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PATIENT-SPECIFIC INPUT DATA FOR PREDICTIVE MODELLING

OF THE FONTAN PROCEDURE

Tatiana Dobroserdova1,* , Lyudmila Yurpolskaya2 ,
Yuri Vassilevski1,3 and Andrey Svobodov4

Abstract. Personalized blood flow models are used for optimization of the Fontan procedure. In this
paper we discuss clinical data for model initialization. Before the Fontan procedure patients undergo
CT or MRI examination. Computational domain of interest is reconstructed from this data. CT images
are shown to have a better spatial resolution and quality and are more suitable for segmentation. MRI
data gives information about blood flow rates and it is utilized for setting boundary conditions in
local 3D hemodynamic models. We discovered that the MRI data is contradictory and too inaccurate
for setting boundary conditions: the error of measured velocities is comparable with blood velocities
in veins. We discuss a multiscale 1D3D circulation model as potentially suitable for prediction of the
Fontan procedure results. Such model may be initialized with more reliable data (MR measurements
of blood flow in aorta and ultrasound examination of easily accessible vessels) and take into account
collateral and fenestration blood flows which are typical for Fontan patients. We have calculated these
flow rates for several patients and demonstrated that such flows occur systematically.
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1. Introduction

Single ventricle pathology includes the set of rare and complex anomalies with the presence of either single
anatomical or single functional ventricle. Multistage hemodynamic correction, which contributes to gradual
adaptation of the cardiovascular system, is prescribed for patients with congenital heart defects (CHD). Con-
ventionally, the first stage is the formation of a systemic-pulmonary shunt in the birth period in order to prepare
the pulmonary bed for subsequent operations. At the second stage the bidirectional cavapulmonary anastomosis
BCPA is constructed (the Glen operation), when the pulmonary trunk is separated from the heart and the
superior vena cava is sutured to the pulmonary artery. The final stage is formation of the total cavapulmonary
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Figure 1. Scheme of collateral blood flow in a patient with single ventricle.

connection TCPC (the Fontan procedure) which redirects blood from the inferior vena cava to the pulmonary
arteries.

The Fontan procedure has been modified significantly since its introduction in 1971, in order to improve
treatment results. The class of patients suitable for surgery has become wider. The choice of surgical correction
method and time of procedure, balance of the resulted blood flow distribution from vena cava to pulmonary
arteries affect the quality and expectancy of life [1, 2]. Patients with Fontan circulation suffer from many
inevitable complications [3], likely due to increased systemic venous pressure [4, 5]. It remains unclear why
decompensation happens for some of them and others do not have any specific symptoms. Due to this reason,
all patients undergoing Fontan surgery require careful clinical monitoring using imaging techniques.

Model-based understanding of the Fontan circulation and optimization of the Fontan procedure for real
patients gives a chance to improve the prognosis. 3D blood flow models allow clinicians to test different vessel
configurations to minimize pulmonary and TCPC resistance, energy dissipation in TCPC, to balance the hepatic
and the whole flow distribution between the right and left lungs and avoid regions with too high or too low wall
shear stress [6, 7].

Local 3D blood flow modelling is a common choice for the solution of such problem [6–8]. The model is based
on the Navier–Stokes equations. The domain of interest consists of vena cava and pulmonary arteries. The
preoperative 3D vascular geometry is reconstructed from computed tomography (CT) or magnetic resonance
imaging (MRI) data. Mean values or pulsatile waveforms of flow rates derived from phase contrast MRI are
usually prescribed as inflow and sometimes as outflow patient-specific boundary conditions. Resistance and
Windkessel-type outflow boundary conditions are used to represent flow distribution between pulmonary arteries
and values of catheterization pressure if available. Impedance outflow boundary conditions may take into account
patient-specific anatomy of downstream pulmonary vascular tree and adjust measured pressure. Local models
cannot take into account significant changes of boundary conditions in postoperative period [9] and this is the
crucial disadvantage of such models for surgery outcome prediction.

Models of blood circulation avoid this issue and provide postoperative boundary conditions in the domain of
interest. Moreover, they can take into account pathologies and predict possible complications outside the domain
of interest. One more important advantage of circulation models is their ability to take into account collateral
and fenestration blood flows which are features of the Fontan circulation. Collateral blood flow may occur
at different levels of circulation (Fig. 1). Most of aortopulmonary collaterals are closed in the early childhood.
Veno-venous communications become the main source of severe shunting and may contribute to excessive volume
loading of the systemic ventricle [10]. Fenestrations are created to increase cardiac output. Fenestration flow
from the conduit to the right atrium in the immediate postoperative period could be as much as 30–40% of
the cardiac output and decreases in a distant period. Low fenestration flow may be associated with decreased
diastolic function [11].

Closed-loop multiscale 0D-3D model was developed in [9] for a patient with the Fontan circulation: a lumped
parameter model of the whole cardiovascular system was coupled with a 3D local blood flow model in a patient-
specific domain of BCPA or TCPC and pulmonary arteries. In our previous work [12] we constructed a patient-
specific 1D-3D multiscale model of the Fontan circulation: systemic part was represented by a 1D model and
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TCPC was represented by the 3D model. Developing of full circulation model demands more patient-specific
data to construct the vascular network and to tune the flow. At the same time 1D part of multiscale model can
be initialized based on available and reliable ultrasound data [13].

Before the Fontan procedure, patients with BCPA undergo ultrasound examination of blood vessels. Ultra-
sound examination is a cheap and accessible first-line method of diagnostics, which is used for routine monitoring.
These blood velocity measurements are not suitable for setting boundary conditions directly without knowing
the velocity profile in the vascular cross-section. Eccentric blood flow, lying outside the scanning plane, could
be hardly estimated by echocardiography. Moreover, this method has visibility limitations for deep vessels such
as superior vena cava (SVC), inferior vena cava (IVC), left pulmonary artery (LPA) and right pulmonary artery
(RPA) and limitations for blood velocity measurements in them [14–16].

Catheterization and ultrasound examination may be used for estimation of the pressure gradient and blood
flow in fenestration. The average pressure gradient in the fenestration corresponds to the transpulmonary
gradient in the absence of stenoses and should be equal to 5–8 mmHg [17]. Catheterization is prescribed for
the measurement of certain hemodynamic parameters and only for those patients who are expected to undergo
intervention during the same procedure. The resulted measurements may be inaccurate for setting boundary
conditions since the solution of hydrodynamic problem is very sensitive to the prescribed pressure drop.

CT and MRI methods play a key role in diagnostics [17–19]. CT is preferred due to high contrast, spatial
resolution and less interference from metal implants such as stents. This examination is prescribed for most
patients before and after the Fontan procedure in order to provide 3D geometry of all anatomical structures in
the scan region. However, CT scanning does not provide any information about blood flows. Ultrasound and
CT examinations are assigned for most patients and considered to be sufficient for surgery planning.

For some patients it is difficult to perform the ultrasound examination because of anatomical features. For
others, results of dopplerography do not correspond to anamnesis. In such cases MRI is prescribed to understand
the necessity of the Fontan procedure.

In this paper we discuss clinical data which is gathered under standard medical examinations and may be
used for patient-specific model initialization.

2. Reconstruction of 3D computational domain

2.1. Medical examinations: CT vs MRI

CT and MRI are two types of medical examinations which provide 3D geometry of the heart and main vessels.
Obtaining high-quality images of the domain of interest is challenging because of hemodynamic and anatomical
features of patients with CHD, especially children. Depending on the clinical picture, they are assigned either
CT or MRI. Discussions about the choice of CT or MRI for such patients are still ongoing [20, 21]. For some
CHD MRI has the high 1 diagnostic level of evidence. MRI is better than CT in time resolution: 20–50 ms for
MRI and 50–135 ms for CT [21, 22]. At the same time the spatial resolution of CT is provided by an isotropic
voxel of size 0.5 mm. MRI loses to CT in the spatial resolution: minimal voxel size is 0.8 mm, and it is not yet
isotropic in standard scans. The clarity of the MR image is inferior to CT (cf. Fig. 2), the sensitivity of the
method decreased significantly in vessels with small diameters and/or low blood velocity. MRI scanner software
provides high-resolution series of a small domain of interest, but not for the whole heart because of scanning
duration.

CT with intravenous contrast is prescribed in most cases of routinely performed medical examinations before
and after Fontan procedure because of better spatial resolution, the speed of scanning (procedure takes 5–
10 min), applicability for patients in critical condition, one-time assessment of the lung parenchyma. Moreover,
it is possible to obtain simultaneously information about the liver without increasing the time of the CT at the
cost of higher radiation dose. The quality of CT images may deteriorate: for heart rate exceeding 80 beats per
minute, for patients with heart failure and arrhythmia incapable to hold breath, having reduced blood flow in
the conduit and consequent poor contrast in it, difficulties in selecting the contrast phase. CT examination does
not provide quantitative information about hemodynamics and creates a radiation load on the body.
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a. b.
.

c. d.

Figure 2. Comparison of CT (a, b) and MR (c, d) scans in the transverse plane of a patient
with Fontan circulation. Levels of connection of conduit and SVC (a, c) or IVC (b, d).

MRI is prescribed less frequently than CT, in order to match specific purposes: to calculate functional param-
eters of the heart and blood flow characteristics, 4D flow mapping to assess the vascular geometry and blood
flow distribution, search for fibrotic changes in the myocardium with conduit assessment via 3D angiography.
MRI scanning the heart and blood vessels takes about 40 min. Younger patients require deep sedation and
therefore duration of scan should be minimal. MRI of the liver is performed as an additional study, the time of
the procedure becomes significantly longer. State of patients after the Fontan procedure often does not permit
the use of MRI, only CT angiography is performed in order to assess the conduit, chest organs, and liver. MRI
for patients with stents or clips on the vessels is unacceptable as they distort real parameters of blood flow. The
quality of MR images may be also reduced because of artefacts due to heart rhythm disorder and signs of heart
failure (fluid in cavities, dyspnea).

2.2. Method of image segmentation

In this paper, a semi-automated algorithm is used to segment the heart and main vessels. The algorithm
works both with CT and MRI data. It is based on the snake evolution method [23]. The snake is a closed surface
which is manually initialized with one or several spherical bubbles in the domain of interest. Further, this bubble
automatically expands and possibly merges until the snake approximates the segmentable organ. The growth
of the snake follows the velocity of each point of the snake boundary at each time moment. The velocity vector
is orthogonal to the surface and depends on its curvature at a given point, edges of the input image and local
homogeneity of the intensity. The algorithm is applied in the ITK-SNAP software package [23].

Predictive numerical modelling of the Fontan procedure requires a computational mesh in the domain of
interest composed of vena cava and pulmonary arteries. Additionally, a mesh of heart chambers may be required
for modelling of fenestrations or surgical techniques without extracardiac conduit. Since meshing and numerical
simulation are out of the scope of this paper, we do not address their details [13].

2.3. CT-based reconstruction of the domain of interest for patients with CHD

We present segmentations of heart chambers and vessels for CT data of 4 anonimized patients listed in
Table 1. The examinations were carried out on the SOMATOM Definition Flash CT scanner with the volumetric
scanning program with minimal slice thickness 0.6 mm, ECG synchronization and intravenous bolus contrast
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Table 1. Information about patients.

Patient Age Status

A 17 CHD, Fontan circulation
B 18 CHD, Fontan circulation
C 6 CHD, BCPA
D 7 CHD, BCPA

Figure 3. Legend of colors in segmentation from Figures 4–8.

a. b. c.

Figure 4. Patient A. Segmentation: (a) front view; (b) back view; (c) TCPC.

agent “Omnipack-350”. Data acquisition was performed according to the standard study protocol. Four selected
patients with CHD have different age and status: two of them with the Fontan circulation, two of them have
BCPA. The legend of colors is presented in Figure 3. The resulted segmentations are presented in Figures 4–8:
(a) front view; (b) back view; (c) vena cava and pulmonary arteries. Segmentation results were evaluated by a
radiologist and are anatomically correct. Reconstructed domains are suitable for further predictive numerical
modelling.
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a. b. c.

Figure 5. Patient B. Segmentation: (a) front view; (b) back view; (c) TCPC.

a. b. c.

Figure 6. Patient C. Segmentation: (a) front view; (b) back view; (c) BCPA.

a. b. c.

Figure 7. Patient D. Segmentation: (a) front view; (b) back view; (c) BCPA.

2.4. Comparison of segmentations of CT and MRI data

We compared the segmentation algorithm for CT and MRI data of the same female patient E. CT examination
(see above) was performed at the age 22 months when BCPA was formed. MR examination was performed at
the age 4 years after the Fontan procedure with implanted conduit. The examination was performed according
to the standard protocol on a Siemens 1.5 Tesla Avanto MR tomograph, using a multichannel surface coil for
scanning, ECG synchronization. The slice thickness was 5–7 mm. The results of segmentation are shown in
Figure 8 for CT (a–c) and MRI (d–f).

The segmented domain based on the MRI data is significantly smaller than the same domain for the same
patient based on the CT data although the patient becomes older. Pulmonary veins are not visualized on MRI
scans. The section of the aorta is not seen precisely and is reconstructed based on operator’s experience.
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a. b. c.

d. e. f.

Figure 8. Patient E. Comparison of CT (a–c) and MR (d–f) segmentations: (a, d) front view;
(b, e)back view; (c, f)the domain of interest.

3. Boundary conditions for flow in cavapulmonary anastomosis

3.1. 4D flow MRI

4D flow MRI (or time-resolved 3D flow magnetic resonance imaging) is the main tool for quantitative assess-
ment of blood flow in patients with CHD. It provides blood flow rates and velocities, as well as areas of vascular
cross-sections. For diagnostics the following vessels of interest are examined: ascending aorta (Ao), IVC, SVC,
LPA, RPA and left and right pulmonary veins (LPV and RPV).

Velocity encoding (VENC) is a parameter of MRI scanning which is specified before the procedure. The
VENC value should exceed the highest value of blood velocity in the vessel of interest to provide the correct
flow assessment. If the selected VENC is set too high, quality of the data deteriorates: vessels with slow flow will
not be visible or measurements in them will be noisy, small blood velocity differences will not be distinguishable.
If the selected VENC is set too low, faster flows will not be appropriately represented [24, 25].

During 4D flow MRI mapping VENC is set conventionally to 80–100 cm s−1, less often to 150 cm s−1 for both
aortic and venous blood flow. This is a compromise between reduction of examination time and simultaneous
acquisition of flow data at different vessels including small venous vessels. With such VENC, flow rate in aorta
may be underestimated and flow rate in veins and pulmonary arteries may be represented inaccurately.

The results of MR 4D flow mapping depend significantly on the VENC setting, noise, low spatial resolution,
segmentation during post-processing, presence of eddy currents [26–29]. The cumulative error rate may achieve
22.5% [28]. Quantitative results based on free-breathing MRI data may also be affected by the difference between
respiratory cycles because vena cava carries blood to the pulmonary arteries [30].

In our previous research we showed that flow rates measured by 4D flow MRI should be used as boundary
conditions in mathematical models with great caution [12]. After the Fontan procedure, aortic flow rate should
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Table 2. 4D flow MRI measurements of net forward volume [ml] for 25 Fontan patients in
Aorta (Ao) and Vena Cava (VC), Pulmonary arteries and veins (PA and PV): inferior and
Superior Vena Cava (IVC and SVC), conduit (cond), Right and Left pulmonary arteries (RPA
and LPA) and veins (RPV and LPV).

No Age Ao IVC SVC cond RPA LPA LPV RPV VC PA PV

1 12 30 9 8 6 5 14 17 19
2 28 78,5 37 17 31 33 32 54 65
3 20 48 23 6 25 19 18 29 37
4 33 72 53 17 52 35 25 70 60
5 5 23 10 8 10 9 7 18 16
6 35 74 61 8,5 6 2 69,5 8
7 3 21 10 11 11 15 7 21 22
8 52 77 25 10 15 4 35 19
9 27 58 33 17 56 46 15 50 61
10 5 24,5 10 7,5 10 8,5 7,5 17,5 16
11 21 26 15 12 9 8 25 27 33
12 34 49 21 5 23 14 24 26 38
13 35 181 63 27 28 88 90 116
14 16 37 17 4 9 5.4 7.8 21 13.2
15 22 77 37 17 42 11 19 54 30
16 17 49 13 14 11 15 15 27 30
17 14 29.5 11.3 9.2 8.9 10.9 9.8 20.5 20.7
18 12 36 8.3 8.6 5.6 13.3 6.5 9.8 16.9 18.9 16.3
19 11 42 20 17 14 14 14.4 17.9 37 28 32.3
20 6 23 14 12 2 9 11 8 26 11 19
21 13 53 24 11 16 5 6.5 16.5 35 21 23
22 13 25 7 7 36 4 4.1 25.7 14 40 29.8
23 11 18 12 9 7 9 5.7 5.2 21 16 10.9
24 12 25 12 6 6 7 18.6 13 18 13 31.6
25 12 23 12 5 4 3 9 9.1 17 7 18.1

be equal to the total systemic venous return (the sum of the flow rates in IVC and SVC) and the pulmonary
arterial flow (the sum of the flow rates in the LPA and RPA), as well as the total pulmonary venous return
(the sum of the flows in the LPV and RPV). In practice, however, measurements violate these equalities.
Measurement errors, presence of regurgitation, fenestration, or significant systemic collateral blood flow are
known to be possible reasons for such discrepancy [31].

3.2. Critical analysis of 4D flow MRI data

Construction of patient-specific blood flow models presumes their calibration to reproduce patient’s time flow
rate profiles. Flow rates are more preferred as data for model calibration than blood velocities as the flow rates
do not depend on the unknown velocity profiles in vascular cross-section. In this paper we analyze net forward
blood volume during one cardiac cycle measured by 4D flow MRI tool. The average net flow rate is equal to the
net forward volume divided by duration of the cardiac cycle.

We analyzed 4D flow MRI data of 25 Fontan patients shown in Table 2. The examination was performed
in A.N. Bakulev National Medical Research Center for Cardiovascular Surgery on Siemens 1.5 Tesla Avanto
MR tomograph. Measurements are presented on levels of ascending aorta, SVC, IVC, conduit, LPA, RPA.
For 8 patients with the Fontan circulation without clinical signs of decompensation (patients 18–25) the net
forward blood volume in LPV and RPV was calculated. The total volumes in vena cava (VV C = VIV C + VSV C),
pulmonary arteries (VPA = VLPA + VRPA) and pulmonary veins(VPV = VLPV + VRPV ) are shown in the last
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Table 3. Net forward blood volume in Vena Cava, Pulmonary arteries and veins (VC, PA,
PV) – Cols. 2–4; returning through the veins (VR) – Col. 5; in fenestration – Cols. 6–7; in
collaterals – Cols. 8–9 relative to the net forward volume in Aorta (Ao) for Fontan patients
calculated based on 4D flow MRI measurements.

1 2 3 4 5 6 7 8 9

No VV C

VAo

VPA

VAo

VPV

VAo

VV R

VAo

VIV C−Vcond

VAo

VV C−VPA

VAo

VSC

VAo

VPC

VAo

1 0.57 0.64 0.10 –0.07 0.43
2 0.69 0.83 0.08 –0.14 0.31
3 0.61 0.78 –0.04 –0.17 0.40
4 0.98 0.84 0.01 0.14 0.03
5 0.78 0.69 0.00 0.09 0.22
6 0.93 0.11 0.83 0.06
7 1.00 1.04 –0.05 –0.05 0.00
8 0.45 0.24 0.21 0.55
9 0.86 1.05 –0.40 –0.19 0.14
10 0.72 0.66 0.00 0.06 0.29
11 1.04 1.27 0.23 –0.23 –0.04
12 0.53 0.78 –0.04 –0.24 0.47
13 0.5 0.64 –0.14 0.50
14 0.57 0.36 0.22 0.21 0.43
15 0.70 0.39 –0.06 0.31 0.30
16 0.56 0.62 0.04 –0.06 0.45
17 0.69 0.70 0.08 –0.01 0.31
18 0.47 0.53 0.45 0.40 –0.06 0.53 –0.07
19 0.88 0.66 0.77 0.98 0.21 0.12 0.10
20 1.13 0.48 0.83 1.48 0.65 –0.13 0.35
21 0.66 0.39 0.43 0.70 0.26 0.34 0.04
22 0.56 1.60 1.19 0.15 –1.04 0.44 –0.41
23 1.17 0.89 0.61 0.88 0.28 –0.17 –0.28
24 0.72 0.52 1.26 1.46 0.20 0.28 0.74
25 0.74 0.30 0.79 1.22 0.43 0.26 0.48

three columns. In contrast to other studies, we present and analyze all measurements, not only average values.
Otherwise it is impossible to find systematic errors of measurements and features of the Fontan circulation.

Hydrodynamic mathematical models guarantee mass conservation. For local 3D blood flow models total net
forward blood volume in vena cava should be equal to the total net forward blood volume in pulmonary arteries
VV C = VIV C + VSV C = VPA = VRPA + VLPA in the absence of blood outflows in the TCPC domain. Both
total net forward blood volumes should be equal to the net forward blood volume in aorta and pulmonary
veins VAorta = VV C = VPA = VPV . These equalities do not hold for real data. We recall that relative errors in
measurements may be as high as 22.5% of typical VENC [28]. If VENC for 4D flow MRI is set to 80–150 cm s−1,
the absolute error of blood velocity measurements may reach 18–33 cm s−1 that corresponds to the net forward
volume 20–30 ml. For most patients values of possible errors are comparable to net forward blood volume in
vena cava and pulmonary arteries, cf. Table 2.

In Table 3, we present the data in relation to the net blood volume in aorta. Since the blood velocity in aorta
is comparable to VENC, the relative error of measurement may achieve Verror

VAo
∼ 0.225. In Cols. 2–4 we analyze

blood distribution for real data. We present net forward blood volume in vena cava, pulmonary arteries and
pulmonary veins in relation to the net blood volume in aorta: VV C

VAo
, VPA

VAo
, VPV

VAo
. Only for 9 patients out of 25 the

total net forward blood volume in vena cava deviates from that in aorta for less than 22%; only for 7 patients
out of 25 the total net forward blood volume in pulmonary arteries deviates from that in aorta for less than
22%, only for 3 patients out of 8 the total net forward blood volume in pulmonary veins deviates from that in
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aorta for less than 22%. Therefore, collateral and/or fenestration blood flow occurs in the Fontan circulation
for most patients.

Also we calculated the total venous return by common formula VV R = VV C + VPV − VPA [11]. This formula
takes into account the fenestration flow. Venous return should be equal to the aortic blood volume leaving the
heart and the relative blood volume of the venous return VV R/VAo should be equal to 1. The data is presented
in the Col. 5 of the Table 3. Only for 3 patients of 8 the value is close to 1: the deviation is less than 0.22. This
implies that the error in flow estimation is significant and systematic.

Conduit is a tube with a constant area of cross section along it. Previously [12] we found that 4D flow
data shows flow pulsations in the conduit and areas of conduit cross-sections are underestimated significantly
compared to the same measurements due to cine MRI. The reason was presence of domains with slow blood
flow which generate assessment errors. IVC passes into the conduit, and blood flows are expected to be equal
in these two vessels, in the absence of fenestration.

We estimated the volume of blood passing through the fenestration in two different ways. Firstly, it was
calculated as a difference of blood volume before and after fenestration VF = VIV C − Vcond. The relative value
V R
F = VF /VAo is presented in the 6th column of Table 3. Only for patient 11 it exceeds 0.22 and may be

attributable to presence of fenestration. For patient 9 VF = −0.4: its module exceeds 0.22, but the sign is
negative. This may be attributable to blood reflux in the conduit or to measurement errors. Secondly, the volume
of blood passing through the fenestration was calculated by the conventional formula [11]: VF = VV C − VPA.
The relative value V R

F is presented in the 7th column of Table 3. For 9 patients out of 25 its module exceeds
0.22, for 6 of them the sign is positive and may be attributable to presence of fenestration (patients 6, 15, 20, 21,
23, 25). Values of V R

F calculated by different formulas are consistent for 10 patients of 13 patients having both
data in 6 and 7 columns. For patient 14 both values V R

F indicate the flow through fenestration. Remarkably,
there is no patients for which both values confirm the blood flow through fenestration. Visual confirmation of
flow through the fenestration is difficult or impossible.

Another feature of the Fontan circulation is developed collateral blood flow. The blood volume through
systemic collaterals is VSC = VAo − (VSV C + VIV C) [11]. The corresponding relative volume V R

SC = VSC/VAo

ranges from 0 to 0.55 for Fontan patients (the 8th column of Tab. 3), it exceeds 0.22 for 16 of them, exceeds
0.3 for 12 patients, exceeds 0.4 for 9 patients, exceeds 0.5 for 2 patients.

For 8 patients we have additional data for the net forward blood volume in pulmonary veins, so we can
calculate the blood volume which goes through pulmonary collaterals: VPC = (VRPV − VRPA) + (QLPV −
QLPA) [11]. The relative volume V R

PC = VPC/VAo is up to 0.74 (the 9th column of Tab. 3). Systemic and
pulmonary collateral blood volumes should be equal. However, only for 3 patients of 8 the values of V R

SC and
V R
PC are consistent (the difference is 0.22 or less).
4D flow MRI data of patients after the Glen procedure may be used for predictive modelling of the Fontan

procedure. Analysis of such data gave the same results: we found inconsistency of mass conservation law and
appearance of collateral blood flow. This data set was poor comparing to the 4D flow MRI data set of patients
with Fontan circulation, discussed in this section, and is not presented here.

3.3. Comparison of 4D flow and 2D phase contrast MRI data

In order to verify data from Table 2 we compare it with the results of 2D phase contrast tomography. The
2D phase contrast MRI is the golden standard of flow rate assessment. This data is available for patients 18–25
and Tables 4 and 5 are direct analogs of Tables 2 and 3, with the same flow characteristics.

For patients 18,20,22,24, the net forward flow volume in aorta measured by 2D phase contrast MRI is
significantly higher than that measured by 4D flow MRI scanning. The net forward flow volume in IVC measured
by 2D Phase contrast MRI is also significantly higher for 6 patients of 8. Measurements of the net forward flow
volume in SVC, RPA, LPA are different in these two MRI modes. Blood flow distribution between RPA and
LPA calculated by 2D phase contrast MRI and 4D flow MRI are similar only for patient 21, for other seven
patients the distributions are different. Significant deviations are attributable most likely to different VENC
parameters for two methods: it is higher for aorta and lower for veins in 2D phase contrast method.
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Table 4. 2D phase contrast MRI measurements of net forward volume [ml] for Fontan patients
in Aorta (Ao) and Vena Cava (VC), Pulmonary arteries (PA): Inferior and Superior Vena Cava
(IVC and SVC), conduit (cond), Right and Left pulmonary arteries (RPA and LPA).

No Ao IVC SVC cond RPA LPA VC PA

18 46,3 25.1 6.7 25.4 5.5 5.6 31.8 11.1
19 42 29.7 17.9 30.6 7 10 47.6 17
20 53.5 15.9 13.4 14.6 2.3 3.3 29.3 5.6
21 66.5 30.8 14.5 27.8 16 3.6 45.3 19.6
22 63.2 43.7 16.2 43.1 14 14.8 59.9 28.8
23 17.2 28.6 14.1 29.9 1.7 13.2 42.7 14.9
24 38.6 25.7 10.5 27 2.7 10.5 36.2 13.2
25 23 24.5 2.3 22.6 3.3 8 26.8 11.3

Table 5. Net forward blood volume in Vena Cava and Pulmonary arteries (VC and PA) –
Cols. 2–3; fenestration – Cols. 4–5; collaterals – Col. 6 relative to the net forward blood volume
in Aorta (Ao) for Fontan patients calculated based on 2D phase contrast MRI measurements.

1 2 3 4 5 6

No VV C

VAo

VPA

VAo

VIV C−Vcond

VAo

VV C−VPA

VAo

VSC

VAo

18 0.68 0.24 –0.01 0.45 0.31
19 1.14 0.41 –0.02 0.73 –0.13
20 0.55 0.10 0.02 0.44 0.45
21 0.68 0.29 0.05 0.39 0.32
22 0.95 0.45 0.01 0.49 0.05
23 2.48 0.87 –0.08 1.62 –1.48
24 0.94 0.34 –0.03 0.60 0.06
25 1.17 0.49 0.08 0.67 –0.17

The volume of blood flow passing through fenestration VIV C − Vcond (the 4th column of Tab. 5) does not
exceed 8% of the aortic blood volume, i.e. the blood flow through fenestration is absent or negligible. On the
other hand, the conventional formula for VV C −VPA indicates to significant flow rates through fenestration (the
5th column of Tab. 5). These values in the 4th and the 5th columns are inconsistent with each other and with
the same data extracted from 4D flow measurements. Collateral blood flow is confirmed by both methods only
for patients 18 and 21.

To summarize, the blood flow volumes in aorta, systemic veins, and pulmonary arteries measured by the
2D phase contrast and 4D flow MRI methods are different and hence all calculated indices are different either.
The differences are attributable to a rough choice of parameter VENC (80–100 cm s−1 for all vessels [10]) that
generates larger errors in 4D flow MRI compared to the 2D phase contrast MRI measurement where VENC
depends on the vessel: 50–80 cm s−1 (usually 60 cm s−1) for systemic veins and pulmonary veins and arteries and
150–200 cm s−1 (usually 150 cm s−1) for aorta [32]. It is recommended that the VENC be set to approximately
25% above the expected maximum velocity so as to optimize the dynamic range [33].

The errors of both methods are contributed by noise, low spatial resolution, segmentation in post-processing,
vortex flow appearance [26, 28]. The 2D phase contrast data acquisition is also affected by respiration phases
(respiration is averaged and not so notable for lengthy 4D flow mapping) [30]. Moreover, since the highest
measured velocity may be at some distance from the scanning plane, it is difficult to determine accurately the
peak velocity. According to the literature, the ability to assess blood flow in all large vessels simultaneously and
in any orientation makes the 4D flow mapping the most appealing estimation of the Fontan blood circulation
despite possible methodological costs [28].
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Both overestimation and underestimation of some hemodynamic parameters measured by 4D flowMRmethod
were reported in the literature [34–38]. According to some studies, hemodynamic 4D flow MR measurements
corresponds to the same data provided by the 2D phase-contrast MR imaging in large arteries [39]. This
information should be verified in future.

4. Illustration of mathematical model initialization with
discussed patient-specific data

In this section we illustrate initialization of patient-specific hemodynamic models for Fontan patients. In local
3D models the domain of interest Ω consists of conduit, SVC, IVC, LPA and RPA and should be segmented
from CT (preferably) or MRI data. The blood is considered to be newtonian viscous incompressible fluid (with
viscosity ν and density ρ), the boundary of the 3D domain Ω includes rigid (in a simple case) walls Γ0 and
inlets/outlets Γin/out. The blood flow is described by the 3D Navier–Stokes equations

ρ

(
∂u

∂t
+ (u · ∇)u

)
− ν∆u+∇p = f

divu = 0

in Ω, (4.1)

where p is the pressure, u is the velocity vector field, n is the outward normal vector, f is an external force. No-slip
and no-penetration boundary conditions are assumed on rigid walls Γ0. Inhomogeneous Dirichlet (u = g with
given blood velocity distribution g) or Neumann (ν ∂u

∂n − pn = γn with known average pressure γ on the cross
section) boundary condition should be posed on each inlet or outlet Γin/out. In addition, u = u0 (divu0 = 0)
for t = 0 is a given initial condition. Numerical simulations require setting a boundary condition on each
boundary Γin/out based on clinical data. The solution of (4.1) is very sensitive to the boundary conditions. MRI
measurements do not guarantee even the mass conservation in the domain Ω. Possible pressure measurements
are also rather inaccurate. Therefore, personalization of the 3D flow model (4.1) is complicated.

Coupling the local 3D blood flow model with a 1D model of circulation avoids the issue of setting boundary
conditions for the following reasons. The 1D model is derived from the Navier–Stokes equations by their averag-
ing over the vascular cross section [13, 40]. Each vessel is represented by a long enough collapsible elastic tube.
The continuities of certain flow characteristics are required at the interface of 1D and 3D models, for example,
flow rate and normal stress. The problem of setting boundary conditions is transferred from TCPC inlets and
outlets to regions where the flow rate can be measured more reliably, e.g. MR 4D flow examination in aorta or
Doppler data in accessible vessels where flow rate, blood velocity or pressure may be prescribed. This problem
disappears completely if the 1D-3D model is a closed circulation model fitted to the patient. If the clinical data
used for model initialization does not ensure mass conservation, collateral flows or flow through fenestration
may be included in the 1D model.

The size of the 1D component may be varied depending on available clinical data. The two-scale 1D-3D
model can be personalized based on (mandatory for the patient) ultrasound and anthropometric measurements.
Some methods of personalization are presented in [13].

An example of personalized 1D-3D blood flow model for a patient with Fontan circulation (cf. No. 17 in
Tab. 2) is presented in [12].

5. Conclusion

Optimization of the Fontan procedure demands patient-specific preoperative blood flow models. Construction
of the computational domain and setting boundary conditions are the most important steps of patient-specific
simulations. CT is a routine examination before the Fontan procedure. CT provides images of high quality
allowing to segment accurately the domain of interest. MRI is performed less frequently. MRI data may be used
for segmentation as well, but the image resolution is lower. Higher resolution is possible in a smaller domain
of interest because of examination duration. The quality of segmentation depends on the quality of medical
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images, in particular, on the contrast of organs (arteries, veins, ventricles, atria, etc.). 3D domain segmented
from MRI data is much smaller than the same domain for the same patient segmented from CT data.

Local hemodynamic models require prescribing inflow boundary conditions at levels of IVC and SVC. Post-
operative SVC and IVC flow rates are unknown. Preoperative flow rates may be estimated by 2D phase-contrast
and 4D flow MRI. We analyzed such data for patients with the Fontan circulation. Comparison of 2D and 4D
flow data in TCPC shows inconsistency of most measurements. The error of measurement is high and its value
approaches blood velocity in veins. Among possible reasons are unsuitable (high) parameter VENC, slow and/or
complex blood flow, reflux, high noise-to-signal ratio.

Even the net forward blood volume in aorta estimated by 2D phase contrast MRI exceeds that estimated by
4D flow MRI. A possible reason may be higher VENC value for the 2D phase contrast measurement. If blood
velocity does not exceed VENC, the results of 2D phase contrast and 4D flow MRIs are comparable.

In view of the above difficulties, global blood flow models seem to be more applicable for Fontan procedure
prediction. They may be personalized using more reliable MRI-estimation of the flow rate in aorta and Doppler
data in accessible vessels [13, 41, 42]. Global models benefit from accounting changes of inflow boundary con-
ditions after the Fontan procedure and may consider collateral and fenestration blood flows typical for the
Fontan circulation. Collateral blood flow may be estimated by 2D phase contrast or 4D flow MRI measurements
although the methodology of such measurement is to be refined.
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