
upstream of the atrium is one of the most important
determinants of preload and cardiac output at rest and
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(a)

RPA

FIGURE 2. Most common surgical variations used to con-
nect the IVC to the PAs. (a) Intra-atrial TCPC, wherein a
prosthetic patch is placed within the atrium to form a channel
with controlled diameter. (b) Extracardiac TCPC using a
cylindrical graft to route the IVC around the heart up to the
PAs. (c) Extracardiac Y-graft including a bifurcation in the
conduit to try and optimize hepatic flow distribution. IVC
inferior vena cava, SVC superior vena cava, RPA right pul-
monary artery, LPA left pulmonary artery, PAs pulmonary
arteries, TCPC total cavopulmonary connection.

during exercise in these patients,” calling for mini-
mization of both pulmonary and TCPC resistances.
Reducing these resistances should also lower the cen-
tral venous pressure and therewith the risks of protein-
losing enteropathy and liver dysfunction.* Pulmonary
arteriovenous malformations (PAVMs) have been
associated with the deprivation of a hepatic factor,
either due to liver dysfunction or to mal-distribution of
the hepatic flow to one or both of the lungs as a result
of suboptimal TCPC geometry.*® The reviews in Refs.
17:32 are good starting points for further reading on
Fontan complications and failure modes.

Need for Individualized Solutions

Based on all of the above, central venous pressures,
TCPC resistance or energy dissipation (quantified in
terms of power losses, PL, indexed PL, iPL, or power
efficiency) and hepatic flow distribution (HFD) are the
key factors that have been considered to quantify the
performance of alternate surgical designs. Wall shear
stresses (WSS), particle shear stress histories and resi-
dence times have also been characterized to assess the
risk of hemolysis or thrombus formation. However,
the anatomic heterogeneity associated with single-
ventricle heart defects precludes a ‘‘one-size-fits-all”
approach to Fontan surgery. In addition, different
performance targets (for example minimizing PL vs.
optimizing HFD) may lead to conflicting recommen-
dations, making it challenging to identify the hemo-
dynamically optimal surgical design for a patient,
especially in complex cases. Simulation-based virtual
surgical planning has thus emerged as an attractive
option to optimize the TCPC design on a patient-
specific basis.
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SURGICAL PLANNING EXAMPLE

The surgical planning paradigm for the Fontan
surgery consists of five major steps: (1) clinical data
acquisition and processing, (2) simulation of the pre-
operative state when relevant, (3) virtual surgery, and
(4) simulation of the post-operative state and perfor-
mance prediction. These are illustrated in Figs. 3 and
4, based on data from® for a patient with an inter-
rupted IVC and a persistent left SVC (Fig. 3a). The
patient had previously received an extra-cardiac con-
nection of the hepatic veins to the PAs, which was
taken down due to a clot in the hepatic baffle. After
removal of the extra-cardiac connection, this patient
was diagnosed with severe bilateral PAVMs and was
recommended for a second TCPC to restore hepatic
flow to the PAs. A total of fourteen options were
investigated (Fig. 3b), looking into the impact of the
Fontan baffle type (extra-cardiac vs. intra-atrial) and
offset (Options 1 through 9), as well as more innova-
tive solutions such as different combination of hepatic
and AZ flows (Options 10-12) and options dividing the
hepatic flow in two branches (Option 13-14). 3D
reconstructions of the patient’s heart and great vessels
(Fig. 3a) were included in the virtual surgery interface
to ensure that the designed options met the anatomical
constraints imposed by surrounding organs. Post-op-
erative conditions were modeled using time-averaged
pre-operative inlet flow rates and parametrically
varying the right to left pulmonary flow ratio (respec-
tively RPA and LPA) to capture possible post-opera-
tive evolutions of the outlet boundary conditions as a
result of lung remodeling (Fig. 4). Deprivation of
hepatic blood (low HFD) induces PAVMs which in
effect reduce the resistance of the affected lung and
thereby increase the share of the total blood flow going
through it. Arrows on the HFD plots (Figs. 4a and 4b)
depict possible evolutions of the RPA/LPA flow ratio
based on the predicted HFD. Optimization objectives
were to minimize PL and achieve close to 50/50 HFD
for global flow distributions close to 50/50 as well. PL
was not a strong discriminant among investigated op-
tions except for option 10, in which combining all
lower venous returns into the relatively narrow AZ
significantly increased PL. In terms of HFD, aiming
for the mid-PA appeared as a robust strategy, with
little sensitivity to the exact baffle design and anasto-
mosis location. Recombining azygous and hepatic flow
into the Fontan baffle could also be recommended as a
mean to reduce HFD sensitivity to the global flow
distribution and avoid detrimental flow stagnation in
the Fontan baffle.

Similar frameworks have been developed by differ-
ent groups. Differences include methods used for
clinical data reconstruction, the wuse of manual
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FIGURE 3. Virtual surgery example. (a) /n vivo anatomy. Structures involved in the TCPC construct are shown in grey while the
heart and aorta are shown in red. The patient featured a persistent LSVC and an interrupted IVC with azygous continuation. The
latter implies that most of the inferior venous return flows through the azygous vein, while only the hepatic venous return reaches
the inferior aspect of the atrium. (b) Virtual surgical options. Figure modified from Ref. 6. (L)SVC (left) superior vena cava, RPA
right pulmonary artery, LPA left pulmonary artery, Mid-PA pulmonary artery segment lying in between the SVC and LSVC, HepV

hepatic veins, AZ azygous vein.

anatomical modification or automated shape opti-
mization,* numerical solvers, performance parame-
ters, boundary conditions and approaches to possible
post-operative adaptation. In this paper, we focus on
the latter points. We will review prior patient-specific
investigations of the TCPC hemodynamics in an effort
to identify directions for the optimization process, and
discuss strategies to include patient-specific boundary
conditions and extend them to the post-operative state.

PATIENT-SPECIFIC SIMULATIONS OF THE
FONTAN, WHAT HAVE WE LEARNED?

Optimizing the Energetic Efficiency of the TCPC
as Means to Improve Patient Outcome

At the core of the Fontan surgical planning
approach is the idea that optimizing TCPC hemody-
namics will ultimately lead to improved patient out-
come. Countering that hypothesis is the ongoing
debate about extra-cardiac and intra-atrial connec-
tions. While extra-cardiacs had been expected to out-
perform intra-atrials due to their smoother Fontan
pathway, patient-specific simulations did not report
any significant differences in PL between the two
modalities'>** raising the question as to whether the

energetics of TCPC connection could be optimized any
further.

Yet, two additional facts should be considered: first,
PL are closely related to flow rates and body surface
area (BSA), which may be confounding factors. Second
intra-atrial and extra-cardiac connections share quite a
few design characteristics so that a finer geometrical
description might be required. Based on the above, Dasi
et al.* derived a normalized expression for the TCPC
PL, which offers a single metric (iPL) representative of
the resistance offered by a given design but independent
of BSA and systemic venous return. Correlation of the
geometrical characteristics and results of more than 100
patient-specific simulations®® demonstrated that mini-
mum PA and Fontan pathway diameters were the
strongest predictors for iPL, while other design
parameters such as curvature, offset or flaring only had
second order effects. These results emphasize that more
than the connection type, vessel dimensions (and
through them the TCPC energetics) might be better
candidates to search for clinical correlates.

Lumped-parameter models of the whole circulation
have been useful in assessing the above hypothesis. A
multi-scale study of two 2nd stage anatomies>' showed
that PL in the superior cavopulmonary connection
represented up to 13% of the total PL in the pul-
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FIGURE 4. Comparative performance maps for the thirteen surgical options shown in Fig. 3b. (a, b) Quality of the hepatic flow
distribution as a function of the global flow distribution. Points falling in the grey area (i.e., HFD levels below 20% or GFD levels
below 30% for one of the two lungs) are considered as unacceptable. The desired operating points are less clearly defined but
should fall within the white area. Linear regressions are provided for groups of options with similar behavior. The blue arrows
indicate expected GFD evolution for extreme HFD values. (c—-e) Power loss performance as a function of the GFD to the RPA. With
the exception of option 9, all options yielded similar power loss levels. Figure based on data from Ref. 6. HFD hepatic flow
distribution, GFD global flow distribution, RPA right pulmonary artery, HFD to RPA share of the hepatic flow going to the RPA, GFD

to RPA share of the total venous return going to the RPA.

monary circulation and less than 2% of the total
ventricular power. The authors argue that these values
should have minimal impact on the overall cardiac
performance. Yet, these numbers do not appear en-
tirely negligible, all the more that they only represent
the contribution of the superior cavopulmonary con-
nection. The resistances of completed patient-specific
TCPCs were shown to account for 15-20% of the PVR
at rest.'>*” When included in an albeit simple lumped
parameter model of the Fontan circulation, higher
resistance TCPCs significantly limited the ventricular
preload, leading to a blunted increase in cardiac output
with heart rate suggesting a limited exercise capacity.®’
But it was only very recently that clinical relationships
were established demonstrating that TCPC iPL were
negatively correlated to aerobic threshold for exercise'®
and to resting ventricular end-diastolic and stroke
volumes."? Lack of correlation between TCPC PL and
clinical outcome was attributed to the confounding
effects of BSA and cardiac output, which are effec-
tively removed in the normalized iPL expression.*
Similarly, power efficiency (defined as the ratio of
output to input power) was noted to introduce a spu-
rious dependence on central venous pressure (due to
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the division by the input power),* again emphasizing
the importance of appropriate metrics to reach clini-
cally significant conclusions.

Take Home Message Although not the sole con-
tributor, TCPC energetics do have an impact on single-
ventricle function and ““highly” dissipative connection
designs can limit patients’ exercise capacity. Optimiz-
ing Fontan hemodynamics can thus contribute to
improving patients’ quality of life, potentially allowing
them to play and do sports like other children their
age. The definition of what ““too high” really means
still remains an open question and warrants further
exploration. Another important message is that
hemodynamic metrics should be properly normalized
in order to remove confounding effects. The ever
increasing scientific understanding of the main
parameters influencing these metrics should be incor-
porated into the clinical analysis to better define pa-
tient subgroups and underlying relationships.

Bigger is not Always Better

As mentioned above, minimum baffle and PA
diameters have been identified as the two main deter-
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FIGURE 5. Flow interactions and distributions do not only
depend on geometry but also on velocity and energy: com-
parison of two virtual surgery options in a patient with inter-
rupted IVC. In this patient, the hepatic veins carried 10% of the
cardiac output, while the azygous, SVC and left SVC respec-
tively carried 31, 40 and 19% of the cardiac output. Results are
shown for a global flow distribution of 50/50 RPA/LPA. (a)
Because of the low hepatic flow rate, a simple Y graft resulted
in deep penetration of the SVC flow into the right branch of
the graft, flow stagnation and unilateral HFD to the LPA. (b)
Recombining all lower systemic venous returns into the
Fontan pathway may avoid such detrimental flow patterns.
Figure modified from Ref. 6. (L)SVC (left) superior vena cava,
HepV hepatic veins, AZ azygous vein, RPA right pulmonary
artery, LPA left pulmonary artery, HFD to RPA hepatic flow
distribution to the RPA.

minants of iPL,'*® setting the priority on the correc-
tion of local stenoses and avoidance of undersized
baffles. However, as highlighted both in idealized'*
and patient-specific*’ configurations, bigger is not al-
ways better as excessive vessel dimensions favor the
onset of flow stagnation regions and potential throm-
bosis. The challenge arises from the fact that the no-
tion of “excessive’” is not purely geometric but also
depends on flow rates.’ In patients with an interrupted
IVC, for example, most of the lower systemic venous
return is redirected to the azygous vein and from there
to the superior aspect of the TCPC, so that the Fontan
pathway only carries the hepatic blood (i.e., only 10—
20% of the cardiac output as opposed to 50-60% in
other patients). When combined with regular-sized
Fontan pathways, this results in a low energy stream
that cannot counteract nor mix properly with the
superior venous returns leading to recurrent cases of
PAVMs (Fig. 5). Accordingly, surgical options sug-
gested for these patients compromised an increase in
PL in favor of increased energy and mixing.’
Establishment of the optimal vessel size is further
challenged by the fact that vessel dimensions are not
only governed by the surgical intervention but also by
post-operative growth and remodeling. On the pul-
monary side, for example, Nakata indices (defined as

the sum of the PA diameters normalized by body
surface area) have generally been noted to decrease
after each stage of the Fontan procedure. Originally
perceived as the result of constrained growth due to the
surgical procedure, recent evidence hint towards a
natural remodeling response to the post-operative
reduction in cardiac-output and absence of pulsatility,
which may induce both Nakata index increase or de-
crease depending on the original vessel dimensions and
post-operative hemodynamics.'® This observation has
implications both for the need (or lack thereof) to
enlarge small native PAs and for the evolution of the
PA geometry and resistances in the post-operative
period. Similar decrease in post-operative normalized
diameters has been noted for the SVC and intra-atrial
Fontan baffles® but at different rates, suggesting that
the TCPC geometry may not be assumed to simply
scale up as the patient grows nor to scale with body
surface area. While extra-cardiac baffles do not grow,
intra-atrial ones do, but the pattern and extent of their
growth is heterogeneous.’® Dimension and placement
of the prosthetic intra-atrial patch, suture lines, com-
pression by other structures, growth failure of a seg-
ment of the native right atrium, or thrombus
formation in regions of flow stagnation may affect the
growth of the intra-atrial flow area and even lead to
baffle stenosis. Impact of the surgical reconstructions
on the growth potential of surrounding organs is also
one to consider. For example, oversized aortic root
reconstructions in the first surgical stage (meant to
allow unobstructed flow to the aorta) have been shown
to constrain LPA development, leading to LPA
stenosis with normalized LPA diameter just above
10 mm/m in some patients.’

Take Home Message Minimum baffle and PA
diameters are the strongest determinant of PL. How-
ever, optimal vessel and baffle dimension should
compromise between PL and risks of flow stagnation,
thrombus formation, suboptimal HFD and potential
compression  of  surrounding  organs.  Better
understanding of growth and remodeling after the
Fontan is critical for ensuring that the optimal TCPC
design at the time of surgery will still perform well as
the patient reaches adulthood. Development con-
straints imposed by vascular reconstructions, pros-
thetic material and suture lines are also ones to keep in
mind.

The Key Drivers of Hepatic Flow Distribution

Pulmonary flow was found to be the dominant
performance predictor for HFD in intra-atrial TCPCs,
while its effect (although present) was dominated by
the impact of IVC-SVC offset in extra-cardiac
TCPCs.'? This difference is not unexpected given that,
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by construction, intra-atrial TCPCs typically feature
no or little offset, so that the effect of that variable is
only weakly present across intra-atrial patients. In fact,
when grouping intra-atrial (n = 67) and extra-cardiac
(n = 41) TCPCs together, Tang et al.*® demonstrated
that IVC-SVC offset and angle and pulmonary flow
distribution were the independent predictors of HFD
across TCPC templates. Given that the pulmonary
flow distribution has primarily been correlated to the
LPA/RPA area ratio,”® these studies imply that an
optimal HFD depends upon the presence of equal LPA
and RPA diameters to ensure even pulmonary blood
flow, and minimal IVC-SVC offset and angle at the
connection site to enhance mixing. Yet, although it
may be beneficial for HFD, increased mixing has also
been shown to be energetically detrimental. Y-grafts
have thus been suggested as a means to evenly dis-
tribute the lower systemic return while minimizing
energy dissipation. As demonstrated by the recent
clinical and computational experiences,'"** optimal
flow distribution with that option requires additional
control on the surgical side. Ideally, the branches
should be placed sufficiently far away from the SVC
with a rather symmetrical angle with the IVC trunk
and be as parallel as possible with the PA axes. The
optimal placement might also depend on the orienta-
tion of the SVC, constraints imposed by the sur-
rounding organs (notably the aorta and the distance of
the PA branches) and vessel flow rates, again calling
for patient-specific optimization.

While achieving the absolute best HFD may appear
technically challenging, it can be relativized by the
following: first, obtaining a perfectly even HFD might
not be necessary since PAVMs have mostly been
reported in second stage patients (i.e., before con-
necting the IVC and hepatic flows to the PAs) or in
patients with highly skewed HFD to one side,’ sug-
gesting that there might be a range of acceptable
HFDs. Second, HFD sensitivity to the placement of
the IVC reduces with increasing IVC/SVC flow ratio,*
the latter being a normal evolution with growth and
stabilizing round 6 or 7 years of age. The observed
reduced sensitivity stems from both mass conservation
and energy considerations. The increase in flow rate
confers more energy to the IVC stream allowing it to
more easily overcome the momentum barrier of the
SVC.

This argument reaches its limit for patients with
interrupted IVC in whom somatic growth does not
translate into an increased flow rate through the
Fontan pathway, but rather into increased superior
venous returns. Such additional complications are the
typical setting where virtual surgical planning can help,
allowing for the exploration of innovative solutions
such as Y-grafts or re-association of the venous returns
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via hepatic to azygous shunts.” Issues with the relative
energy of the superior and inferior streams have also
emerged in the context of the Y-graft where, depending
on the diameters retained for the two branches, the
energy of an individual branch may drop below that of
the SVC leading to detrimental flow competition and
suboptimal HFD,* again calling for individualized
optimization.

Take Home Message Optimal hepatic flow distri-
bution in intra-atrial and extra-cardiac TCPCs requires
interaction of the IVC and SVC streams (i.e., minimal
IVC-SVC offset and angle), conflicting with the
requirements for minimal energy dissipation. Y-grafts
might offer an interesting alternative, although opti-
mum size and placement warrant further investigation.
TCPC design for patients with low inferior venous
return, such as those with interrupted IVC, requires
special attention as reduced baffle flow rates increase
HFD sensitivity to design variations. Surgical planning
may be especially useful for patients with such addi-
tional complications, allowing for the exploration of
innovative solutions.

PATIENT-SPECIFIC BOUNDARY
CONDITIONS—A CRITICAL REQUIREMENT
TO CAPTURE IN VIVO TCPC DYNAMICS

The previous sections clearly demonstrate the
potential benefits of patient-specific simulations. Be-
cause blood flow dynamics within a given geometry are
strongly dependent on boundary conditions, these
constitute an important research front, establishing a
crucial link between the simulations and clinical data.

Inflow Conditions

Arguing that the TCPC only featured low levels of
pulsatility, a large core of the patient-specific studies
have been based on the mean flow rates derived from
PCMRI. This simplification has been shown to sys-
tematically underestimate PL and WSS'>'%% com-
pared to pulsatile simulations. Seeking to quantify this
error, Khiabini er al.'® compared results obtained
under mean and pulsatile flow conditions for a cohort
of 24 patients, using in vivo flow waveforms from
cardiac gated PC MRI. Results are reported as a
function of the pulsatility index of the patient-specific
flow waveforms (defined as the sum of the amplitude of
the flow rate variations in all TCPC vessels normalized
by cardiac output). For patients with a pulsatility in-
dex below 30% (which accounted for most of their
cohort), mean flow conditions yielded less than 10%
error in PL, which the authors deemed reasonable. On
the other hand, when pulsatility exceeded 30%, PL
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errors quickly rose up to 50% and HFD could no
longer be accurately predicted.

This last point becomes all the more significant
when considering not only cardiac pulsations (as in'®)
but also respiratory waves. Using real-time PC MRI to
monitor the effects of free breathing, Korperich er al.*
reported an increase in SVC and IVC flow rates of 10.5
and 22.5%, respectively, during inspiration and de-
crease of about 10% during expiration. These fluctu-
ations are drastically amplified in the passive Fontan
circulation, ranging between +22.2 and —12.8% for
the SVC and between +69.8% and —78.5% for the
IVC. From a modeling standpoint, an inherent diffi-
culty stems from the fact that patient-specific inflow
waveforms have typically been derived from cardiac-
gated PC MRI, thereby blunting the respiration com-
ponent. Marsden er al.*’ thus devised a generic respi-
ration waveform for the IVC based on previous real-
time MRI measurements and then combined it to the
in vivo MRI measurements of the patient to produce
pseudo-patient-specific inflow boundary conditions.
As an alternative, Liu er al.*® used echo Doppler to
obtain real-time velocity recordings over multiple car-
diac and respiratory cycles. Both approaches could be
combined for improved patient-specificity and accu-
racy, or replaced by real-time PC MRI once finds
clinical acceptance.

Outflow Boundary Conditions

In vivo PC MRI measurements in the PAs have been
quite widely used to impose patient-specific outflow
boundary conditions (using either mean values or
pulsatile waveforms). One drawback, however, is that
the associated pressure fields only describe pressure
differences to a set reference point (typically the IVC
inlet), whereas both pressure drops and absolute
pressures factor into the clinical decision. On the
numerical side, accurate pressure predictions are also
essential for the accuracy of simulations with multiple
pulmonary branches (i.e., that cannot be solely based
on the PC MRI measurements in the main PA bran-
ches), and to capture vessel wall deformations and
wave propagation.

The use of resistance®” and Windkessel-type
boundary conditions has thus become an essential
component of modeling TCPC hemodynamics, allow-
ing simulations to achieve physiologic pressure levels.
Simple resistance boundary conditions are adjusted to
match both in vivo pulmonary flow distributions and
catheterization pressure measurements.”’ While more
accurate, three-level Windkessel models require addi-
tional information on pressure pulse propagation that
cannot be readily obtained from clinical measure-
ments. Incorporating human pulmonary morphometry

28,31,43,45

data to determine the impedance of the downstream
vascular trees with patient-specific resistances deter-
mined from catheterization data has emerged as a
successful strategy, providing physiologically sound
boundary conditions and successfully capturing pa-
tient-specific pressure levels and flow characteris-
tics.”®* These types of boundary conditions also allow
for the straightforward modeling of PVR reduction
during exercise.?”*’

Moving Walls

Finally, while most studies have assumed rigid
walls, two recent studies have looked into the impact
of wall motion in patient-specific TCPCs. Long er al.”’
conducted an FSI study for two patient-specific extra-
cardiac TCPC, dividing the domain of interest into
multiple regions to account for the different material
properties and wall thicknesses of the veins, arteries
and artificial Fontan pathway. Comparing FSI and
rigid wall results, local differences were noted in WSS
but not in global measures, such as time averaged
pressures, energy efficiency, or hepatic flow distribu-
tion. Focusing on an intra-atrial example, Mirabella
et al>' made use of MRI measurements to reproduce
the in vivo wall motion. The authors provide a detailed
procedure to address the mapping of consecutive
geometrical configurations and extraction of the asso-
ciated wall displacement with the smoothness required
for CFD simulations. Neglecting wall motion for that
patient resulted in 30% underestimation of the PL,
20% error in HFD and 60% overestimation of the
particle residence times. All of these effects resulted
from flow changes in the intra-atrial section of the
connection, where motion induced by the atrium was
significant. Taken together, these results suggest that
neglecting wall motion may be acceptable for extra-
cardiac but not for intra-atrial conduits. However, it
should be emphasized that both studies were limited to
only one or two patients. Quantification of the mag-
nitude and effect of wall motion across a wider patient
population might help the definition of procedure
specific FSI models.

Choice of Boundary Conditions

From the above discussion, two main strategies
emerge to capture the current TCPC hemodynamics of
a patient: either using in vivo clinical measurements
(inlet flow rates velocity profiles and/or pressures,
outlet flow rates, wall motion), or modeling the
underlying mechanisms through additional constitu-
tive relationships (lumped-parameter models, FSI). If
the corresponding measurements are available, the
former approach should allow for an accurate match
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to the in vivo state. The latter option allows for
boundary condition estimations when clinical mea-
surements are unavailable and as such carries more
potential for prospective applications. Parameter fit-
ting to the limited patient data and validation of the
added lumped-parameter or FSI models remains an
issue.

PATIENT-SPECIFIC SIMULATIONS FOR
PROSPECTIVE SURGICAL PLANNING

Even more challenging than capturing the current
hemodynamic state of a given patient is the question of
the prospective prediction of post-operative outcome,
especially for the Fontan surgery which results in a
complete alteration of the cardiovascular circuit. In
this section we cover the different sources of variability
between pre- and post-operative states and strategies
that have been devised to cope with them.

Changes in Outflow Boundary Conditions

What really set emphasis on outflow variations is
the referral of patients with PAVMs. For these
patients, the key objective of the surgery and, thereby,
of the virtual surgery, is to increase hepatic venous
return to the diseased lung to reduce the PAVMs. In
practice PAVMs create low resistance arteriovenous
shunts, thereby significantly lowering the effective
resistance of the affected lung. Their disappearance
should thus increase the resistance of the formerly
diseased lung and change the outflow distribution. As
a result, pre-operative outlet conditions will no longer
hold. The ideal solution would thus be the develop-
ment of an adaptive model of the pulmonary vascu-
lature and associated resistance, but this has been
pushed back by lack of clinical or biological data to fit
a mathematical model. Although subjective, the only
reported alternative has been to parametrically vary
the boundary conditions and observe the correspond-
ing performance variations, seeking to estimate both
the robustness of different designs and possible tem-
poral evolutions.®

Changes in Inflow Boundary Conditions

Changes in inflow boundary conditions are equally
important and can occur in one or several of the fol-
lowing categories: (1) cardiac output, (2) flow distri-
bution among the different systemic venous returns,
and (3) pulsatile content. Clinical studies have
demonstrated a reduction in cardiac output going from
the second to the third stage, due to an increase in
afterload and volume unloading of the ventricle.®
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Using iPL rather than PL could help address that issue
by removing the dependence on cardiac output. On the
other hand, changes in the relative inflow distributions
have been associated with significant differences in all
performance metrics, including PL or iPL and
HFD.”'? For patients with bilateral SVCs, for exam-
ple, the optimal configuration is inherently dependent
on the left to right flow balance and significant shifts in
this ratio might transform an apparently optimal
approach into a sub-optimal one. A Dbetter
understanding of these variations is of paramount
importance for the reliability of the predicted perfor-
mances.

Multiscale Modeling

Lumped parameter models are being pursued as a
means to address the above adaptation in inlet/outlet
conditions. Sample applications include modeling the
effect of different medication and management proto-
cols,”* cardiovascular adaptation after surgery,*' or
prediction of exercise performance.”** A few models
also take into account the intra-abdominal and intra-
thoracic pressures to capture the effects of respira-
tion.*' In line with these developments, multi-scale
models that couple such lumped parameter models of
the whole circulation with detailed 3D simulations of
the TCPC are now being developed. Multi-scale
approaches offer distinct advantages for surgical
planning: (1) they allow for the direct quantification of
cardiac output or central venous pressure associated
with a given TCPC design rather than using surrogate
metrics such as PL; (2) they can, in principle, capture
dynamic feedback mechanisms, such as changes in
cardiovascular performance or PVR after the Fontan
surgery, or under exercise conditions. Using such
multi-scale framework, Baretta et al.! observed a de-
crease in cardiac output after virtual completion of the
TCPC due to the sudden increase in both afterload and
preload of the single ventricle, consistent with clinical
observations.

However, the theoretical advantages listed above
should be nuanced by the fact that parameter fitting to
a patient-specific state remains a challenge because of
limited access to in vivo information. Liang er al.*
reported a thorough sensitivity analysis to reduce the
parameter space to only the most sensitive ones and a
detailed parameter fitting procedure. Kung er al.*
made use of literature data on cardiovascular charac-
teristics and cohort analyses of Fontan cardiovascular
response to establish functional relationships between
different model parameters, allowing them to adjust
their model solely based on patient size and reference
heart rate/oxygen consumption. While all of these
strategies are valid, it should be kept in mind that their
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representation is only as good as the underlying
parameter relationships. As acknowledged by the au-
thors, the model described in*> can only represent
typical Fontan patients and cannot capture a failing
Fontan morphology. Accordingly, while both lumped-
parameter and multi-scale studies have successfully
captured general trends reported in literature, a de-
tailed evaluation of their predictive capabilities for a
given patient has not been reported yet.

CLINICAL VALIDATION AND UNCERTAINTY
QUANTIFICATION

While potential benefits of patient-specific simula-
tions are clear, it should not be taken for granted that
they represent the patient’s hemodynamics accurately.
Accuracy of the in vivo measurements and subsequent
post-processing (to obtain the in vivo anatomies and
flows for example), of the numerical solvers and
boundary conditions all factor into the accuracy of the
final results. Reasonable agreement between simulated
velocity fields and in vivo PC MRI'? or between HFD
and lung perfusion data®’ are encouraging with respect
to our ability to capture the current in vivo state of the
patient. But validation efforts are still very much nee-
ded, especially to assess the accuracy and robustness of
the post-operative predictions. Although limited to 6
patients, the study of Haggerty et al.'® is the most
comprehensive attempt to assess the accuracy of the
entire surgical planning framework. The authors
compared (1) the suggested and actual in vivo post-op
geometries and (2) the performance rankings obtained
under pre- and post-operative flow conditions. Geo-
metrical mismatch and discrepancies in flow distribu-
tions were identified as the most sensitive parameters.
Unfortunately, differences between the virtually de-
signed procedure and its actual surgical implementa-
tion are currently unavoidable. More pragmatic
approaches have thus been pursued to try and account
for variations during the optimization procedure.

Sankaran er al.>> developed a stochastic collocation
method for error analysis, so that variables may be
reported with a confidence interval accounting for the
different variations in input parameters, such as
uncertainties in the location of the pressure measure-
ments used for the determination of the pulmonary
vascular resistances. Along the same lines, Restrepo
et al.? assessed the sensitivity of the different perfor-
mance metrics (HFD and PL) to prescribed geomet-
rical deviations and from there derived an additional
“robustness” parameter for the optimization. Similar
approaches could be used to probe the sensitivity to all
input parameters, notably inflow conditions. A critical
step for such error assessment to be meaningful is to

first understand the possible deviation ranges. While
measurement uncertainties can be estimated and
propagated,®® deviations due to post-operative adap-
tation are more challenging. Further refinement in
lumped parameter modeling (even if still generic) and
analyses of clinical patient databases might provide a
first answer.

FUTURE DIRECTIONS

Two main challenges emerge from the above pre-
sented studies: the need to capture cardiovascular
adaptation as a result of growth and remodeling or
changes in operating conditions (exercise, pregnancy),
and the need for validation. Models of pulmonary
vascular adaptation and remodeling as a function of
pressure and WSS* might be very relevant to the
Fontan area. As emphasized by Dasi ez al.,> mechan-
ical constraints imposed by the surrounding organs
should also be accounted for. Lower limb exercise has
typically been modeled by imposing a generic 2 to 3-
fold increase in IVC flow rate and constant reduction
in pulmonary resistance.* In practice, changes in inlet
flow rates result from changes in heart rate and con-
tractility and should be modulated by the vascular and
TCPC resistances. Enhanced respiratory effects, flow
pulsatility and wall motion may also be expected.
Exercise hemodynamics need to be more accurately
modeled and further investigated to understand the
possible causes of exercise intolerance in Fontan
patients and their relation to TCPC hemodynamics.
Multi-scale modeling coupling 3D FSI to lumped-pa-
rameter models of the whole circulation carry high
potential in that regard. Of specific interest is the
closed looped lumped parameter framework for Fon-
tan exercise physiology developed by Kung et al.,*
which notably accounts for modulations in heart rate
and contractility, changes in vascular resistances and
respiratory effects.

Going hand in hand with these modeling strategies
is the burning issue of boundary condition validation.
This endeavor has in part been limited by (1) the
amount of available patient data, (2) the retrospective
aspect of most of the studies and heterogeneity of the
clinical data acquired across centers and patients, and
(3) the very limited number of patient-cases considered
in most numerical studies. Validation of patient-
specific multi-scale models and post-operative predic-
tions will thus require coordinated clinical and com-
putational efforts for the definition of data acquisition
protocols and their application in longitudinal clinical
studies, and prospective computational validation ef-
forts on relatively large patient cohorts.
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Other directions for developments may also arise
from the application side. Recent applications have
started addressing other unusually complicated
anatomical configurations.”® Extension of the virtual
surgical paradigm to earlier stages of the procedure is
also gaining interest. Corsini ef al.? presented the first
predictive study for the 2nd stage, using a coupled
multiscale model. Last but not least, these environ-
ments also have a huge potential as hypothesis test
bed, as illustrated by the case of the Y-graft that was
first explored numerically and is now being deployed in
patients.

SUMMARY AND CONCLUSIONS

Methods for patient-specific simulations have made
major strides forward in the past decade, notably
through the refinement of boundary conditions. The
emergence of multi-scale solutions including closed-
loop representations of the entire cardiovascular sys-
tem carry a lot of potential for the prospective
assessment of post-operative performance and opti-
mization of the Fontan connection on a patient-
specific basis. However, much work remains to be done
to validate these models and ensure that the results can
be confidently used in a clinical setting. This will re-
quire both a prospective validation efforts on the
computational side and detailed longitudinal studies
on the clinical side. Despite these limitations, current
publications demonstrate that the existing frameworks
already benefit specific patient populations, especially
in the context of unusual anatomic configurations.
Refining our clinical understanding and simulation/
optimization methodologies may allow a larger num-
ber of patients to benefit from such frameworks.
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