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Abstract

OBJECTIVES: To date, it is not known if 16–20-mm extracardiac conduits are outgrown during somatic growth from childhood to adoles-
cence. This study aims to determine total cavopulmonary connection (TCPC) haemodynamics in adolescent Fontan patients at rest and
during simulated exercise and to assess the relationship between conduit size and haemodynamics.

METHODS: Patient-specific, magnetic resonance imaging-based computational fluid dynamic models of the TCPC were performed in 51
extracardiac Fontan patients with 16–20-mm conduits. Power loss, pressure gradient and normalized resistance were quantified in rest
and during simulated exercise. The cross-sectional area (CSA) (mean and minimum) of the vessels of the TCPC was determined and nor-
malized for flow rate (mm2/l/min). Peak (predicted) oxygen uptake was assessed.

RESULTS: The median age was 16.2 years (Q1–Q3 14.0–18.2). The normalized mean conduit CSA was 35–73% smaller compared to the in-
ferior and superior vena cava, hepatic veins and left/right pulmonary artery (all P < 0.001). The median TCPC pressure gradient was
0.7 mmHg (Q1–Q3 0.5–0.8) and 2.0 (Q1–Q3 1.4–2.6) during rest and simulated exercise, respectively. A moderate–strong inverse non-
linear relationship was present between normalized mean conduit CSA and TCPC haemodynamics in rest and exercise. TCPC pressure
gradients of >_1.0 at rest and >_3.0 mmHg during simulated exercise were observed in patients with a conduit CSA <_ 45 mm2/l/min and fa-
vourable haemodynamics (<1 mmHg during both rest and exercise) in conduits >_125 mm2/l/min. Normalized TCPC resistance correlated
with (predicted) peak oxygen uptake.

CONCLUSIONS: Extracardiac conduits of 16–20 mm have become relatively undersized in most adolescent Fontan patients leading to
suboptimal haemodynamics.

Keywords: Fontan • Total cavopulmonary connection • Computational fluid dynamics • Extracardiac conduit • Stenosis

ABBREVIATIONS

2D Two-dimensional
3D Three-dimensional
BSA Body surface area
CFD Computational fluid dynamics
CPET Cardiopulmonary exercise testing
CSA Cross-sectional area
CVP Central venous pressure
HV Hepatic vein
IVC Inferior vena cava
LPA Left pulmonary artery
MRI Magnetic resonance imaging
PA Pulmonary artery
PL Power loss
RPA Right pulmonary artery
SVC Superior vena cava
TCPC Total cavopulmonary connection

INTRODUCTION

To complete the Fontan circulation in patients with a univentric-
ular heart defect, most centres nowadays use an extracardiac
Goretex conduit of 16–20 mm to connect the inferior vena cava
(IVC) with the pulmonary artery (PA) at the age of 2–4 years [1].
However, the synthetic extracardiac conduit lacks growth poten-
tial and it is currently unknown if 16-, 18- and 20-mm conduits
remain adequately sized for adolescent Fontan patients.

The Fontan circulation is characterized by chronically elevated
central venous pressure (CVP) and reduced preload and thereby
cardiac output [2]. Efficient blood flow in the total cavopulmo-
nary connection (TCPC) is important to keep the elevation in
CVP and reduction in preload to a minimum [3, 4]. Chronic ven-
ous hypertension and reduction in preload lead to important
morbidity, including liver fibrosis and reduced exercise capacity
[1]. Too small conduits are an important factor of increased TCPC
resistance and should be avoided [5].

Recently, important blood flow accelerations were observed
from the subhepatic IVC towards the conduit 13 years after
Fontan completion, indicating that 16–20-mm conduits become
relatively undersized for adolescent Fontan patients [6, 16].
However, the haemodynamic consequences of undersized con-
duits in terms of pressure gradients and TCPC resistance at rest
and during simulated exercise were not determined. Therefore,
the aim of this study is to determine TCPC haemodynamics using
computational fluid dynamics (CFD) in a cohort of teenage and
adolescent Fontan patients with 16–20-mm conduits at rest and
during simulated exercise and to assess the relationship between
conduit size and TCPC haemodynamics.

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. Patients and pub-
lic were not directly involved in the design and conduct of this
study.

Study population

Fontan patients with an extracardiac Goretex conduit prospect-
ively underwent magnetic resonance imaging (MRI) examination
between 2018 and 2021 at the Leiden University Medical Center,
Leiden, the Netherlands. All patients >8 years old without contra-
indications for MRI were eligible for inclusion.

Cardiopulmonary exercise testing

Cardiopulmonary exercise testing (CPET) was performed using a
continuous incremental bicycle protocol. Peak VO2 (ml/kg/min)
and predicted peak VO2 (%) were determined in all patients with
a respiratory exchange ratio >1.0.
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Magnetic resonance imaging

Real-time two-dimensional (2D) flow MRI measurements were
obtained at the subhepatic IVC (below entry of the hepatic veins,
HVs), at the extracardiac conduit and at the superior vena cava
(SVC). HV flow was determined indirectly by subtracting IVC flow
from conduit flow. None of the patients had a patent fenestra-
tion. Each 2D real-time flow acquisition consisted of 250 (non-
electrocardiogram gated) flow measurements with continuously
monitoring of the respiratory signal using an air-filled abdominal
belt. The respiratory signal was used to divide the flow signal
into inspiration and expiration phases as previously described in
detail [6].

A three-dimensional (3D) model of the TCPC was created from
sagittal and transversal 2D anatomical stacks. Anatomical and 2D
real-time flow MRI acquisition details are presented in
Supplementary Material, Table S1. The 3D model included the
area between the subhepatic IVC, HVs, SVC and right pulmonary
artery (RPA) (including the right upper lobe branches) and left
pulmonary artery (LPA) up to the level of the segmental branches
(ITK-SNAP). The TCPC model was smoothed, centrelines were
derived and vessel extensions were added at all inlets and
outlets.

Geometry analysis

The TCPC was automatically divided into standardized segments
[conduit, SVC, RPA (distal to right upper lobe branch) and LPA]
[7]. The cross-sectional area (CSA) of these segments was deter-
mined perpendicular to the centreline at 1-mm intervals from
which the mean and minimum CSA was reported. The CSA of
the inlet extensions were reported for the subhepatic IVC and
HVs. The CSAmean of each vessel was normalized for the respira-
tory cycle-averaged flow rate (mm2/l/min) in each vessel as a
marker of functional vessel CSA.

In addition, the change in measured conduit CSAmean

versus theoretical implanted conduit CSAmean was reported
(16 mm = 201 mm2, 18 mm = 254 mm2 and 20 mm = 314 mm2).

Computational fluid dynamics

The 3D TCPC model was meshed with 30 polyhedral elements
across the average vessel diameter (0.35–0.45 mm elements)
with four prism layers at the wall to achieve mesh-independent
results (ANSYS ICEM v17.1, Inc., Canonsburg, PA, USA). All CFD
simulations were performed using commercially available Fluent
software (v17.1, ANSYS, Inc., Canonsburg, PA, USA). Pulsatile, re-
spiratory cycle-resolved flow rates were prescribed at the inlets
using a parabolic velocity profile. Total HV flow was divided
over the individual HVs based on the ratio of their respective
CSAs. Constant outflow ratios at the PAs were imposed as the
outlet boundary condition and subdivided over side branches
based on their respective CSAs [8]. The outflow ratio was deter-
mined from ECG-gated 2D flow MRI measurements in the PAs
since 2D real-time flow measurements in the PAs were not per-
formed. A rigid vessel wall was assumed and a no-slip condition
prescribed. Blood flow was assumed to be laminar. A Carreau
model was used to account for the non-Newtonian blood prop-
erties in the TCPC [9].

Exercise condition

To simulate the effect of increased flow during exercise on local
TCPC haemodynamics, resting flow rates were adapted accord-
ing to a study by Wei et al., in which 2D real-time flow MRI
measurements were obtained during supine lower-leg exercise
[10]. The total duration of the respiratory cycle was decreased
with a factor of 1.6, the inspiratory fraction (inspiratory time
versus total respiration time) was increased with a factor of 1.17
[11] and time-resolved flow rates were increased by a factor of
2.44 (both subhepatic IVC and HVs) and 1.67 (SVC). The resting
PA outflow ratios were assumed to remain the same during
exercise [12].

Haemodynamic parameters

Energetics. All parameters were reported during inspiration,
expiration and during the entire respiratory cycle. Power
loss (PL, in milliwatt) was determined using the viscous
dissipation rate method [13]. PL-based pressure gradient
(mmHg) from the inlets towards the outlets was determined as
follows [8]:

DPTCPC =
PL

Qs
;

where PL and Qs are the total power loss and the total systemic
venous return in the corresponding respiratory phase.

The resistance normalized for body surface area (BSA) (in
mmHg/l/min/m2) was determined as follows [8]:

Normalized resistance =
DPTCPC

Qs

BSA

:

Flow stagnation volume. Flow stagnation volume (%) (vel-
ocity <0.01 m/s [14]) was determined in a subset of 15 patients
as a marker of thrombosis risk; 5 patients per implanted conduit
size (16, 18 and 20 mm) matched on average conduit flow rate
(range 2.2–4.6 l/min; Supplementary Material, Fig. S1). Minimal
(at peak flow during inspiration) and maximal flow stagnation
volume (at lowest flow during expiration) were determined in
the entire TCPC and in the conduit only. The minimal flow stag-
nation volume is of particular clinical interest, as this is the vol-
ume of blood in the TCPC that remains stagnated during the
entire respiratory cycle and theoretically increases the risk of
thrombosis.

Statistical analysis

Data were presented as median (Q1–Q3). Correlation analysis
was performed using Pearson (r) or Spearman (q) correlation
(weak 0.3–0.5, moderate 0.5–0.7, strong >_0.7–0.9 and very strong
>0.9). Comparison of parameters between respiratory phases and
the comparison of CSAmean between TCPC vessels were per-
formed using the Friedman test (adjusted for multiple compari-
sons using Bonferroni). A comparison of TCPC energetics
between gender was made using the Mann–Whitney U-test.
A comparison of flow stagnation volume between different
conduit sizes was determined using the Kruskal–Wallis test. The
non-linear relationship between CFD-derived energetics and
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normalized conduit CSA was analysed using linear regression
after log transformation of both the dependent and independent
parameters (power curve). A P-value of <0.05 was considered
statistically significant. Data were analysed with SPSS 25.0 (IBM

Corp., Armonk, NY, USA) and Graphpad Prism 8.0 (GraphPad
Software, La Jolla, CA, USA).

RESULTS

Sixty-five sequential patients underwent MRI examination during
the study period. Fourteen/65 patients were excluded because of
incomplete 2D real-time MRI flow data (n = 7), central device-
related artefacts (n = 3) or patients with a lateral tunnel Fontan
connection (n = 4), resulting in 51 patients who were included in
this study. Patient characteristics are reported in Table 1.
All patients were recruited from the outpatient clinic and were in
relatively good clinical condition (NYHA class I–II). CPET was
performed in 46/51 patients, with 40 patients reaching maximal
effort [median time between CPET and MRI 0 days (Q1–Q3
6–0 days)].

Geometry and flow

CSA of the different parts of the TCPC is reported in Table 2.
Absolute measured conduit CSAmean was 100% (Q1–Q3 94–105),
95% (Q1–Q3 90–106) and 95% (Q1–Q3 72–105) of theoretical
implanted conduit size in patients with 16-, 18- and 20-mm con-
duits, respectively (P = 0.42). The conduit CSAmean normalized for
conduit flow rate was significantly smaller compared to the nor-
malized CSAmean of all other vessels (all P < 0.001); a median 56%,
73% and 64% smaller compared to the subhepatic IVC, HVs and
SVC, respectively, and 40% and 35% smaller compared to the
LPA and RPA, respectively.

Total systemic venous return during the entire respiratory
cycle was 4.5 (Q1–Q3 3.8–5.5) l/min in rest, increasing to 10.8
(Q1–Q3 8.4–12.5) l/min during simulated exercise. Flow rates
during inspiration and expiration in the TCPC are reported in
Table 2. Flow rates in all vessels were lowest during expiration
and highest during inspiration (all P < 0.001). Mean conduit flow
during the entire respiratory cycle positively correlated with BSA,
but considerable variability in flow rates was observed (Fig. 1).

Energetics

CFD-derived energetics along the respiratory cycle are reported
in Table 3, both for resting and simulated exercise conditions. No
significant difference in energetics was present between gender.

Table 1: Patient characteristics

Male/female, n 24/27
Primary diagnosis, n (%)

TA 12 (24)
HLHS 9 (17)
DILV + TGA 10 (20)
DORV 6 (11)
uAVSD 3 (6)
ccTGA 4 (8)
PA + IVS 2 (4)
Others 5 (10)

Dominant ventricle, n (%)
Left 30 (59)
Right 16 (31)
Biventricular/indeterminate 5 (10)

Characteristics at Fontan procedure
Age at Fontan (years) 3.3 (2.7–3.9)
Height (cm) 98 (92–102)
Weight (kg) 14 (13–16)
BSA (m2) 0.63 (0.58–0.67)
Implanted conduit size (16/18/20 mm), n 27/18/6
Fenestration, n (%) 31 (61)

Characteristics at time of MRI
Age at MRI (years) 16.2 (14.0–18.2)
Height (cm) 168 (163–175)
Weight (kg) 59 (50–66)
BSA (m2) 1.66 (1.52–1.76)
Time between Fontan and MRI (years) 13.1 (10.4–15.8)
NYHA class I–II, n (%) 51 (100)

Cardiopulmonary exercise testing
RER 1.11 (1.05–1.17)
Peak Watt 120 (105–150)
Peak heart rate 173 (164–184)
Peak predicted heart rate (%) 94 (86–101)
Peak VO2 (ml/kg/min) 27.1 (22.4–30.0)
Peak predicted VO2 (%) 55 (47–65)

Values are reported as median (Q1–Q3) unless otherwise specified.
BSA: body surface area; ccTGA: congenital corrected transposition of the
great arteries; DILV: double inlet left ventricle; DORV: double outlet right
ventricle; HLHS: hypoplastic left heart syndrome; IVS: intact ventricular sep-
tum; MRI: magnetic resonance imaging; PA: pulmonary artery; RER: respira-
tory exchange ratio; TA: tricuspid atresia; TGA: transposition of the great
arteries; uAVSD: unbalanced atrioventricular septal defect.

Table 2: Flow and geometry characteristics

Flow (l/min) Geometry

Average
respiratory cycle

Inspiration Expiration Absolute
CSAmean (mm2)

Absolute
CSAmin (mm2)

Normalized CSAmean

(mm2/l/min)

Conduit 3.3 (2.5–4.0) 4.5 (3.7–5.3) 2.6 (1.9–3.3) 217 (199–249) 196 (182–230) 65 (54–90)
IVC 1.8 (1.5–2.2) 2.0 (1.6–2.4) 1.7 (1.3–2.1) 263 (222–303) – 147 (122–170)
HVs 1.5 (1.0–1.8) 2.5 (1.8–3.0) 0.7 (0.5–1.2) 347 (303–405) – 243 (183–352)
SVC 1.3 (1.0–1.6) 1.5 (1.2–1.8) 1.2 (1.0–1.5) 214 (192–262) 193 (165–224) 180 (133–216)
LPA 1.9 (1.3–2.3) 2.5 (1.7–2.9) 1.5 (1.1–1.9) 186 (150–236) 149 (109–192) 108 (89–153)
RPA (distal to

RUL branch)
1.9 (1.5–2.3) 2.5 (2.0–2.8) 1.5 (1.1–1.8) 201 (167–231) 181 (134–215) 100 (84–136)

Data are presented as median (Q1–Q3).
CSA: cross-sectional area; HVs: hepatic veins; IVC: inferior vena cava; LPA: left pulmonary artery; RPA: right pulmonary artery; SVC: superior vena cava; RUL: right
upper lobe; NYHA: New York Heart Asssociation; ePTFE: expanded Polytetrafluoroethylene.
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Inspiration versus expiration

During rest, the mean PL was higher during inspiration (median
10.5 mW, Q1–Q3 6.5–14.2) compared to expiration (3.7 mW,
Q1–Q3 2.5–6.3, P < 0.001). Furthermore, the median pressure gra-
dient was higher during inspiration (0.8 mmHg, Q1–Q3 0.6–1.0)
compared to expiration (0.5 mmHg, Q1–Q3 0.4–0.7). No signifi-
cant difference was present in normalized resistance between in-
spiration and expiration (Table 3).

Rest versus simulated exercise

PL, pressure gradient and normalized resistance all significantly
increased from resting to simulated exercise conditions (all
P < 0.001, Table 3), most pronounced during inspiration for PL
and pressure gradient.

A moderate–strong inverse non-linear relationship was present
between normalized conduit CSAmean and PL, pressure gradient
and normalized resistance, both in rest and simulated exercise
conditions (Fig. 2). As derived from the regression curves in
Fig. 2B, a normalized conduit CSAmean of <_45 mm2/l/min corre-
sponded to a median pressure gradient of >_1.0 at rest and >_3.0
during simulated exercise. A normalized conduit CSAmean of >_125
mm2/l/min corresponded to a pressure gradient of <_1.0 mmHg
during both rest and simulated exercise. An example of stream-
line blood flow visualization and PL heatmaps in 2 Fontan

patients with a small and relatively large normalized conduit
CSAmean is illustrated in Fig. 3. Pathline blood flow visualization
during 2 respiratory cycles during resting and simulated exercise
conditions are shown in Videos 1 and 2.

Furthermore, a negative correlation was present between
normalized conduit CSAmean and the relative rest-to-exercise in-
crease in PL (q = -0.63, p < 0.001), pressure gradient (q = -0.59,
P < 0.001) and normalized resistance (q = -0.50, P < 0.001), indi-
cating strongest increases in patients with smallest conduits.

Normalized TCPC resistance negatively correlated with peak
VO2 (during rest r = -0.41, P = 0.009 and during simulated exercise
r = -0.37, P = 0.020) and predicted peak VO2 (during rest r = -0.36,
P = 0.024 and during simulated exercise r = -0.37, P = 0.020, Fig. 4).
No correlation was found between PL or pressure gradient and
peak VO2 (r = -0.25, P = 0.10 for both PL and pressure gradient).

Flow stagnation volume

Minimal (during peak inspiration) and maximal flow stagnation
volume (during lowest flow in expiration) in the entire TCPC are
reported in Table 3. Minimal flow stagnation volume in the total
TCPC was a median of 1.2% (Q1–Q3 0.7–1.8). Increased flow dur-
ing simulated exercise further reduced minimal flow stagnation
volume (median 0.4%, Q1–Q3 0.2–0.7). Minimal flow stagnation
volume in the conduit only was absent/negligible (Table 3), with
no significant differences between patients with implanted 16-,
18- and 20-mm conduit sizes.

DISCUSSION

This study shows that extracardiac conduits of 16–20 mm have be-
come undersized in most adolescent Fontan patients on average
13 years after Fontan completion, as evidenced by a significantly
smaller normalized conduit CSAmean compared to the other sur-
rounding vessels. Despite this undersizing, pressure gradients in the
TCPC were limited (<1 mmHg) during resting conditions in most
patients but significantly increased during simulated exercise.
Pressure gradients and resistance in the TCPC increased non-linearly
with decreasing normalized conduit CSA, and especially patients
with a normalized conduit CSAmean <_45 mm2/l/min showed possibly
relevant pressure gradients in the TCPC (>1 mmHg in rest and >3
mmHg during simulated exercise). Finally, a significant correlation
was observed between TCPC resistance and (predicted) peak VO2.

Figure 1: A moderate positive correlation is present between BSA and mean
conduit flow rate along the entire respiratory cycle. The linear regression line is
shown. BSA: body surface area (Haycock).

Table 3: Computational fluid dynamics results

Energetics Resting conditions Exercise conditions

Average Inspiration Expiration Average Inspiration Expiration

Power loss (mW) 6.8 (4.1–9.8)†,‡ 10.5 (6.5–14.2)‡,§ 3.7 (2.5–6.3)†,§ 48.6 (27.4–70.5)†,‡ 61.0 (33.5–86.3)‡,§ 38.6 (19.0–57.6)†,§

Pressure gradient (mmHg) 0.7 (0.5–0.8)†,‡ 0.8 (0.6–1.0)‡,§ 0.5 (0.4–0.7)†,§ 2.0 (1.4–2.6)†,‡ 2.3 (1.5–2.8)‡,§ 1.8 (1.2–2.3)†,§

Normalized resistance
(mmHg/l/min/m2)

0.23 (0.18–0.28)†,‡ 0.21 (0.15–0.28)§ 0.22 (0.18–0.27)§ 0.29 (0.22–0.42)‡ 0.29 (0.21–0.41)‡ 0.29 (0.21–0.41)†,§

Thrombosis marker (n = 15) Minimum (inspiration) Maximum (expiration) Minimum (inspiration) Maximum (expiration)

Flow stagnation entire TCPC (%) 1.2 (0.7–1.8) 6.2 (4.8–8.0) 0.4 (0.2–0.7) 1.5 (0.8–2.2)
Flow stagnation conduit (%) 0.0 (0.0–0.0) 0.5 (0.2–1.2) 0.0 (0.0–0.0) 0.0 (0.0–0.0)

Data are presented as median (Q1-Q3). P-value <0.05 compared to inspiration†, expiration‡ or the entire respiratory cycle§.
mW; miliwatt, mmHg; millimeter mercury, L/min; liter/minute. TCPC: total cavopulmonary connection.
TCPC: total cavopulmonary connection.
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Conduit adequacy

The current recommendation is to implant a slightly oversized
16–20-mm extracardiac Goretex conduit in children at the age of
2–4 years, thereby aiming to avoid somatic overgrowth necessi-
tating reintervention [1, 15]. However, optimal conduit size for

adolescent Fontan patients remains elusive mainly because no
clear definition is present to describe conduit adequacy. The cur-
rent study adds important information by assessment of the
functional conduit CSA to describe conduit adequacy (conduit
CSAmean normalized for conduit flow rate) and by characterizing
the associated TCPC haemodynamics.

In our cohort of on average 16-year-old patients with a me-
dian conduit flow rate of 3.3 l/min, a median normalized conduit
CSA of 65mm2/l/min was present, significantly smaller compared
to the other vessels in the TCPC. For comparison, Itatani et al.
[14] recommended the use of 16–18-mm conduits for Fontan
completion using CFD models based on 36-month-old children
with an average conduit flow rate of �0.85 l/min in rest.
This would correspond to a normalized conduit CSAmean of
�240–300 mm2/l/min, �4–5 times larger to the values reported
in our adolescent cohort. Implantation of larger conduits was
limited by creating large areas of flow stagnation, potentially
increasing the risk of thrombosis. In our study, absent/negligible
flow stagnation was present in the conduits, illustrating that there
is room for larger conduits in older patients.

Haemodynamic consequence of conduit
undersizing

To assess the haemodynamic consequence of the undersized
conduits, we used CFD modelling in rest and during simulated
exercise for the quantification of the PL-based pressure gradient
and resistance of the TCPC [8]. The ability to simulate blood flow
during increased flow conditions (mimicking exercise) is one
great advantage of CFD compared to conventional diagnostics
such as catheterization, which is usually only limited to resting
conditions. This is important, as adverse Fontan haemodynamics
may be relatively normal in rest and only become apparent dur-
ing increased flow conditions [17, 18]. The use of CFD-simulated
exercise showed that pressure gradients were relatively low (<1
mmHg) in rest but significantly increased during simulated exer-
cise to values of >1–5 mmHg. These data therefore emphasize
the current drawbacks of evaluating TCPC haemodynamics using
catheterization in rest, as small pressure gradients in rest may
mask potential relevant pressure gradients during exercise.

Clinical relevance of total cavopulmonary
connection pressure gradients

Any raise in TCPC pressure gradient during resting conditions will
chronically elevate CVP, and recently an elevated TCPC resistance
has been associated with increased levels of liver fibrosis [19].
Therefore, TCPC pressure gradients of 1–1.5 mmHg in rest in
patients with the smallest conduits may lead to increased pro-
gression of liver fibrosis, as is observed in extracardiac conduit
compared to lateral tunnel Fontan patients [20].

During exercise, an increase in CVP is limited to values of on
average 20–23 mmHg to augment blood flow towards the single
ventricle [18, 21, 22]. Therefore, increased resistance and pressure
gradients in the TCPC will come at the expense of reduced pre-
load towards the single ventricle when the upper limit of the CVP
is reached. Systemic venous hypertension during exercise in
Fontan patients has been linked to adverse clinical outcome and
exercise capacity [21, 22]. In this light, TCPC pressure gradients of

Figure 2: A moderate-to-strong inverse non-linear relationship is present be-
tween power loss (upper panel), pressure gradient (middle panel) and normal-
ized resistance (lower panel) with normalized conduit cross-sectional area,
during both rest (blue, lower line) and simulated exercise (red, upper line). One
significant outlier of normalized total cavopulmonary connection resistance
was excluded from the analysis. CSA: cross-sectional area. (A color version of
this figure appears in the online version of this article.)
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2–5 mmHg during simulated exercise may be of significant mag-
nitude leading to suboptimal exercise haemodynamics.

Currently, no cut-off values for clinically relevant pressure gra-
dients in the TCPC are defined that may indicate the need for
intervention, but catheterization-derived pressure gradients as
low as 1 mmHg are already considered as a clinically relevant
Fontan pathway obstruction [23]. Our data indicate that patients
with a conduit of <_45 mm2/l/min may require close monitoring,

as further decline in functional conduit size is expected to lead to
a non-linear increase in pressure gradient and resistance. A re-
cent study showed that dilatation and stenting of the conduit
improved haemodynamics and functional status, exclusively in
patients with low ventricular end-diastolic pressure <10 mmHg
[24]. Of note, our study analysed the performance of extracardiac
conduits in adolescents that become undersized due to somatic
growth and did not include patients with an important localized

Figure 3: Velocity-coloured streamline representation and power loss heatmaps of blood flow in the total cavopulmonary connection during peak inspiration is
shown for 2 Fontan patients with a relatively small (A) and large (B) normalized conduit CSAmean. Note the strong increase in blood flow velocity and power loss at
the junction between the IVC/HVs and the extracardiac conduit extending into the pulmonary arteries in patient A, indicating the presence of an functionally under-
sized conduit. Patient A: 16 years, body surface area 1.82 m2, 16-mm conduit, mean conduit flow respiratory cycle 5.2 l/min, normalized conduit CSAmean 36 mm2/l/
min. Computational fluid dynamic energetics (rest/exercise): power loss 18.3/115.1 mW, pressure drop 1.3/3.4 mmHg, normalized resistance 0.35/0.41 mmHg/l/min/
m2. Patient B: 16 years, body surface area 1.76 m2, 20-mm conduit, mean conduit flow respiratory cycle 2.0 l/min, normalized conduit CSAmean 173 mm2/l/min.
Computational fluid dynamic energetics (rest/exercise): power loss 1.7/10.3 mW, pressure drop 0.3/0.8 mmHg, normalized resistance 0.18/0.21 mmHg/l/min/m2.
CSA: cross-sectional area; HVs: hepatic veins; IVC; inferior vena cava; SVC; superior vena cava.
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stenosis. Energy losses and pressure gradients will be further ele-
vated when a significant localized narrowing is present.

Relevance for future surgical strategy

Favourable haemodynamics (pressure gradient <1 mmHg during
both rest and exercise) were observed in patients with a conduit
CSA of >_125 mm2/l/min, which could be the ‘ideal’ conduit size
to aim for an adult age and is approximately in line with values
observed in the other TCPC vessels. This corresponds to conduit
sizes of between 375 mm2 (i.e. ±22 mm) and 625 mm2 (±28 mm)
for patients with 3–5 l/min conduit flow during rest, in line with
suprahepatic IVC diameters observed in healthy persons [25] and
with lateral tunnel CSA (420–580 mm2, i.e. 23–27 mm) observed
in 10- to 15-year-old Fontan patients [6, 26, 27]. However,
implanting larger conduit sizes at the initial Fontan operation is
not feasible due to anatomical constraints, including potential
pulmonary vein obstruction, risk of subsequent PA distortion and
the increased risk of conduit thrombosis [14, 28]. Based on our
observations, in our opinion, alternative surgical strategies should
be explored such as implanting other, non-rigid materials includ-
ing dilatable ePTFE grafts (e.g. PECA labs) or the use of tissue-
engineered grafts with growth potential [29].

Limitations

Flow rates were modelled with respect to the respiratory cycle,
ignoring the effect of the cardiac cycle on flow rates. However,
since flow pulsatility is almost entirely related to the respiratory

cycle [30, 31], inaccuracies are likely small. Regarding the exercise
modelling, no patient-specific exercise flow data were available
necessitating the use of cohort-averaged increases in flow from rest
to exercise. Furthermore, the effects of exercise on other compo-
nents of the cardiovascular system were not taken into account,
which would require more complex, multiscale models [32], limiting
our analysis to the analysis of local TCPC haemodynamics only.

The measured conduit CSAmean exceeded the theoretical
conduit CSA in some patients and this overestimation might be
related to limited resolution of the MRI acquisition. Lastly,
the potential improvement in TCPC haemodynamics with larger
conduits was not studied. CFD models using virtual surgery could
be useful to determine the potential improvement in TCPC
haemodynamics with the implantation of larger conduit sizes.

CONCLUSIONS

Extracardiac conduits of 16–20 mm have become relatively under-
sized in most adolescent Fontan patients. Pressure gradients and re-
sistance in the TCPC increased non-linearly with decreasing
normalized conduit CSA and a significant correlation was observed
between normalized TCPC resistance and peak VO2. Fontan com-
pletion using alternative conduit materials should be explored to
further optimize haemodynamics in adolescent Fontan patients.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.

Figure 4: A weak inverse linear correlation is observed between normalized resistance of the total cavopulmonary connection and peak VO2 (upper panels) and pre-
dicted peak VO2 (lower panels) in rest (left panels) and during simulated exercise (right panels).
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