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ARTICLE INFO ABSTRACT

Keywords: Fontan Failure (FF) is a common problem for single-ventricle patients as they reach adulthood.
4D flow MRI Although several mechanisms may cause FF, an optimized blood flow stream through the surgical
Fontan

conduits is essential to avoid excessive energy loss (EL). Recent clinical studies showed EL is
related to the quality of life, exercise capacity, and hepatic function since the single-ventricle
feeds pulmonary and systemic circulation serially. 4D flow MRI effectively estimates EL in Fon-
tan circulation and allows clinicians to compare the effectiveness of the treatment strategy con-
cerning pre-intervention. Here, we present 26-year-old women with FF who had normal cardiac
catheterization findings and were treated according to high EL definitions that are measured
through 4D flow MRI.

Cardiac MRI
Energy dissipation
Hemodynamics

1. Introduction

Fontan operation is an established palliation strategy in patients with single ventricle physiology. However, it is associated with
reduced quality of life due to the gradually declining hemodynamic function with low mortality and morbidity [1]. Therefore, the
number of patients with failed Fontan circulation reaching adulthood has increased over time. The final palliation stage is heart
transplantation or device support, with limited availability, where early and accurate diagnosis and treatment of hemodynamic ab-
normalities is crucial to prevent early mortality [2,3]. Echocardiographic examination, computerized tomography (CT), Magnetic
resonance imaging (MRI) and cardiac catheterization are the traditional tools for the assessment of the Fontan circulation [1,4,5]. As
such, evaluation of the pulmonary artery anatomy, pressure levels, resistances of the Fontan circulation, and systolic and diastolic
functions of the single ventricle are essential to reveal the underlying mechanism of the Fontan failure (FF). However, in many cases,
these conventional methods are inefficient in conclusively pinpointing the cause of Fontan’s failure [2].

Total energy loss (EL) is an emerging clinical hemodynamic parameter representing the pulsatile energy lost due to the blood flow
as it flows through the cardiovascular component volume. It is utilized routinely in the pre-surgical planning of Fontan conduits [6].
4D flow MRI is a useful tool to estimate the EL in the Fontan system and can explain the cause of FF [7]. The clinical importance of EL
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has recently become evident due to its direct influence on exercise capacity and quality of life [8,9]. Here, we present a case with FF
presenting with severe ascites. Although echocardiography and cardiac catheterization show normal findings, an interventional
approach was initiated and judged according to the comparative EL levels calculated with 4D flow MRI [6,8,9].

2. Case report

A 26-year-old woman was admitted to our outpatient clinic with severe abdominal pain and distension, fatigue, and dyspnoea
while resting. Her history included a diagnosis of tricuspid atresia and pulmonary atresia and completed to the Fontan circulation by
using an extracardiac conduit without fenestration 17 years ago when she was at 9 years of old. Because of desaturation, a Cheatham
platinum stent implantation was performed on the left pulmonary artery in another center 4 years ago.

Two months ago, ascites had been detected and ascites fluid collected at the peritoneal space was drained by using a needle
puncture. However, all the symptoms, including ascites, reappeared within a short time. In her echocardiographic examination, the
main ventricle is the morphologic left ventricle with normal systolic functions and minimal mitral regurgitation. Blood flow velocities
in the superior vena cava and inferior vena cava were normal at 0.8 m/s and 0.7 m/s, respectively. In cardiac catheterization, pul-
monary artery pressure was 16 mmHg, and there was no pressure gradient throughout the implanted stent. Flow was normal in the
Fontan pathway without any severe narrowing. The cardiac output was calculated at 2.5 LPM. Pulmonary vascular resistance was 1.8
Wood units. Sizes of the pulmonary arteries were normal according to the patient age and weight. With these measurements, we have
considered evaluating the liver associated reasons for the ascites. In her blood tests albumin level was 4.5 g/dl, AST 26 U/L, ALT 26 U/
L GGT 68 U/L. In the histological examination of the liver needle biopsy, a mild fibrotic process was detected but was not consistent
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Fig. 1. 4D flow MRI map shows a high velocity at the Fontan conduit close to the origin of left pulmonary artery indicated by arrows. Anatomical
parts of the Fontan circulation.
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with cirrhosis. With these findings, we decided to re-evaluate the Fontan system since cirrhosis was excluded.
2.1. Cardiovascular Magnetic Resonance Imaging (MRI)

4D flow MRI and conventional sequences were obtained using a 3 T clinical scanner (Vida, Siemens Healthineers, Forchheim,
Germany). Image analysis was performed with Circle CVI42, version 5.13 (Circle Cardiovascular Imaging Inc., Calgary, Canada).
Before the calculations, 4D flow data quality assurance checks were done. After segmentation of the Fontan circulation pathway, 4D
Flow MRI maps were created and measurements were made via following acquisition parameters: Temporal resolution: 50 millisec-
onds/frame Spatial resolution: 2.5 x 2.5 x 2.8 mm. VENC: 150 cm/s. The ventricular volume was calculated at end-diastolic and end-
systolic phases using semi-automated tracing of the endocardial border in all slices and phases in the short axis images. Papillary
muscles were included in the ventricular volume. Left ventricle systolic functions were normal, EF: %58 EDV: 133 ml, ESV: 61ml/.

The hydrodynamic dissipation term from the governing Navier-Stokes and energy equation were used to calculate the energy loss
(EL) from 4D Flow MRI data. Corresponding EL distribution maps were created using a third-party software (Circle CVI42, v. 5.13). EL
and flow velocity components were reported as absolute values, respectively in mW and cm/s.

In streamline and vector fields maps, disturbed flow was detected at the two segments of the Fontan circulation. One at the
anastomoses of the inferior vena cava and extracardiac tube, and one at the proximal segment of a previously inserted stent in the LPA
(Fig. 1). 3D MRI images of the patient IVC-Fontan anastomosis is shown (Fig. 2a). At the inferior vena cava and extracardiac tube
anastomosis, the flow velocity reached 48 cm/s (Fig. 2b and c). In the proximal segment of the previously implanted stent, a velocity
increased up to 128 cm/s (Figs. 1 and 2b). Flow through the Fontan pathway is characterized as ‘disturbed flow’ instead of “turbulent”
to illustrate its transitionary flow nature as explained in our earlier work [10,11]. The map of energy loss showed noticeable hot spots
in the same segments. A hot spot is defined qualitatively, if the EL is increased relative to its neighboring EL values through a noticeable
steep gradient. Energy loss measurements were made at these two locations. At the anastomosis site with the inferior vena cava, EL was
0.08 mW in the mid-diastole (Fig. 3). EL at the proximal segment of the previously inserted stent in LPA was 0.9 mW. According to
these findings, most of the total viscous energy loss is attributed to those two regions of the Fontan pathway. According to these
findings, we have decided to perform dilatation on these two locations of the Fontan system.
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Fig. 2. MRI analysis sequence snapshots for this patient are provided. Increased blood flow velocity at the two sites of the Fontan circulation was
observed as red color coded regions. Proximity of these regions correspond to high spatial velocity gradients (a) 3D MRI images of the patient IVC-
Fontan anastomosis is marked with blue arrow and Fontan tube is marked with white arrow. Markers indicate the high flow velocity values
quantitatively. (b) Disturbed, unstable blood flow encoded in red color at the site of the left pulmonary artery and Fontan tube connection (white
arrow) (c) Flow across the inferior vena cava also reported high velocity values (blue arrow).
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Fig. 3. Energy loss analysis sequence snapshots for this patient are provided. Maximal estimated energy loss detection at IVC and Fontan conduit
anastomose and at the origin of the left pulmonary artery are analyzed through the 4D flow MRI velocity measurements. Analysis volumes and
regions are displayed in this image.

2.2. Interventional procedure and patient follow-up

Under general anesthesia, hemodynamic measurements were performed. Pulmonary artery and Fontan pressures were measured as
16 mm Hg without a noticeable pressure gradient throughout the stent. Although measurements of the pulmonary artery were not
smaller than the stented part of the pulmonary artery, we have decided to implant a stent proximal to the previous stent, as it cor-
responds to the high-EL region in the 4D flow MRI map. A 21-mm Andra XL stent was implanted using an 18-x-40-mm Z-med balloon
(Fig. 4a and b). We have also decided to perform balloon dilatation on the IVC-conduit anastomosis line, where the second location of
intense EL was reported. A Z-med high-pressure balloon measuring 16 mm by 30 mm in size was used for the dilatation (Fig. 4c).

One day later, the patient was discharged, and one week later, after the procedure, the ascites disappeared completely. The
saturation level of the patient increased to 90 %. There was no recurrent ascites found during the three-month follow-up. Weight loss of
5 kg was observed and linked to ascites. Following the procedure, we performed a control MRI.

2.3. Comparison of 4D flow MRI data before and after the procedure

Anatomical segmentation of the geometry before stent implantation was created (Fig. 5a). The arrows show the IVC-Fontan tube
connection and LPA before and after successful re-stent implantation in the left pulmonary artery (Fig. 5b and c¢) and balloon dilatation
of the anastomoses of IVC-Conduit flow conduit region, velocity maps reduced significantly. Map of the EL indicated higher energy loss
values at the same segments of Fontan circulation, which disappeared after the interventional procedure (Fig. 5¢) Sum of total energy

Fig. 4. Interventional procedures are illustrated in steps using the selected angiogram images. (a) Normal appearance of the left pulmonary artery
flow at the start of the operation (b) CP stent implantation into the left pulmonary artery (c) Balloon dilation of the inferior vena cava and Fon-
tan conduit.
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Fig. 5. Pre- and post-intervention 4D flow MRI viscous energy loss maps are compared at the same region of interest (ROI). Figure (a) Anatomical
segmentation of the geometry before stent implantation. The arrows show the IVC-Fontan tube connection and LPA (b) The preoperative image
indicates higher viscous energy loss levels at the anastomoses site of the IVC-conduit as well as at the location of the stent at the left pulmonary
artery. Indicated by white arrows. (c) The corresponding postoperative image shows the removal of the pre-interventional high viscous energy loss
sources after re-stenting the left pulmonary artery and balloon dilatation of anastomoses site of IVC-Conduit. Indicated by white arrows.

loss was calculated at the anastomosis site with the inferior vena cava; EL was 0.05 mW in the mid-diastole. EL at the proximal segment
of the previously inserted stent in LPA was 0.27 mW.

2.4. CFD analysis of fontan circulation

We aimed to validate our results of the 4D MRI study in Fontan circulation by conducting a Computational Fluid Dynamics (CFD)
analysis with a focus on stenotic areas in the Left Pulmonary Artery (LPA) and Inferior Vena Cava (IVC)-Fontan anastomosis regions.

Our study was initiated by extracting patient-specific geometry from Magnetic Resonance Imaging (MRI) data. The segmentation
process involved accurately delineating anatomical structures, ensuring a realistic representation of the patient’s Total cavopulmonary
connection (TCPC). We modified the segmented geometry to virtually model the stent’s placement in the left pulmonary artery to
match post-interventional measurements in the CAD software environment, thus preparing the geometries for a comparative CFD
analysis of both scenarios.

A RANS model utilizing transient calculations is employed within the commercial computational fluid dynamics (CFD) software
Fluent 2020 R2 (Ansys, USA). We generated a high-quality mesh to discretize the geometry. We divided the 3D geometries into regions
and applied a polyhedral structure to each with consistent accuracy. The mesh structure has a minimum element size of 2.5 x 10™*m, a
maximum element size of 1.25 x 10~° m, and the number of boundary layers was 5. The pre-intervention geometry comprises 814610
elements, whereas the post-intervention geometry comprises 605636 elements(Fig. 6a). The dimensionless wall distance was y+<3 for
boundary layers in both models. Boundary conditions were obtained from cardiac catheterization data and MRI flow studies. The IVC
and SVC were configured with inlet velocities of 0.7 m/s and 0.8 m/s, respectively, while the pressure outlets were 16 mmHg at the
pulmonary artery.

The blood was modelled as an incompressible Newtonian fluid with a density of 1050 kg/m® and a viscosity of 0.0035 Pa s. We
assessed flow velocities, flow ratios, wall shear stress, pressure drop, and energy loss. The k-omega SST model was employed to
conduct a transient analysis, which integrated specified boundary conditions for evaluating calculations. Time step size was was set to
0.005s for 1000 time steps. Flow rates from the IVC and SVC to the pulmonary arteries were determined individually using User-
Defined Scalars. Subsequently, a transient analysis was run to model pulsatile blood flow by loading a User-Defined Function
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Fig. 6. Pre and post-interventional geometries were meshed (a). A normalized dissipation index was calculated for visualization of high energy loss
regions where there is a significant drop after the intervention (b). Velocity profiles were visualized where the intervention reduced the high velocity
flow in LPA (c). Wall shear stress was also displayed to show the decrease after the intervention around LPA (d). Similarly, the pressure drop was
visualized (e).

(UDF) that defined Windkessel resistance for the outlets and included an inlet velocity profile [11]. A convergence residual of 10-3
was determined as the convergence criterion along with a steady pressure value at the outlets.

The pre and post-intervention energy loss, total pressure drop, and flow ratios were reported in Table 1. To ensure the credibility of
our CFD results, we compared our findings with 4D flow MRI data obtained independently. The consistency observed between the CFD
analysis, and 4D flow MRI results served as a validation of the accuracy of our computational model. These findings provide a
comprehensive understanding of the hemodynamic characteristics of the patient’s unique physiology.

3. Discussion

Given that the single-ventricle is in charge of both the systemic and pulmonary circulations, it is imperative to preserve as much of
the hydrodynamics energy of the blood that travels through the Fontan circulation as possible. As a result, several in vitro, numerical,
and in vivo investigations have been conducted to examine the fluid mechanical optimization of the Fontan conduit D(FC) [1,12].
Mechanical energy loss can be calculated by obtaining the pressures and flows from the left pulmonary artery (LPA), right pulmonary
artery (RPA), superior vena cava (SVC), and inferior vena cava (IVC). In a clinical setting, its accuracy is arguable since the pressure
measurements from these locations are related to catheter localization and are prone to movement artifacts [13]. Whereas 4D flow MRI
allows the calculation of total EL from MRI phase velocity mapping without the need for pressure data. Phase contrast MRI images are
useful to reveal flow disturbances in the presence of normal pressure records [14]. The velocity vectors throughout the Fontan cir-
culation make it possible to estimate total energy loss through the viscous dissipation function [13,15]. Still, the accuracy of EL from

Table 1
Flow ratios and energy losses according to computational fluid dynamics results of the model before and after stent implantation are shown.
QrvctoLpA (%) QrvctorpA (%) QsvctoLPA (%) QsvCtoRPA (%) Energy Loss mw) Pressure Drop (mmHg)
Pre - intervention 18.25 82.75 16.62 84.38 8.74 30.19
Post - intervention 53.59 46.41 11.91 88.09 8.32 22.03

QIVCtoLPA: Flow ratio of inferior vena cava flow to left pulmonary artery-
QIVCtoRPA: Flow ratio of inferior vena cava flow to right pulmonary artery-
QsvCtoLPA: Flow ratio of superior vena cava flow to left pulmonary artery-

QSVthRPA: Flow ratio of superior vena cava flow to left pulmonary artery-
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4D flow MRI largely depends on the MRI sequence resolution and provides only comparative estimates due to the numerical estimation
of blood velocity gradients. The Circle system does not differentiate the flow regime whether it is turbulent, laminar, or transitionary.
Likewise, the hydrodynamic energy dissipation function formula, provided below, is valid for any flow regime, given through the
following mathematical expression [16]:

®=2y {(‘)”)ZJr <@>2 + <0—W>z+l <%+@>2 +1 <a—w+@>2 +1 <0w+0u>2} (€))
ox dy 0z 2\dy ox 2\dy oz 2\0ox oz

Here u, v, and w are the three components of the velocity vector. For transient flows (unsteady) the equation [1] is calculated for the
specific instant of time, typically at an instant during the cardiac cycle. While the equation is the same for any flow type, the calculation
and measurement of these velocity gradients are challenging and can introduce numerical errors depending on how these gradients are
approximated numerically. For example, we cannot resolve these gradients correctly for large voxel sizes and miss small flow vortices
encountered in turbulent flow. Even though the numerical values are prone to errors, this equation was used in CFD simulations with a
UDF to visualize high dissipation regions as a normalized dissipation index by mapping the numerical values in the same range
(Fig. 6b). Various levels of spatial and temporal averaging processes employed in 4D flow MRI acquisition also lead to unsynchronized
velocity components and gradients. Thus, for highly fluctuating flows, like transitionary/turbulent flow regimes, numerical compu-
tation of these gradients will miss important physics and bring a lot of error. Similarly, as a significant portion of the dissipation is from
the vessel wall (due to the no-slip condition), the 4D flow MRI typically cannot resolve the wall layer accurately for coarse voxels. On
the other hand, if we reduce the voxel size, any small error in velocity gradient computation (differences) will grow/propagate due to
the square power in the equation, and this equation will result in wrong values. Even though the equation is valid for any flow regime,
the numerical computation of these velocity gradients requires detailed verification, trials with mock-up models, and validation. In
Fontan hemodynamics, we prefer to use the “Control Volume” version of the power loss, which requires pressure measurement at the
vessel inlet outlets. Still, the energy loss calculated from the velocity gradients will provide “comparative” results and will be useful in
interventional planning, as presented in this paper.

Despite this limitation, disturbed flow, related to increased EL Fontan circulation, was shown previously, and an operational
strategy was defined accordingly based on the flow vectors [17]. In the presented case, since the pressures at the IVC, SVC, and
pulmonary arteries are almost equal, conventional cardiac catheterization cannot detect the Fontan failure mechanism, and 4D flow
MRI was employed. The distribution of EL hotspots was visualized through 4D flow MRI, and the change in viscous energy loss between
pre- and post-dilation can be reported. The clinical importance of energy loss in Fontan patients has been reported earlier [8,11]. Even
a quantum improvement in the Fontan flow and resulting lower El levels may influence the clinical outcome of Fontan circulation.
Based on our present knowledge, El is useful as a ‘comparative’ index judging pre- and post-hemodynamic states, as its absolute levels
are challenging to measure, and an optimal interventional procedure cannot be planned according to this data for every patient case.
Given these limitations, EL is an emerging clinical index that should be considered. The accuracy of EL from 4D flow MRI needs to be
validated in vitro using 3D printed mock-up MRI models, but its comparative use is clear in the present application.

It is shown that flow distribution from the inferior vena cava is mainly directed towards the left pulmonary artery (LPA) in the
extracardiac Fontan circulation [7]. In the presented case, high EL at the LPA orifice just before the stent LPA would be the pre-
dominant mechanism of the patient’s inefficient palliation. Additional EL sources were detected at the proximal anastomoses of the
extracardiac conduit and inferior vena cava. The geometry of the Fontan circulation directly affects the streamline flow patterns and is
closely related to energy loss in the system. In this case, we considered that the dilated and bent conduit is the main reason for
increased flow velocity changes, which are associated with high EL and eventually result in ineffective flow to the pulmonary arteries
[18-20]. While the EL distributions, possible hot spots, and high EL gradients are well defined throughout the TCPC conduits via the
computational fluid dynamic studies, for the 4D flow MRI protocols, significant EL cut-off values are still qualitative, and more work is
needed. Thus, in this article, the cut-off values and hot spots are based on visual observations and utilized to compare pre-and
post-interventional outcomes.

When we compare our MRI and clinical results with CFD analysis, it is shown that pulmonary blood flow distribution is changed
after stent implantation, which is mostly towards the right pulmonary artery before the procedure. There was a significant reduction of
velocity in LPA (Fig. 6¢). Similarly, pressure and wall shear stress around the LPA region was also reduced significantly (Fig. 6d and e).
Additionally, Energy loss calculations by using CFD is also concordant with the results that was obtained by MRI (Fig. 6b). As a result,
we can comment that CFD analysis also confirmed our MRI measurements results and clinical improvement.

In conclusion, this case illustrates the clinical importance of the utility of 4D flow MRI to clarify the hemodynamic abnormalities
that may cause FF, particularly in cases with normal/equal cardiac catheterization pressures. As a non-invasive technique this
approach can potentially replace or support the invasive cardiac catheterization in the evaluation of challenging Fontan circulation
cases. Prospective studies are needed to evaluate the dependability and feasibility of this approach in clinical settings.
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