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Virtual surgery to predict optimized conduit size for adult Fontan patients with 16mm conduits

40-65% improvement in hemodynamics after
Summary virtual conduit replacement to 24-32mm

This computational fluid dynamics study
investigated the virtual implantation of 24-
32mm conduits in 5 adult Fontan patients
with 16mm conduits. Virtual conduit
replacement led to a 40-65% decrease in
pressure gradient across the total
cavopulmonary connection, but the
pulmonary arteries remained a significant
residual source of increased energy losses.
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Legend: Visualisation of the Fontan circulation with the virtual surgery to widen the conduit.
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Abstract

OBJECTIVES: Recent evidence suggests that conduits implanted in Fontan patients at the age of 2-4 years become undersized for adult-
hood. The objective of this study is to use computational fluid dynamic models to evaluate the effect of virtual expansion of the Fontan
conduit on haemodynamics and energetics of the total cavopulmonary connection (TCPC) under resting conditions and increased flow
conditions.

METHODS: Patient-specific, magnetic resonance imaging-based simulation models of the TCPC were performed during resting and in-
creased flow conditions. The original 16-mm conduits were virtually enlarged to 3 new sizes. The proposed conduit sizes were defined
based on magnetic resonance imaging-derived conduit flow in each patient. Flow efficiency was evaluated based on power loss, pressure
drop and resistance and thrombosis risk was based on flow stagnation volume and relative residence time (RRT).

RESULTS: Models of 5 adult patients with a 16-mm extracardiac Fontan connection were simulated and subsequently virtually expanded
to 24-32 mm depending on patient-specific conduit flow. Virtual expansion led to a 40-65% decrease in pressure gradient across the
TCPC depending on virtual conduit size. Despite improved energetics of the entire TCPC, the pulmonary arteries remained a significant
contributor to energy loss (60-73% of total loss) even after virtual surgery. Flow stagnation volume inside the virtual conduit and surface
area in case of elevated RRT (>20/Pa) increased after conduit enlargement but remained negligible (flow stagnation <2% of conduit volume
in rest, <0.5% with exercise and elevated RRT <3% in rest, <1% with exercise).

CONCLUSIONS: Virtual expansion of 16-mm conduits to 24-32 mm, depending on patient-specific conduit flow, in Fontan patients
significantly improves TCPC efficiency while thrombosis risk presumably remains low.

Keywords: Univentricular heart disease « Fontan circulation - Computational fluid dynamics « Extracardiac conduit « Total cavopulmonary

connection * Energy loss

ABBREVIATIONS

CSA Cross-sectional area

ECG Electrocardiogram

HV Hepatic vein

IvVC Inferior vena cava

MRI Magnetic resonance imaging

oSl Oscillatory Shear Index

PA Pulmonary artery

RRT Relative residence time

SvC Superior vena cava

TAWSS Time-averaged wall shear stress

TCPC Total cavopulmonary connection

VDR Viscous dissipation rate
INTRODUCTION

In patients with a univentricular heart defect, the Fontan proce-
dure directly connects the inferior vena cava (IVC) and superior
vena cava (SVC) to the pulmonary arteries (PAs), resulting in the
total cavopulmonary connection (TCPC). Most centres complete
the TCPC at 2-4 years of age using the extracardiac conduit tech-
nique that connects the IVC to the PA using a 16- to 20-mm
Goretex conduit that lacks growth potential [1].

Recent research indicates that these 16- to 20-mm extracar-
diac conduits become relatively undersized later in life [2], as im-
portant increases in velocity are observed at the level of the
conduit. An undersized conduit results in inefficient blood flow
with elevated energy losses and associated pressure drops across
the TCPC [3]. Importantly, adverse TCPC flow efficiency has been
linked to liver fibrosis in Fontan patients and a reduced exercise
capacity [4, 5]. Improving flow conditions and minimizing energy
loss in the TCPC are thus important goals and TCPC efficiency
may be improved with larger conduits. However, larger conduits
may increase the risk of conduit thrombosis caused by an IVC-
conduit size mismatch and blood stasis [6, 7]. This necessitates

finding an optimal conduit size at adult age which leads to low
energy losses and pressure drops without increased thrombosis
risks.

Optimal conduit size will be patient specific and depends on the
amount of conduit flow, which is highly variable between adult
Fontan patients [2]. Based on a previous computational fluid dy-
namics (CFD) study in 51 patients, favourable pressure gradients
<1.0mmHg across the TCPC were present in rest and simulated ex-
ercise in patients with a functional conduit cross-sectional area
(CSA in mm? normalized for conduit flow in I/min) of >125 mm?/l/
min [8]. Therefore, the aim of the present study is to determine the
impact of conduit expansion on TCPC pressure gradients and
thrombosis risk markers using CFD models with virtual surgery.
The main goal is to find optimized conduit sizes for adult Fontan
patients. We hypothesize that larger conduits perform considerably
better, improving the efficiency of the TCPC without instigating
thrombus development.

PATIENTS AND METHODS
Ethical statement

The study was approved by the medical ethical review commit-
tee of the hospital (P18.024). Written informed consent was
obtained from all patients and/or their parents.

Study population

Fontan patients were evaluated using a comprehensive cardio-
vascular magnetic resonance imaging (MRI) protocol between
2018 and 2021 at the Leiden University Medical Center as part of
a previous prospective study [9]. All patients >8 years old without
contraindications for MRI were eligible for inclusion. In the
present study, a subset of adult Fontan patients with a 16-mm
conduit were selected from a previously published cohort of
51 patients who underwent CFD analysis of the TCPC haemody-
namics [8]. Selection was based on conduit flow, with the goal to
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include the full range of different conduit flow rates observed in
adult Fontan patients. Selected patients were 17-22 years old and
all underwent previous Fontan completion using a 16-mm
extracardiac Goretex conduit, which was the conduit size of
choice at that time in our institution.

Magnetic resonance imaging

Patient blood flow rates were measured in the SVC, left pulmo-
nary artery (LPA), right pulmonary artery (RPA), subhepatic IVC
(before hepatic veins enter) and inside the conduit. Flow in the
conduit, SVC and subhepatic IVC was measured with real-time
2D flow MRI on a 3-T scanner (Philips Healthcare), consisting of
250 flow measurements without electrocardiogram (ECG) gating
while monitoring the respiratory signal using an abdominal belt
filled with air. Mean flow rates were determined from 2 to 4 con-
secutive respiratory cycles as previously described [2]. At the PAs,
only free-breathing 2D ECG-gated flow MRl measurements were
performed. Hepatic vein (HV) flow was derived as the difference
between conduit and subhepatic IVC flow. No patient had a pat-
ent fenestration. Flow rate at each vessel was acquired by manual
segmentation of the vessel lumen on all phase-contrast images
(Mass software, Leiden, Netherlands). The detailed methodology
is described in a previous study [2].

Geometry preparation

Patient-specific three-dimensional geometries of the TCPC were
created from sagittal and transversal 2D anatomical stacks (5-mm
slices, 2.5-mm overlap, reconstructed resolution 0.9 mm X
0.9 mm) [10]. Included were the subhepatic IVC, HVs, SVC and
RPA (including the right upper lobe branches) and LPA up to the
segmental branches (ITK-SNAP). After smoothing the geometry,
flow extensions (3x diameter) were added at the in- and outlets
using the Vascular Modelling Toolkit [11]. Reported conduit
diameters were determined as the mean value of 1-mm interval
measurements perpendicular to the centreline. The presurgery
geometries are shown in Supplementary Material S.1.

Virtual surgery was performed by adopting the following pro-
cedure: (i) the centreline of the original geometry is extracted

3

Figure 1: Visualisation of the 3 different virtual surgeries performed on case 5, with the red geometry describing the original total cavopulmonary connection and the
blue overlay denoting the resulting width after virtual surgery.

(Vascular Modelling Toolkit and NeuroMorph toolset in Blender
v2.93.1, Amsterdam, Netherlands); (ii) the start and the end of
the conduit are specified (Blender); (iii) this subdomain is then
replaced with a cylindrical-shape conduit of the new desired size
around the extracted nodes (Blender); and (iv) a smooth transi-
tion between the conduit and the rest of geometry is manually
created (Autodesk Meshmixer v3.5.474, Inc., San Rafael, CA,
USA).

Three new TCPC models with expanded conduit diameters
were created: (i) a TCPC with a desirable diameter (125 mm?/l/
min, rounded to the closest clinically available size), (ii) a conduit
2 sizes larger (i.e. 4-mm diameter) and (iii) a conduit 2 sizes
smaller. Expanded conduits followed the original centreline ex-
actly and smoothing was performed manually to ensure a
smooth transition between conduit and PAs/IVC. The virtual
widening of 1 modelled patient (case 5) is visualized in Fig. 1.

Computational fluid dynamics

Polyhedral meshes were generated inside the geometries (ANSYS
ICEM and ANSYS Fluent v19.1, Inc, Canonsburg, PA, USA).
Respiratory cycle-resolved blood flow rate measurements were im-
posed at the inlets as parabolic velocity profiles (the inclusion of
respiration effects is preferred when estimating power losses and
thrombosis markers [12]). The total HV flow rate was subdivided
over each HV based on the relative CSA. Pre-surgery outlet flow
ratios at the PAs were determined based on ECG-gated 2D
flow MRI measurements in the LPA branch and 1 RPA branch.
A flow distribution according to Murray’s law was used to divide
the total RPA flow over the multiple RPA branches. Post-surgery
outflow ratios were determined using a three-element Windkessel
model based on the pre-surgical simulations (described in
Supplementary Material S.2). The walls of the geometry were
considered rigid with no-slip boundaries. Density was assumed
constant (1060 kg/m?). Blood viscosity was simulated using the
non-Newtonian Carreau model and computed as laminar [13].
One respiratory cycle was simulated to initialize the velocity field,
and the second cycle was used for data analysis. Every cycle was
divided into 5000 equally spaced time steps.
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Exercise conditions

To simulate the effect of increased flow during exercise on local
TCPC haemodynamics, flow rates were increased based on a
study by Wei et al. [14], which measured flow conditions before
and after lower-leg exercise at the ventilatory threshold; total re-
spiratory cycle length was decreased by 60%, IVC and HV flow
rates were increased by 144% and SVC flow rates were increased
by 67%. Lastly, in line with findings by Hjortdal et al. [15], relative
inspiration time was increased by 17%.

Haemodynamic parameters

Energy loss. Local energy losses were calculated using the vis-
cous dissipation rate (VDR) method [16]. The pressure drop
(mmHg) inside the TCPC is calculated by dividing the total en-
ergy loss (mW) by the mean total blood flow. A normalized TCPC
resistance (mmHg/I/min/mZ) was then calculated, normalizing
for patient body surface area (Haycock formula) [17]. All relevant
equations are given below, where u(u,, uy, u,) describe velocity
components, Qo is the total blood flow and p is the viscosity.

2 2 2 2
Ouy duy ou, Ouy  Ouy
2(&) +2(a7) *2(5) *(a*y*&)
u

VDR = 5
+(%+%) ICOICTAY
0z  Ox 0z 0Oy

VDR
AP= J_
Qtot
AP:
Normalized resistance = %

BSA

Mean VDR, pressure gradient and normalized resistance along
the respiratory cycle were reported. To further determine the
effects of conduit widening on local TCPC haemodynamics, the
TCPC was separated into 3 regions: (1) conduit, (i) above conduit
(PAs and SVC) and (iii) below conduit (HVs and IVC). The VDR
was determined for all regions separately.

Thrombosis markers. Thrombosis risk was estimated using
2 markers. First, flow stagnation was measured as the percentage
of the volume with a velocity of <1 cm/s [7], measured during
peak inspiration (highest flow) to reflect the area of possible
long-term stasis. The assessment was performed for the entire
TCPC, as well as for the conduit separately.

Second, the relative residence time (RRT) was calculated at the
walls to capture irregular and unsteady flow behaviour. The RRT
is a commonly used potential measurement for thrombosis risk
in the human circulatory system [18]. The RRT is defined below,
where the time-averaged wall shear stress (TAWSS) is the mean
shear stress over a full respiratory cycle and the Oscillatory Shear
Index (OSI) is a measurement of local flow direction. Both metrics
were previously similarly used in Fontan patients as a marker for
thrombosis [19]. The OSI is bounded between 0 and 0.5, where 0
describes flow that is entirely unidirectional and 0.5 describes
flow with no average direction.

1

RRT =
TAWSS(1 — 2 x OSI)

., du;

(Y)d_xj dt

1 T 1 T
TAWSS=—J |tw|dt=—J v
TJo
Wall

Tlo

where 1,, is the wall shear stress.
.
1 dt
osi= = (1 - ”;“7”“'
2 fo |t |dt
Thrombosis risk elevation will be estimated based on a risk
threshold. Grande Gutierrez et al. [20] found, for children with
Kawasaki disease, that thrombosis had developed in regions with

a TAWSS of <0.1 Pa and an OSI of >0.25. Using these thresholds,
the defined threshold for the RRT is 20/Pa.

Statistical analysis

Data were presented as median (Q1-Q3). A pairwise compari-
son of parameters between the original conduit size and the
virtually enlarged conduit sizes were performed using the
Friedman test. A P-value of <0.05 was considered statistically
significant. Data were analysed with SPSS 25.0 (IBM Corp.,
Armonk, NY, USA).

RESULTS

Five adult Fontan patients with a 16-mm conduit were included
in this study. All patients were in NYHA class | and Il. Mean con-
duit flow rates along the respiratory cycle in selected patients
ranged between 2.2 and 4.8 I/min. Projected conduit diameters
of £125 mm?/I/min ranged from 20 to 28 mm. Patient character-
istics are presented in Table 1.

Power loss

Mean power loss, pressure drop and normalized resistance along
the respiratory cycle of the original TCPCs and all virtual surgery
models are reported in Tables 2 and 3, including the relative im-
provement in energetics compared to presurgery.

At rest, power loss in TCPCs including conduits sized for £125
mm?/l/min decreased by 38-55% (median 41%, Q1-Q3
38.5-53.5%) compared to the original [median power loss 8.2
(Q1-Q3 3.5-145 mW) and 3.9 (Q1-Q3 1.9-8.7 mW), P=0.014].
Absolute power losses and pressure gradients showed a strong
correlation (p=0.97-0.98, P<0.001) and were highest in patients
with the highest flow rates. Power loss increased ~4- to 6-fold
during exercise conditions but did not affect relative improvement
(median 43%, Q1-Q3 38.5-56.5%, P=0.39). In all cases, implanta-
tion of the largest conduits (range 24-32 mm) further decreased
power loss (median 58%, Q1-Q3 48-61% in rest and 60%, Q1-Q3
47.5-65% with exercise) compared to original [median power loss
58.0 (Q1-Q3 23.8-99.4 mW) and 26.2 (Q1-Q3 12.2-60.3 mW),
P <0.001]. Power loss inside the TCPC is visualized for all simulated
versions of case 3 as a typical example (Fig. 2).
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Table 1: Patient characteristics §

9

Patient Age Implanted conduit Measured conduit Flow BSA Desirable diameter Simulated diameters 3

(years) diameter (mm) diameter (mm) (I/min) (m?) (i.e. 125 mm?/l/min) (mm) (mm) ﬁ

1 17.4 16 14.5 22 1.69 18.9 18-20-24 E

2 21.3 16 16.0 3.0 1.67 21.9 18-22-26 g

3 18.2 16 16.2 38 1.74 24.6 20-24-28 8
4 222 16 15.5 4.4 1.76 26.5 22-26-30
5 22.8 16 15.8 4.8 2.04 27.6 24-28-32

Table 2: Mean power loss, pressure drop and normalized resistance along the respiratory cycle and the relative improvement
compared to presurgery in rest

Patient Conduit Functional conduit Power Relative Pressure Norm. resist.
diameter (mm) size (mm?/I/min) loss (mW) improvement (%) drop (mmHg) (mmHg/I/min/m?)
1 14.5 (original) 75 3.2 - 0.49 0.28
18 116 1.6 48 0.25 0.15
20 143 1.4 55 0.22 0.13
24 206 1.2 61 0.19 0.11
2 16.0 (original) 67 37 - 0.43 0.18
18 85 27 26 0.31 0.13
22 127 2.3 38 0.26 0.11
26 177 1.9 49 0.21 0.09
3 16.2 (original) 54 8.3 - 0.80 0.30
20 83 5.1 38 0.49 0.18
24 119 3.9 52 0.38 0.14
28 162 3.3 61 0.31 0.12
4 15.5 (original) 43 12.1 - 0.86 0.24
22 86 7.8 35 0.56 0.16
26 121 7.1 41 0.51 0.14
30 161 5.0 58 0.36 0.10
5 15.8 (original) 41 16.9 - 1.28 0.44
24 94 10.7 37 0.81 0.28
28 128 10.2 39 0.78 0.27
32 168 8.9 47 0.68 0.23

Table 3: Mean power loss, pressure drop and normalized resistance along the respiratory cycle and the relative improvement com-
pared to presurgery with simulated exercise
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Case Conduit Power Relative Pressure drop Norm. resist.
diameter (mm) loss (mMW) improvement (%) (mmHg) (mmHg/l/min/m?)
1 14.5 (original) 21.6 - 1.43 0.36
18 10.8 50 0.71 0.18
20 9.0 58 0.60 0.15
24 75 65 0.50 0.12
2 16.0 (original) 259 - 1.27 0.23
18 19.8 24 0.97 0.18
22 153 41 0.75 0.14
26 11.9 54 0.58 0.11
3 16.2 (original) 58.0 - 236 0.37
20 36.7 37 1.49 0.23
24 26.2 55 1.06 0.17
28 20.4 65 0.83 0.13
4 15.5 (original) 884 - 2.76 0.34
22 54.2 39 1.69 0.21
26 50.3 43 1.57 0.19
30 353 60 1.10 0.14
5 15.8 (original) 110.4 - 3.60 0.53
24 75.4 32 2.46 0.36
28 70.2 36 2.29 0.34

32 65.3 4 213 0.32
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Figure 2: Wall contours of local viscous dissipation rate visualizing regions of high power loss (A and C), also denoted by the dotted red line in the time-dependent
results (B and D). Similar regions of high local power loss gradually disappear in both resting (A+B) and with exercise (C+D).

Segmental power losses. The segmental assessment of TCPC
energetics is reported in Fig. 3. Percentual distribution of energy
losses between segments was not significantly different between
rest and exercise in all simulations (P=0.50 to P=0.69), the de-
scribed data in this section will only be based on resting
conditions.

Before surgery, the region below the conduit constitutes 8%
(Q1-Q3 6-11%), the conduit 24% (Q1-Q3 21-29%) and the region
above the conduit 68% (Q1-Q3 60-73%) of the total power loss.
After virtual expansion to 125 mm?/l/min conduits size, absolute
energy loss of the entire TCPC decreased but the division remained
similar although reaching statistical significance: 12% (Q1-Q3
10-20%, P=0.043), 19% (Q1-Q3 11-24%, P=0.043) and 68%
(Q1-Q3 56-78%, P=0.50). In +125 mm?/l/min conduits, energy
loss inside the conduit decreased by a median of 62% from
25 mW (Q1-Q3 0.9-3.1 mW) to 0.7 mW (Q1-Q3 0.3-1.3 mW,
P=0.014). The largest contributor, the region above the conduit,
decreased a median of 45% from 4.6 mW (Q1-Q3 2.3-8.4 mW) to
1.8mW (Q1-Q3 1.3-6.7 mW, P=0.014).

Thrombosis risk factors

Blood stasis. Flow stagnation volume in the entire TCPC and in
the conduit is reported in Figs 4 and 5. Flow stagnation inside the
entire TCPC increased minimally after the implantation of larger
conduits. In rest, the total flow stagnation in the entire TCPC pre-
surgery (median 1.15%, Q1-Q3 0.9-1.9%) was not significantly dif-
ferent after implantation of conduits of £125 mm?/I/min (median
1.21%, Q1-Q3 1.0-2.0%, P=0.46) (Fig. 4). Flow stagnation in the

conduit increased from a median of 0.06% (Q1-Q3 0.035-0.24%)
to 031% (Q1-Q3 0.20-0.56%, P=0.68). Even in the largest
implanted conduits, flow stagnation volume remained negligible
(median 0.63% of the conduit in rest). The largest flow stagnation
volume in the conduit was measured at <1.5% in case 1 (Fig. 5).
During exercise, flow stagnation in the total geometry and conduit
decreased further in all modelled cases (P=0.001 to P=0.03).

Relative residence time. The percentage of the wall surface
that exceeded the RRT of >20/Pa threshold was determined in
Fig. 6. In resting conditions, <2% of the total TCPC wall surface
presurgery (median 0.6%, Q1-Q3 0.4-1.3%) revealed elevated
RRT. Compared to the original conduit size, conduits sized for
+125 mm?/I/min showed no significantly different percentage of
elevated RRT (median 0.9%, Q1-Q3 0.5-1.5%, P =0.05) but signifi-
cantly increased in the largest conduits modelled (median 1.5%,
Q1-Q3 0.7-2.2%, P=0.001). During exercise conditions, <1% of
the surface area exceeded the threshold and the complete group
of post-surgery conduits showed no increased elevation of the
RRT compared to the original conduit (median 0.12%, Q1-Q3
0.06-0.27% before surgery, 0.15%, Q1-Q3 0.1-0.25% after
surgery, P=0.08).

DISCUSSION

The relative undersizing of 16-mm conduits for adult Fontan
patients leads to suboptimal flow conditions and haemodynam-
ics [2]. In the current study, virtual implantation of larger
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Figure 3: The distribution of power loss in the simulated total cavopulmonary connection geometries separated as ‘above conduit’ in red, ‘inside conduit’ in yellow
and 'below conduit’ (inferior vena cava) in blue. Numbers above the bar graph describe the simulated width of the conduit in millimetres.

Flow stagnation volume in the entire TCPC

All cases - All versions - Threshold 1 cm/s
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24
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Figure 4: The flow stagnation volume during peak inspiration in rest (yellow)
and after increasing flow with simulated exercise (red) in the entire total cavo-
pulmonary connection in all simulated geometries is shown. Numbers above
the bar graph describe the simulated width of the conduit in millimetres.

Flow stagnation volume in the conduit
All cases - All versions - Threshold 1 em/s
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Figure 5: The flow stagnation volume during peak inspiration in the conduit in
rest (yellow) and increasing flow with simulated exercise (red) in all simulated
geometries is shown. Numbers above the bar graph describe the simulated
width of the conduit in millimetres.

Wall surface area with elevated RRT
All cases - All versions - Threshold 20 Pa-1
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Figure 6: The wall surface area with elevated relative residence time (>20/Pa) of
the total cavopulmonary connection in rest (yellow) and increasing flow with
simulated exercise (red) in all simulated geometries. Averaged over 1 full respi-
ratory cycle. Numbers above the bar graph describe the simulated width of the
conduit in millimetres.

extracardiac conduits showed that pressure gradients inside the
TCPC can be reduced with 40-65% by implanting 24-32mm con-
duits, without considerably elevating thrombosis risk markers.
Ideal conduit sizes depend on patient-specific conduit flow rate.
Power loss in the PAs decreased with virtual enlargement of the
conduit but remained the most dominant region of power loss
within the TCPC, emphasizing the importance of optimization of
PA size on TCPC efficiency.

Conduit design and power loss

Strong blood flow accelerations in the Fontan circulation were
previously found between the IVC and conduit in adolescent
patients, showing relative undersizing of the conduit compared
to its surrounding vessels [2, 21]. The discrepancy between the
size of these vessels was investigated, and a correlation was found
between conduit size and energy loss leading to a decrease in
TCPC efficiency [3]. Subsequently, reduced TCPC efficiency has
been related to elevated levels of liver fibrosis [5], as well as to a
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reduced exercise capacity [8, 22], further emphasizing the impor-
tance of proper conduit sizing.

The performed virtual surgery further exemplifies the impor-
tance of adequate conduit sizing, especially for adulthood. The
16- to 18-mm conduits may be adequate sizes for children [7],
but larger widths performed vastly better in the current study in
adult patients with different conduit flow rates. Virtual enlarge-
ment of 16-mm conduits to 24- to 26-mm conduits considerably
improved haemodynamics and were shown to be suitable fits in
patients with conduit flow rates <3.01/min (functional conduit
size 177-206 mm?/I/min in rest). In patients with flow rates
>3.01/min, conduits sized 28-32 mm performed well (161-168
mm?/I/min). These conduit diameters are in agreement with the
expected size of the suprahepatic IVC in healthy adults and with
diameters of lateral tunnel patients [23, 24]. This study thus
emphasizes that standardized 16- to 20-mm conduits, which are
sufficient at the age of Fontan completion, are suboptimal for a
large portion of adult Fontan patients and that diameters up to
28-32 mm may be preferable in large adults with high conduit
flow instead.

Importantly, optimization of the Fontan circulation does not
depend solely on the implanted conduit. The relatively simple,
cylindrical shape of the conduit does not necessarily promote
the loss of energy as considerably as the PAs do. The direct mix-
ing of blood flow from the conduit and SVC, just above the con-
duit, followed by the sharp rerouting into the PAs is a
considerable source of local flow disruption. Furthermore, steno-
sis in the PAs leads to increased energy losses [3] and is corre-
lated to reduced exercise capacity [22]. Therefore, the presence
of PA stenosis or hypoplasia promotes the loss of energy inside
the Fontan circulation emphasizing the importance of also ade-
quately sized PAs. Absolute power loss in the PAs decreased with
the virtual enlargement of the conduit but remained the most
dominant region of power loss within the TCPC. Further im-
provement in TCPC efficiency can therefore be expected with in-
tervention to the PAs, which could include dilatation of the PAs
or exclusion of a dilated pulmonary trunk when present [25].
These findings do, however, also show that properly sized con-
duits decrease flow disruption and reduce energy losses further
downstream. As a result, conduit sizing does not only affect en-
ergy loss inside the conduit but also affects the TCPC efficiency
downstream.

Thrombosis risks

Elevated thrombosis risks compared to healthy persons are a po-
tential source of morbidity of the Fontan circulation. Stagnant
and irregular blood flow profiles promote these risks and throm-
bosis has previously formed in oversized conduits implanted in
young children [26]. In children around 3 years old, stagnation
volume with 20-mm conduits could reach up to 30% [7]. In our
study, the stagnation volume increased in larger conduits but
never exceeded 2% of the total volume. The increased thrombo-
sis risk potential appears therefore negligible in these conduits,
where their cylindrical shape promotes organized flow condi-
tions. The RRT analysis confirms this by not showing significantly
elevated recirculation in the expanded conduits. Thus, no evi-
dence was found of adverse effects resulting from the virtual
expansion.

Clinical relevance for surgical strategy

Due to anatomical and physiological limitations during initial
Fontan completion (as patients are only 2-4 years of age), the im-
plantation of larger conduits is not possible or desirable as signif-
icant oversizing may promote thrombosis development in early
life [7, 26]. A standard Fontan tunnel may only stay adequately
sized for all ages if it has elastic properties or otherwise enables
conduit expansion, emphasizing the important future potential of
using dilatable conduits. The current study showcases the neces-
sity of researching such novel materials, including the amount of
expansion that is clinically feasible. Other options include stent-
ing of the existing Fontan conduit, which not only can be used in
cases of conduit stenosis but also allows for expansion of unob-
structed but undersized conduits with up to 127-165% of original
[27]. However, such increases are much lower compared to the
increases modelled in our study (up to 3-4 times increase in CSA
of the conduit).

Limitations

This study describes the results of only 5 Fontan patients, making
statistical analyses and generalizations difficult. Another limitation
is the usage of simulated exercise using cohort-averaged data.
Patient-specific exercise data would have shown the differences
between resting and exercise more accurately, though the inter-
actions between flow rate and local TCPC performance markers
are unaffected by the loss of specificity. A small discrepancy be-
tween simulated and real patients can be expected resulting from
the ECG-gated data used for the outlet boundary conditions, and
used thresholds (1 mmHg pressure drop, velocity <1cm/s, RRT
>20/Pa) are merely estimations, as strong data linking specific
thresholds to thrombosis formation are lacking. Lastly, the inves-
tigated virtual surgeries do not necessarily match real surgical
interventions. The effects of physical and anatomical limitations
on virtual conduit enlargement (e.g. pulmonary vein compres-
sion) were not explored.

CONCLUSIONS

CFD simulations suggest that extracardiac Fontan conduits with a
16-mm width are structurally undersized for adult patients, lead-
ing to elevated pressure drops and resistances inside the Fontan
circulation.

After virtual implantation of larger conduits of 22-32 mm,
TCPC efficiency improved with 40-65% while thrombosis risk
markers increased only minimally. The region downstream of the
conduit (pulmonary arteries) was the most significant source of
energy loss. Virtual expansion not only decreased energy loss in-
side the conduit but also successfully improved TCPC efficiency
in the region downstream of the conduit.

In conclusion, computational fluid dynamic modelling suggests
that suboptimal TCPC energetics in adult patients with 16-mm
conduits can be improved with larger conduits. The use of dilat-
able conduits for the completion of the Fontan procedure should
be explored.
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