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HIGHLIGHTS

o Direct flow and residual volume may serve as indicators for assessing between asymptomatic Fontan patients and controls.

e Decreased KE parameters exhibited impaired ventricular filling in asymptomatic Fontan patients.

e The identification of direct flow as a marker for predicting diastolic dysfunction in left ventricular (LV) and biventricular (BiV) Fontan subgroups was
demonstrated.

e The LV Fontan subgroup demonstrated a more efficient intracardiac flow pattern better than RV and BiV Fontan subgroups.

ARTICLE INFO ABSTRACT

Keywords: Background: The Fontan procedure is a surgical intervention designed for patients with single ventricle physi-
CMR ology, wherein the systemic venous return is redirected into the pulmonary circulation, thereby facilitating
4D flow

passive pulmonary blood flow without the assistance of ventricular propulsion. Consequently, long-term follow-
up of individuals who have undergone the asymptomatic Fontan procedure is essential.

Objectives: The aims of this investigation were to: 1) examine the impact of flow components and kinetic energy
(KE) parameters on hemodynamic disturbances in asymptomatic Fontan patients and control group; 2) Assess left
ventricular diastolic dysfunction through the analysis of 4D flow parameters across different Fontan sub-groups;
3) Compare intracardiac flow parameters among Fontan sub-groups based on morphological features of the left
ventricle (LV) and right ventricle (RV).

Methods: Twenty-five Fontan patients (mean age: 10 + 3 years, male/female: 15/10) and fourteen control
subjects (mean age: 10 + 2 years, male/female: 8/6) were recruited retrospectively for the study. The Fontan
patients were further categorized into three groups based on their ventricular function: left ventricular (LV), right
ventricular (RV), and biventricular (BiV). Each participant underwent cardiovascular magnetic resonance (CMR)
imaging, including cine and 4D flow sequences on a 3.0 T scanner. Ventricular flow components and KE were
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assessed using 4D flow. The study utilized cine images to analyze cardiac function and inter-ventricular me-
chanical dyssynchrony. Echocardiography evaluated functional ventricular diastolic dysfunction.

Results: Fontan patients had a higher median functional single ventricle (FSV) residual volume compared to
controls (28 % vs. 23 %, P = 0.034), with lower median FSV direct flow (32 % vs. 40 %, P = 0.005) and delayed
ejection flow (17 % vs. 24 %, P = 0.024). The parameters of FSV normalized to the ventricular end-diastolic
volume (KEigpy) were found to be significantly lower in Fontan patients (all P < 0.05). In both left ventricle
(LV) and biventricular (BiV) Fontan subgroups, direct flow was identified as an independent predictor of LV
diastolic dysfunction (AUC=0.76, Sensitivity=86 %, Specificity=70 %). Furthermore, residual volume and E-
wave KEigpy were observed to be significantly different between LV and right ventricle (RV) Fontan subgroups.
Conclusions: The altered flow pattern and reduced kinetic energy observed in Fontan patients may indicate he-
modynamic disturbances and compromised ventricular filling. Reduced direct flow is associated with LV diastolic
dysfunction in LV and BiV Fontan subgroups. Systemic LV exhibited a more efficient intracardiac flow pattern

compare with systemic RV in Fontan patients.

1. Introduction

The Fontan procedure is a surgical palliative intervention for patients
with single ventricle physiology, designed to redirect systemic venous
return into the pulmonary circulation, thereby facilitating passive pul-
monary blood flow without the need for ventricular propulsion (Fig. 1).
This raises questions regarding the long-term follow-up of this non-
physiologic circulation and the associated specific complications, such
as liver disease, exudative enteropathy, and Fontan failure. [1]. How-
ever, patients with functional single ventricle (FSV) circulations exhibit
suboptimal long-term outcomes due to the manifestation of symptoms
associated with circulatory failure [2]. Diastolic ventricular dysfunction
is prevalent in preserved ejection fraction Fontan patients [3,4].
Impaired ventricular filling and increased ventricular afterload are
obvious contributors to cardiac inefficiency. Long-term follow-up of
individuals who have undergone the asymptomatic Fontan procedure is
essential for early detection of heart failure, Intracardiac hemodynamic
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Fig. 1. Diagram of the physiological anatomy with extracardiac modification of
the Fontan procedure and subgroup. The extracardiac lateral tunnel Fontan
involves the right ventricle as the main pumping chamber responsible for sys-
temic circulation.

changes may serve as a valuable non-invasive imaging marker for the
assessment of asymptomatic Fontan patients [5].

The conventional echocardiography imaging modality is constrained
in its ability to analyze intracardiac hemodynamics due to its primary
dependence on two-dimensional planar flow data [6]. Four-dimensional
flow (4D flow) cardiovascular magnetic resonance (CMR) can retro-
spectively measure intra and extracardiac great vessels blood flow
draining in and out of the heart [7-9].4D flow CMR provide a detailed
information about the three-directional velocities which can capture
complex intracardiac of blood flow in congenital heart disease (CHD)
[10]. Moreover, intracardiac flow analysis by 4D flow CMR could assess
higher-order fluid dynamic metrics such as kinetic energy (KE) [11] and
viscous energy loss (EL) in FSV patients [12]. Previously, some authors
reported ventricular diastolic dysfunction evaluation using KE in Fontan
patients [13,14]. At present, the hemodynamic disturbances were
neglected in asymptomatic Fontan patients [4]. Our hypothesis was that
the consequences of intracardiac flow component and KE parameters
might be useful in unraveling the pathophysiological mechanisms of
asymptomatic Fontan circulatory dysfunction. The aims of this investi-
gation were to: 1) examine the impact of flow components and kinetic
energy (KE) parameters on hemodynamic disturbances in asymptomatic
Fontan patients and control group; 2) Assess left ventricular diastolic
dysfunction through the analysis of 4D flow parameters across different
Fontan sub-groups; 3) Compare intracardiac flow parameters among
Fontan sub-groups based on morphological features of the left ventricle
(LV) and right ventricle (RV).

2. Materials and methods
2.1. Study population

A retrospective consecutive 25 Fontan patients were enrolled from
April 2017 to June 2022. The inclusion criteria were: (1) no previous
interventional management such as surgical or catheterization proced-
ures at least in three years after Fontan operation; (2) elder than eight
years old patients without sedation who can be cooperative and com-
plete CMR scan; The exclusion criteria:(1) encompassed the presence of
other conditions capable of disrupting intra-cardiac flow in pediatric
patients. (2) asymptomatic Fontan patients of heart failure, exercise
intolerance, abnormalities density of blood, protein losing enteropathy
according to clinical diagnosis. (3) Conditions such as pulmonary hy-
pertension, arrhythmia, valvular stenosis, and moderate to severe
valvular regurgitation, as well as severe liver, kidney, or lung dysfunc-
tion, and inadequate CMR image quality for analysis were observed. We
checked patients’ blood routine tests in all patients and no more patients
were be excluded. The Fontan patients were further categorized into
three groups based on their ventricular function: left ventricular (LV),
right ventricular (RV), and biventricular (BiV) in Fig. 1. The detailed
study design was presented in Fig. 2. Participants for the study were
recruited through an online platform. Parents of pediatric volunteers
were able to register on the website by providing the necessary
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information (https://h.eqxiu.com/s/Mgzk8jcR?eqrcode=1&from
=singlemessage&share_level=1&from_user=2022032551a044al). Pe-
diatric volunteers were selected based on age and gender matching
criteria for inclusion in the study. All participants included in the study
were pediatric individuals who exhibited normal blood pressure and did
not display any signs of cardiovascular disease, as verified through
echocardiography. The research methodology was sanctioned by the
local research ethics committee, and written consent was acquired from
the parent or legal guardian of pediatric volunteers.

2.2. CMR data acquisition and ventricular function analysis

Short-axis cine images of the ventricle, spanning from the base to the
apex, were acquired using 2D balanced steady state free precession (2D
b-SSFP) cine sequences on a 3.0 T CMR scanner (MR750, GE Healthcare,
Milwaukee, WI). Routine 2-, 3- and 4-chamber long-axis and stacks of
short-axis cine images were collected with temporal resolution of 30
frames per cardiac cycle. Whole heart 4D flow was performed with free
breathing and non-respiratory navigator gating following the SCMR
recommendation [8] (Methods in the Data Supplement). The research
employed the commercial software CVI 42 Version 5.12.1 (Circle Car-
diovascular Imaging, Calgary, Canada) for the post-processing analysis
of cardiac magnetic resonance (CMR) images. Cardiac function param-
eters including end-diastolic volume (EDV), end-systolic volume (ESV),
stroke volume (SV), and ventricular mass were obtained from short-axis
stacks. Cardiac output (CO) and ejection fraction (EF) were calculated
for all participants, with mass and ventricular volumes adjusted for body
surface area (BSA). Consistent with prior research, the additional ven-
tricles were excluded from the calculations of ventricular volumes and
mass [15].

Age and sex matched
healthy controls(n=14)
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2.3. Echocardiography image acquisition

The echocardiographic examination was conducted utilizing the
Philips CX50 ultrasound machine equipped with a matrix array trans-
ducer (S5-1, S8-3) (Philips, Andover, MA, USA). Patients with Fontan
physiology underwent echocardiographic imaging in the left lateral
decubitus position, with particular attention given to optimizing visu-
alization of mitral inflow. Transthoracic echocardiography was con-
ducted in the apical four-chamber view to capture images, with pulsed
wave Doppler utilized to assess trans-mitral early (E) and late (A) dia-
stolic filling velocities, as well as the E/A ratio in Figure S1. Echocar-
diography was utilized to evaluate left ventricular diastolic dysfunction
based on the criteria outlined in the 2016 American Society of Echo-
cardiography guidelines by a single investigator [16].

2.4. Inter-ventricular mechanical dyssynchrony analysis

We semi-automatically tracked left ventricle (LV) lateral wall and
right ventricle (RV) free wall deformation in four-chamber long-axis
views using our previous published methods of matching by correlation
[17]. Time to maximal displacement (T-Dp,,x) was determined in both
lateral wall and free wall. Inter-ventricular mechanical dyssynchrony
was assessed by difference in time to maximal displacement between
lateral wall and free wall. Inter-ventricular mechanical dyssynchrony
was defined <Oms or >33 ms by 95th percentile from controls
(Supplementary Figure S2).

2.5. 4D flow components and kinetic energy

The analysis of Fontan flow data was conducted utilizing the
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Fig. 2. Study design. 4D = four-dimensional; CMR = cardiovascular magnetic resonance imaging; KE = kinetic energy; CMR =cardiovascular magnetic resonance.
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research software MASS (Version 2020EXP) developed by Leiden Uni-
versity Medical Center in Leiden, The Netherlands. The process of
automated image-based 3D rigid registration was conducted utilizing
the validated Elastix image registration toolbox. [18]. The emitted
pathlines at ES were further divided into four functional blood flow
components based on their behavior and position. Flow components
includes: 1) direct flow; 2) retained inflow; 3) delayed ejection flow; 4)
residual volume in Fig. 3. The details of pre-processing analysis were
given in the Data Supplement.

For each volumetric element (voxel), the KE was computed using the
following formula:KE = 1p,; .4 @ Vioxel @ V2, In this study, the density
of blood (1.025 g/cm3) is denoted as pyyoq> Vvoxel i the voxel volume
and Vyoxe is the velocity magnitude of the corresponding voxel [12]. The
cumulative kinetic energy (KE) within the ventricle was determined in
each phase by aggregating the KE values of individual voxels. These KE
values were normalized to the ventricular end-diastolic volume (KEigpy)
and then converted to units of microjoules per milliliter (pJ/ml).
Time-resolved KE curves were constructed to extract physiologically
significant parameters in Fig. 4. 4D flow blood flow and kinetic energy
parameters were analyzed in all Fontan subgroups.

2.6. Intra- and inter-observer variability

Intra-observer variability was evaluated by a proficient operator
with six years of experience in analyzing 4D CMR, who conducted two
blinded assessments of ten randomly selected data sets at intervals
exceeding one month. Inter-observer variability was independently
assessed by a second observer with twenty years of experience in CMR
utilizing the same ten datasets.

2.7. Statistical analysis

All statistical analysis was performed with GraphPad prism version
8.0 (GraphPad, San Diego, USA). All continuous variables were pre-
sented as mean + standard deviation (SD) or median (25th percentile,
75th percentile) as appropriate. Comparisons of Fontan and control
groups were conducted with independent t-test analysis for normally
distributed data and Mann-Whitney test for non-normally distributed
continuous variable. The demographic and clinical characteristics of
three groups were evaluated using unpaired one-way analysis of vari-
ance (ANOVA) for normally distributed variables, the Kruskal-Wallis
test for non-normally distributed variables, and Fisher’s exact test for
categorical variables. Receiver operator characteristic (ROC) analysis
was employed to evaluate the predictive capacity of 4D flow parameters
for diastolic dysfunction. Intra- and inter-observer reproducibility were
determined through intraclass correlation coefficient (ICC) and coeffi-
cient of variation (COV). Statistical significance was defined as a P value
less than 0.05.

3. Results
3.1. Participant characteristics and ventricular function

Of the total 25 Fontan patients (M/F: 15/10), 9 (M/F: 6/3) had a
functional single ventricle (left ventricle type) (6 tricuspid atresia, 3
pulmonary atresia with intact ventricular septum), 9 (M/F: 4/5) had
functional single ventricle (right ventricle type) (2 single right ventricle,
5 double outlet of right ventricle, 1 complete transposition of the great
arteries, 1 total anomalous pulmonary venous connection), and 7 (M/F:
5/2) had functional single ventricle (biventricular type); 25 had an
extracardiac conduit (Table 1). New York Heart Association functional
class I-II was seen in all patients (100 %). The interquartile range (IQR)
postoperative follow-up time of CMR was 5 (3,7) years. 9 cases had LV
diastolic dysfunction from echocardiography in 16 Fontan patients
(single RVs were excluded from these analyses). There were no
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significant differences between Fontan patients and control groups for
mass index (P = 0.588), EDV index (P = 0.671), ESV index (P = 0.151),
SV index (P = 0.580), EF (P = 0.142), and cardiac index (P = 0.271)
(Table 2). Fontan patients exhibited significantly greater inter-
ventricular mechanical synchrony indexes compared to healthy con-
trols, with the time to maximal displacement consistently longer in the
right ventricular free wall than the left ventricular lateral wall (-11 [-60,
32] ms vs. 11 [0,25] ms, P < 0.05) (Supplementary Figure S2).

3.2. Changes in 4D flow components, kinetic energy and inter-ventricular
mechanical dyssynchrony profiles

The median direct flow (32 % vs. 40 %) and delayed ejection flow
(17 % vs. 24 %) were found to be significantly lower, while residual
volume (28 % vs. 23 %) was significantly higher in Fontan patients
when compared to a normal control group (all P < 0.05, Table 2). There
was no significant differences in retained inflow between two groups
(18 % vs. 12 %, P = 0.072).

There were significant differences in all KE parameters in Fontan
patients compared to normal controls (Table 2). There were significant
decreases in regional (basal, mid and apical) kinetic energy parameters
in Fontan patients (all P < 0.001), except for basal peak A-wave KE;gpy
(P = 0.100) (Table 3). Peak systolic and E-wave KEigpy with different EF
were decreased compared to normal control (P < 0.001) (Fig. 5).

The inter-ventricular dyssynchrony included LV subtype (5 cases),
RV subtype (6 cases), and biventricular subtype (4 cases) in Fontan
group. There were no statistically significant differences observed in
flow components and kinetic energy parameters between Fontan pa-
tients with inter-ventricular mechanical dyssynchrony and those
without inter-ventricular dyssynchrony. (Table 4).

3.3. Association of 4D flow parameters with LV diastolic dysfunction

No significant difference was observed for 4D flow parameters be-
tween Fontan patients with and without LV diastolic dysfunction group
(single RVs were excluded from these analyses), except for median direct
flow (38 % vs. 30 %, P = 0.031) (Table 5). ROC analysis demonstrated
that direct flow (AUC = 0.760) had better discrimination for LV diastolic
dysfunction than retained inflow (AUC = 0.533), delayed ejection flow
(AUC = 0.567), residual volume (AUC = 0.653) and EF (AUC = 0.50)
(Fig. 6 and Supplementary Table S1).

3.4. Disruption of intracardiac flow in fontan groups with morphologic LV
or RV

There were no significant differences in 4D flow components be-
tween patients with morphologic left ventricle and those with
morphologic right ventricle, except for median residual volume. (24 %
vs. 33 %, P = 0.020). There were no significant difference in KE pa-
rameters except morphologic RV subgroup having lower median peak E-
wave KEigpy than morphologic LV subgroup (11.2 vs. 12.4 uJ/ml,
P =0.002) (Supplementary Table S2).

3.5. Intra and inter-observer variability

Intra-observer agreement was good for the 4D flow components and
KE parameters (ICC = 85.3 % - 99.6 %, COV = 1.62 % - 6.58 %). Inter-
observer agreement was good (ICC = 82.1 % - 98.1 %, COV = 3.29 %
—11.24 %) (Supplementary Table S3).

4. Discussion

In this study, we conducted a retrospective, single-center investiga-
tion to evaluate the flow components and KE parameters, as well as
examine the disturbance of intracardiac flow patterns in patients with
single ventricle physiology. Our primary findings are as follows: (1)
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Fig. 3. Four-chamber views with particle tracing superimposed at peak systole, peak early diastolic filling, and peak late diastolic filling phases in Fontan patients.
(LV type, RV type, biventricular type) and control. Red, blue, yellow and green color represented residual volume, delayed ejection flow, retained inflow and direct
flow, respectively.




L.-W. Hu et al. European Journal of Radiology Open 14 (2025) 100631

-»- Control
-= Fontan

Energy [uJ/ml]

L] L] L]

0 200 400 600
Trigger delay [ms]

Fig. 4. KE evaluation within one heart beat cycle. (A). KE color maps on short axis view in normal control; (B). KE color maps on short axis view in Fontan patient.
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Table 1
Characteristics of the Fontan patients.

Diagnosis n Type of Fontan
Left ventricular morphology 9

Tricuspid atresia 6  Extracardiac
Pulmonary atresia 3 Extracardiac
Right ventricular morphology 9

Double outlet right ventricle, ventricular septal defect 5  Extracardiac
Single right ventricle 2 Extracardiac
Total anomalous pulmonary venous connection, 1 Extracardiac

ventricular septal defect

Complete transposition of the great arteries, 1  Extracardiac
ventricular septal defect

Biventricular morphology 7

Double outlet right ventricle 3 Extracardiac
Pulmonary stenosis 1  Extracardiac
Transposition of the Great Arteries, ventricular septal defect 2 Extracardiac
Pulmonary atresia 1  Extracardiac

Table 2
Demographics and 4D flow parameters in Fontan patients and control.
Parameters Control Fontan P
(n=14) (n = 25)

Demographics

Age, years 10 (9,11) 9(8,12) 0.836

Follow-up time since surgery, - 5(3,7) -

years

Gender, M/F 8/6 (57 %) 15/10 (60 %) 0.866

Height, cm 144 (132, 150) 125 (120, 135) 0.039

Weight, kg 37 (28, 45) 25 (20, 31) 0.008

Body surface area, m? 1.22 (1.02,1.37) 0.93 (0.82, 0.012
1.05)

Systolic blood pressure, mmHg 114 (109,118) 112 (107,116) 0.624

Diastolic blood pressure, mmHg 69 (65,73) 66 (61,71) 0.228

Heart rate, bpm 77 (71, 87) 79 (62, 93) 0.745

NYHA functional class I-1T 25(100 %) -

Mass index, g/mZ 38 (35, 40) 37 (29, 46) 0.588

EDV index, ml/m? 73 (64, 86) 80 (57, 100) 0.671

ESV index, ml/m? 31 (29, 35) 38 (27, 44) 0.151

SV index, ml/m? 39 (35, 52) 41 (30, 57) 0.580

Ejection fraction, % 58 (56, 60) 56 (51, 63) 0.142

Cardiac output, L/min 3.64(3.21,4.14) 3.21 (2.65, 0.298
3.72)

Cardiac output index, L/min/ 4.05(3.32,4.76) 3.39 (2.19, 0.271

m? 4.27)

E-wave velocities, cm/s - 79.68 -
(56.7,96.5)

A-wave velocities, cm/s - 58.28(43.2,76) -

E/A ratio - 1.54(1,2.05) -

LV Diastolic dysfunction, n 0 (%) 9/16 * (56 %) -

Blood flow components

Direct flow, % 40 (37, 41) 32 (28, 39) 0.005

Retained inflow, % 12 (10, 16) 18 (12, 24) 0.072

Delayed ejection flow, % 24 (19, 27) 17 (13, 23) 0.024

Residual volume, % 23 (18, 29) 28 (24, 35) 0.034

KE indexed to EDV

Average KEigpy, pJ/ml 11.2 (9.8, 14.3) 6.6 (4.6, 8.1) < 0.001

Peak systolic KEigpy, uJ/ml 23.5(20.7, 27.5) 11.7 (9.4, 16.3) < 0.001

Systolic KEigpy, pJ/ml 11.7 (9.6, 15.6) 6.7 (4.7, 8.4) < 0.001

Diastolic KEigpy, nJ/ml 11.8 (8.6, 14.5) 6.5 (4.3, 8.6) < 0.001

Peak E-wave KEigpy, nJ/ml
Peak A-wave KEigpy, uJ/ml
KEigpy E/A ratio

27.5(23.6,31.7)
12.1 (9.8,13.7)
2.38(1.92,2.71)

11.7 (9.1,15.3)  <0.001
8.3 (4.8, 10.9) 0.019
1.44 (1.07, 0.02
2.48)

Data are reported as median (25th percentile, 75th percentile). There were
statistical differences in bold representation. NYHA = New York Heart Associ-
ation functional class; EDV = end-diastolic volume; ESV = end-systolic volume;
SV = stroke volume; LV = left ventricle; KE = Kinetic energy; KEizpy = KE index
ventricular end-diastolic volume. * : 9 Fontan (right ventricle type) not included.

Direct flow and residual volume may serve as indicators for assessing
between Fontan patients and controls; (2) all KE parameters exhibited a
decrease in Fontan patients; (3) direct flow proved to be the most
effective flow component marker for predicting LV diastolic dysfunction

European Journal of Radiology Open 14 (2025) 100631

Table 3
Comparison of regional kinetic energy (KE) parameters between Fontan patients
and volunteers.

Parameters Control (n = 14) Fontan (n = 25) P

Basal KE indexed to EDV

Average KEigpy, pJ/ml 7.5 (6.5, 8.9) 4.3(3.3,5.4) < 0.001
Peak systolic KEigpy, uJ/ml 16.0 (12.5, 18.0) 9.4 (6.6, 10.9) < 0.001
Systolic KEigpy, uJ/ml 8.9 (6.1, 8.9) 4.2(3.5,54) < 0.001
Diastolic KEigpy, pJ/ml 7.2 (6.3, 8.8) 3.6 (2.5,5.3) < 0.001
Peak E-wave KEigpy, pnJ/ml 18.5 (15.9, 20.3) 8.0 (6.1, 10.3) < 0.001
Peak A-wave KEigpy, uJ/ml 7.2 (5.6, 7.8) 4.7 (2.9, 7.3) 0.100
KEigpy E/A ratio 2.72 (1.94, 3.45) 1.70 (1.13, 2.57) 0.006
Mid KE indexed to EDV

Average KEigpy, nJ/ml 3.3 (2.9, 4.0) 1.6 (1.2, 2.4) < 0.001
Peak systolic KEigpy, puJ/ml 4.8 (3.8,5.7) 2.8(1.8, 3.6) < 0.001
Systolic KEigpy, uJ/ml 2.7 (2.5, 3.3) 1.7 (1.1, 2.1) 0.001
Diastolic KEigpy, pJ/ml 4.1 (3.2,4.7) 1.7 (1.3, 2.7) < 0.001
Peak E-wave KEigpy, pJ/ml 8.3 (6.6, 11.2) 3.2(2.3,4.2) < 0.001
Peak A-wave KEigpy, pJ/ml 3.9(3.2,51) 2.4(1.4,3.1) 0.002
KEigpy E/A ratio 2.11 (1.57, 3.12) 1.28 (1.03, 2.33) 0.021
Apical KE indexed to EDV

Average KEigpy, pJ/ml 0.8 (0.6, 1.3) 0.2 (0.2, 0.4) < 0.001
Peak systolic KEigpy, uJ/ml 1.5(1.3,1.9) 0.5 (0.3, 0.7) < 0.001
Systolic KEigpy, uJ/ml 0.8 (0.7, 1.0) 0.3 (0.2, 0.4) < 0.001
Diastolic KEigpy, pJ/ml 0.7 (0.6, 1.3) 0.3 (0.1, 0.4) < 0.001
Peak E-wave KEigpy, pnJ/ml 1.3(0.8,1.9) 0.4 (0.2, 0.7) < 0.001
Peak A-wave KEigpy, nJ/ml 1.3(1.0,1.9) 0.3 (0.2, 0.5) < 0.001
KEigpy E/A ratio 0.84 (0.63, 1.23) 1.16 (0.87, 2.05) 0.037

Data are reported as median (25th percentile, 75th percentile). There were
statistical differences in bold representation; EDV = end-diastolic volume.

in both LV and BiV Fontan subgroups; (4) the LV Fontan subgroup
demonstrated a more efficient intracardiac flow pattern.

4.1. The characteristics of intracardiac flow components

Previous research has demonstrated that individuals with seemingly
compensated dilated cardiomyopathy (DCM) exhibit altered patterns of
left ventricular (LV) flow [19]. It is commonly acknowledged that direct
flow follows an optimal pathway to the ventricular outflow tract,
adhering to the shortest distance. Conversely, the residual volume is
located at the periphery of the ventricular cavity and serves to demar-
cate the functional boundary of the chamber [20]. In our study, we
observed a significant difference between the Fontan group and the
control group in terms of decreased median direct flow (32 % vs. 40 %,
P =0.005) and increased median residual volume (28 % vs. 23 %,
P < 0.05). These findings indicate a highly inefficient flow pattern.
Highly inefficient flow pattern was measured according to intraven-
tricular flow partitioning by 4D Flow CMR [21]. The reason might be
that the lower cardiac efficiency was interchanged predominantly from
the delayed ejection flow and the retained inflow to residual volume, we
figured that was the results of energy transferring from the inflow
components. Our findings were consistent with those of Stone et al. [22].

On the contrary, Bolger et al. [23] have shown that the inflow
retained in a typical left ventricle must decelerate at the conclusion of
diastole and then accumulate further kinetic energy before being ejected
during the subsequent systole. In our study, we observed a significant
difference in the median delayed ejection flow between the Fontan’s
group and the control group (17 % vs. 24 %, P < 0.05). This finding may
provide insight into the compensatory mechanisms in post-Fontan pa-
tients through intracardiac flow components.

4.2. The function of KE in fontan patients

The assessment of kinetic energy serves as a measure of the heart’s
efficiency in expelling blood. Sjoberg Pia et al. [12] documented the
maximum diastolic kinetic energy in Fontan patients, while Kamphuis
et al. [24] found that elastic load was notably higher in Fontan patients
compared to the control group. In our study, KE parameters of Fontan
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Table 4

Comparison of 4D flow parameters between Fontan patients with inter-

ventricular mechanical dyssynchrony versus without inter-ventricular
dyssynchrony.
4D flow Fontan with inter- Fontan without inter- P
parameters ventricular mechanical ventricular mechanical

dyssynchrony (n = 15)* dyssynchrony (n = 9)

Blood flow components

Direct flow, % 34 (29, 39) 29 (25, 37) 0.272
Retained 18 (17, 21) 12 (8, 25) 0.814
inflow, %

Delayed 17 (12, 23) 17 (14, 23) 0.859
ejection flow,

%

Residual 27 (24, 32) 33 (27, 40) 0.162
volume, %

KE indexed to EDV

Average 7.0 (5.0,9.7) 6.3 (4.4, 8.1) 0.682
KEigpy, pJ/ml

Peak systolic 11.3 (9.9, 15.1) 13.4 (10.4, 19.4) 0.347
KEigpy, wJ/ml

Systolic 6.7 (5.2, 7.5) 7.1 (4.7,9.7) 0.861
KEigpy, nJ/ml

Diastolic 7.8 (4.6, 9.3) 5.3 (4.0, 6.8) 0.181
KEigpy, pJ/ml

Peak E-wave 14.0 (9.2, 16.7) 11.2 (9.0, 12.1) 0.131
KEigpy, pJ/ml

Peak A-wave 9.8 (4.6, 13.9) 7.3(5.7,10.7) 0.432
KEigpy, pJ/ml

KEigpy E/A 1.44 (1.01, 2.66) 1.38 (1.11, 2.06) 0.788
ratio

Data were reported as median (25th percentile, 75th percentile). KEigpy
= kinetic energy normalized to end-diastolic volume (EDV). Inter-ventricular
dyssynchrony assessed by difference in time to maximal displacement be-
tween RV free wall and LV lateral wall (i.e. >33 ms by 95th percentile from
controls). *One case was excluded due to poor image quality.

patients were lower than these of controls. Peak systolic and diastolic
KEigpy of patients were significantly lower than these of controls in
regional parameters (age 10 + 3 years). David and his colleagues [14]
reported peak systolic KE were significantly higher in Fontan patients
than in healthy volunteers (age 26 + 8 years). Our explanation was that
impaired myocardial systolic function resulted in inefficient kinetic

Table 5
Comparison of 4D flow blood flow and kinetic energy parameters between
Fontan patients with and without left ventricular diastolic dysfunction.

Parameters Fontan with diastolic Fontan without P

dysfunction (n = 9) diastolic dysfunction

(n=7)

Blood flow components
Direct flow, % 30 (26, 34) 38 (31, 42) 0.031
Retained inflow, 19 (12, 24) 17 (12, 22) 0.807
%
Delayed ejection 17 (13, 23) 17 (12, 21) 0.605
flow, %
Residual 29 (25, 40) 26 (24, 31) 0.216
volume, %
KE indexed to EDV
Average KEigpy, 6.6 (4.8, 8.8) 6.2 (3.8,7.7) 0.428

wJ/ml

Peak systolic 13.1 (10.0, 17.1) 10.9 (8.5, 13.3) 0.160
KEigpy, pJ/ml

Systolic KEigpy, 7.1 (5.4, 10.0) 5.8 (3.8,7.5) 0.144
wJ/ml

Diastolic 6.3 (4.6, 9.3) 7.1 (3.7, 8.6) 0.978
KEigpy, pJ/ml

Peak E-wave 11.2 (9.1, 15.2) 11.9 (8.6, 15.8) 0.892
KEigpy, pJ/ml

Peak A-wave 8.1 (5.2,10.3) 10.1 (2.5, 12.2) 0.935
KEigpy, nJ/ml

KEigpy E/Aratio  1.49 (1.01, 2.03) 1.44 (1.08, 2.91) 0.683

Data were reported as median (25th percentile, 75th percentile). There were
statistical differences in bold representation. EDV = end-diastolic volume.
KEigpy = kinetic energy normalized to end-diastolic volume.

energy for pediatric Fontan patients. Alterations in ventricular KE may
serve as an indicator of ventricular dysfunction [25]. We found that peak
A-wave KEigpy was not significantly different in the ventricular base
(5uJ/ml vs. 7uJ/ml, P > 0.05). We understood that compensatory
mechanism of atrial booster had not been launched in early Fontan
patients [26]. Utilizing kinetic energy as a metric for assessing effective
cardiac function may enhance our comprehension of compromised
ventricular filling efficacy.
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4.3. Assessment of diastolic dysfunction in fontan group

Our research findings indicate that direct flow is a more reliable
indicator of diastolic dysfunction compared to other intracardiac flow
components and kinetic energy parameters. Stoll et al. [18] found that
the average kinetic energy of direct flow was a significant predictor of
functional capacity in individuals with heart failure. Zhao et al. [27]
proved that direct flow was independent predictors of right ventricle
remodeling index in repaired Tetralogy of Fallot patients. Direct flow
was an important marker that were best confirmed with longitudinal
assessment.

Previous research conducted on both children and adults with Fon-
tan FSV had indicated a notable prevalence of ventricular dyssynchrony
[28-31]. Rosner et al. [32] had demonstrated a correlation between
ventricular dyssynchrony in the Fontan circulation and impaired systolic
and diastolic function. Within our subgroup of 24 Fontan patients (One
case was excluded due to poor image quality), fifteen individuals
demonstrated ventricular dyssynchrony (included LV subtype 5 cases,
RV subtype 6 cases, and biventricular subtype 4 cases), indicating an
increased vulnerability of the univentricular heart to myocardial
dysfunction when intraventricular conduction delay is present. How-
ever, our study findings indicate that inter-ventricular dyssynchrony
does not yield any statistically significant differences on flow compo-
nents and KE parameters in Fontan patients.

4.4. Intracardiac flow in single ventricle physiology

The anomalous intracardiac anatomy present in Fontan patients
resulted in alterations in intraventricular flow patterns, which may be
investigated and assessed through the analysis of flow component and
kinetic energy parameters. By comparing subgroups of LV and RV, we
discovered an increase in residual flow and a decrease in peak E-wave
KEigpy in the RV Fontan subgroup. These differences suggested that the
LV subgroup exhibited a more efficient intracardiac flow pattern in
patients with Fontan circulation. This finding aligns with previous
research [14]. Conversely, in the RV subgroup, characterized by fused
inflow and a highly spherical ventricle (Figure S3). A vortex ring was
generated and its advancement towards the apex was hindered by
circumferential propagation, resulting in reduced filling velocities and
dissipation of kinetic energy [24].

European Journal of Radiology Open 14 (2025) 100631

4.5. Limitations

This study is subject to certain limitations that merit consideration.
Firstly, the sample size of this retrospective study was relatively small,
and heterogeneity within the group remains. Secondly, while previous
research has shown that non-respiratory navigated acquisition of 4D
flow yielded comparable results to respiratory navigated acquisition in
terms of image quality assessment [33], 5 cases still had poor CMR
images without non-respiratory navigator gating in our study. Thirdly,
T1 mapping and extracellular volume were not included in our study, it
might provide a better understanding of the pathogenesis of progressive
functional single ventricular. Fourthly, it is possible that changes in
heart rate may lead to alterations in the proportions of flow components
to accommodate the extended diastolic period, while ensuring the
effectiveness of the systolic ejection phase is maintained. Fifthly, none of
pediatric Fontan patients underwent cardiopulmonary exercise testing
(CPET) due to logistical reasons. Sixthly, evaluation diastolic function
by correlation echocardiogram and invasive catheterization measure-
ments would be more helpful. Unfortunately, the assessment of catheter
diastolic function was not included in our study. Seventhly, the study
assessed asymptomatic individuals with Fontan circulation as well as
control subjects. Cases of heart failure in Fontan patients were excluded
from the analysis. The potential future implications of utilizing 4D flow
CMR imaging parameters in Fontan patients may lead to a redefinition
of risk prognostication and could potentially inform treatment
decision-making processes.

5. Conclusions

The altered flow pattern and reduced kinetic energy observed in
Fontan patients may indicate hemodynamic disturbances and compro-
mised ventricular filling. Reduced direct flow is associated with LV
diastolic dysfunction in LV and BiV Fontan subgroups. Systemic LV
exhibited a more efficient intracardiac flow pattern compare with sys-
temic RV in Fontan patients.
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