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Abstract: Objectives: The purposes of this study were to 1) analyze the disruption of intracardiac flow by flow
components and kinetic energy (KE) parameters in single ventricle physiology patients and compare with
controls; 2) investigate left ventricular diastolic dysfunction in terms of 4D flow parameters in repaired Fontan
(rFontan) group; 3) compare intracardiac flow parameters in morphologic LV and RV rFontan patient groups.
Methods: Twenty-five rFontan patients (age: 10+3, M/F: 15/10) and fourteen controls (age: 10+2, M/F: 8/6) were
prospectively recruited. All underwent cine and 4D flow cardiovascular magnetic resonance (CMR) on 3.0T
scanner. Cardiac function and inter-ventricular mechanical dyssynchrony were analyzed using cine images.
From 4D flow CMR, ventricular flow components were assessed: direct flow, retained inflow, delayed ejection
flow and residual volume. Global and regional blood flow KE parameters, normalized to end-diastolic volume
(EDV) were analyzed for functional single ventricle (FSV). Left ventricular (LV) diastolic dysfunction was
assessed on echocardiography guidelines. Results: In comparison of rFontan vs. controls, median FSV residual
volume (28% vs. 23%, P=0.034) were higher in rFontan; median FSV direct flow (32% vs. 40%, P=0.005) and
delayed ejection flow (17% vs. 24%, P=0.024) were lower in rFontan. FSV KEiepv parameters were all lower in
rFontan (all P<0.05). No significant differences were observed for flow components and KE parameters between
patients with and without inter-ventricular dyssynchrony. FSV direct flow (AUC=0.76, Sensitivity=86%,
Specificity=70%) was an independent predictor of LV diastolic dysfunction. Residual volume and E-wave
KEiepbv were significantly different between morphologic RV and morphologic LV patient group. Conclusions:
The changed flow pattern and decreased KE may be hemodynamic disturbances and impaired ventricular
filling in rFontan patients. Reduced direct flow is associated with LV diastolic dysfunction. Morphologic right
ventricular subgroup is worse than morphologic left ventricular group in terms of the intracardiac
hemodynamics.

Keywords: 4D flow; fontan; flow component; diastolic dysfunction; kinetic energy

Introduction

The Fontan circulation have been established in patients with single ventricle physiology, which
could extend survival into adulthood and had improved their quality of life [1]. However, patients
with functional single ventricle (FSV) circulations have poor long-term outcomes as they experience
symptoms related to circulatory failure [2]. Diastolic ventricular dysfunction is more prevalent than

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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systolic ventricular dysfunction after performing the Fontan procedure [3,4]. Impaired ventricular
filling and increased ventricular afterload are obvious contributors to cardiac inefficiency. Long term
follow-up of repaired Fontan (rFontan) patients is mandatory, due to disturbed blood flow pattern
and decreased cardiac function are presented.

Standard cardiovascular imaging technique like echocardiography has limited capability of
studying intracardiac hemodynamics because of predominant reliance on 2-dimensional planar flow
information[5]. Four-dimensional flow (4D flow) cardiovascular magnetic resonance (CMR) can
retrospectively measure intra and extracardiac great vessels blood flow draining in and out of the
heart [6-8].4D flow CMR provide a detailed information about the three-directional velocities which
can capture intracardiac subtle intricacies of blood flow in congenital heart disease (CHD) [9].
Moreover, intracardiac flow analysis by 4D flow CMR could assess higher-order fluid dynamic
metrics such as kinetic energy (KE) [10] and viscous energy loss (EL) in FSV patients [11]. Previously,
some authors reported ventricular diastolic dysfunction evaluation using KE in Fontan patients
[12,13]. At present, it should be concerned that the hemodynamic disturbances were neglected in
Fontan patients [4]. Knowledge on the consequences of intracardiac flow component and KE
parameters might be useful in unraveling the pathophysiological mechanisms of Fontan circulatory
dysfunction. The purposes of this study were to 1) analyze rFontan-related hemodynamic
disturbances in single ventricle physiology patients and compare with controls; 2) investigate LV
diastolic dysfunction of 4D flow parameters in rFontan group; 3) compare intracardiac flow
parameters of morphologic LV FSV and RV FSV in rFontan patient groups.

Materials and methods

Study population

A prospective consecutive 30 rFontan patients were enrolled from April 2017 to June 2022 at
Shanghai Children Medical Center, China. The inclusion criteria were: (1) no previous interventional
management such as surgical or catheterization procedures at least in three years after Fontan
operation; (2) elder than eight years old patients who can be cooperative and complete CMR scan.
Exclusion criteria were: (1) presence of other diseases that can cause disturbed intracardiac flow in
children (e.g., pulmonary hypertension, arrhythmia, valvular stenosis, and moderate or severe
valvular regurgitation); (2) severe liver, kidney, or lung dysfunction; or (3) inadequate CMR image
quality for analysis. The detailed study design was presented in Figure 1. Additionally, normal
control subjects who had negative echocardiographic findings over the same time period were
recruited.The study was approved by local research ethics committee, and signed informed consent
was obtained from each participant’s parent or legal guardian.
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Figure 1. Study design. 4D = four-dimensional; CMR = cardiovascular magnetic resonance imaging;
KE = kinetic energy; CMR =cardiovascular magnetic resonance.

CMR data acquisition and ventricular function analysis

Short-axis cine images covering the ventricle from base to apex by 2D balanced steady state free
precession (2D b-SSFP) cine sequences were performed on a 3.0T 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 and
ISMRM recommendation [8] (Methods in the Data Supplement). Intravenous bolus injection of 0.2
mmol/kg gadopentetate dimeglumine for CE-MRA was administered before 4D flow imaging. Late
gadolinium enhancement (LGE) was assessed by late post-contrast imaging acquired after 8-15 min

(depend on heart rate) contrast administration. The commercial software (CVI42 Version 5.12.1;
Circle Cardiovascular Imaging, Calgary, Canada) was used for post-processing analysis of CMR
images. 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. Mass and ventricular volumes were indexed to body surface area
(BSA). The accessorial ventricles were not included in the ventricular volumes and mass following
previous studies [14].

Echocardiography image acquisition
Echocardiographic examination was performed using the Philips CX50 ultrasound machine

(Philips, Andover, MA, USA) with a matrix array transducer (55-1, S8-3). rFontan patients were
scanned in the left lateral decubitus position. Before acquisition, echocardiographic images were
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optimized for mitral inflow visualization. TTE image acquisition was performed in the apical four-
chamber view. Pulsed wave Doppler was used to measure trans-mitral early (E) and late (A) diastolic
filling velocities and E/A ratio in Figure 2. Echocardiography assessed LV diastolic dysfunction
according to the criteria described in the 2016 American Society of Echocardiography by a single
investigator [15].
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Figure 2. Echocardiographic evaluation of ventricular diastolic dysfunction in rFontan patients. A.
Tricuspid atresia, Peak E velocity=92cm/s, A velocity=39cm/s, E/A ratio=2.35; B. Double outlet right
ventricle, E/A ratio=0.43, Peak E velocity=39cm/s, A velocity=90.6cm/s; C. Transposition of the Great
Arteries, Peak E velocity=74.4cm/s, A velocity=47.4cm/s, E/A ratio=1.57; D. Control, Peak E
velocity=93cm/s, A velocity=53cm/s, E/A ratio=1.75.

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 [16]. Time to maximal displacement (T-Dmax) 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 (Supplementary Figure S1) (i.e. 233 ms by 95t
percentile from controls).

4D flow components and kinetic energy

The analysis of FSV flow data was performed using research software (MASS; Version 2020EXP,
Leiden University Medical Center, Leiden, The Netherlands). Automated image-based 3D rigid
registration was performed using the validated Elastix image registration toolbox [17]. The emitted
pathlines at ES were further divided into four functional blood flow components based on their
behavior and position [17]. Flow components includes: 1) direct flow; 2) retained inflow; 3) delayed
ejection flow; 4) residual volume. 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 =
%pblood * Vyoxel * VioxeWherein, pyiooq is the density of blood (1.06 g/cm3), Vyoyxe is the voxel volume
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and Vyexe 15 the velocity magnitude of the corresponding voxel. For each phase, the total KE within
the ventricular was obtained by summation of the KE of every voxel. All KE parameters were
normalized to the ventricular end-diastolic volume (KEieov) and accordingly reported in pJ/ml. Time-
resolved KE curves were generated to derive physiologically relevant parameters in Figure S2. 4D
flow blood flow and kinetic energy parameters were analyzed with and without LV diastolic
dysfunction subgroup, with inter-ventricular mechanical dyssynchrony versus without inter-
ventricular dyssynchrony subgroup in rFontan patients.

Intra- and inter-observer variability

Intra-observer variability was determined by an operator experienced in CMR who conducted
two blinded assessments of 10 randomly selected data sets, with each assessment separated by more
than one month. Inter-observer variability was conducted independently by a second observer
experienced in CMR with the same 10 datasets.

Statistical analysis

All statistical analysis was performed with GraphPad prism version 8.0 (GraphPad, San Diego,
USA). All continuous variables were presented as mean + standard deviation (SD) or median (25t
percentile, 75" percentile) as appropriate. Comparisons of rFontan and control groups were
conducted with independent t-test analysis for normally distributed data and Mann-Whitney test for
non-normally distributed continuous variable. Demographic and clinical characteristics between
three groups were compared using unpaired one-way ANOVA for normally distributed variables,
Kruskal-Wallis for non-normally distributed variables, and Fisher’s exact test for categorical
variables. Receiver operator characteristic (ROC) analysis was performed to determine the predictive
power of 4D flow parameters for diastolic dysfunction. Intra- and inter-observer reproducibility were
assessed via intraclass correlation coefficient (ICC) and coefficient of variation (COV). A P value of
<0.05 was considered significant.

Results

Participant characteristics and ventricular function

Of the total 25 rFontan 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: 6/3)
had functional single ventricle (right ventricle type) (2 single right ventricle, 5 double outlet of right
ventricle with CAVC, 1 transpositions of the great artery, 1 others), and 7 (M/F: 5/2) had functional
single ventricle (biventricular type); 23 had an extracardiac conduit, 2 had a lateral tunnel
(Supplementary Table S1). The median postoperative follow-up time of CMR was 5 years. 9 function
single ventricle patients had LV diastolic dysfunction (grade 1 or grade 2) from echocardiography.
LGE was presented at the inferior interventricular septum in 4 cases (16%). There were no significant
differences between rFontan 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
1). rFontan patients had significantly higher inter-ventricular mechanical synchrony indexes than
healthy controls with time to maximal displacement consistently longer in the RV free wall than LV
lateral wall (-11 [-60,32] ms vs. 11 [0,25] ms, P<0.05) (Supplementary Figure S2).

Table 1. Demographics and 4D flow pattern and kinetic energy parameters in rFontan patients and
pediatric volunteers.

Parameters Control (n=14) rFontan (n=25) P
Demographics
Age, years 10 (9, 11) 9 (8, 12) 0.836
Follow-up time since surgery, years - 5@3,7) -
Gender, M/F 8/6 (57%) 15/10 (60%) 0.866

Height, cm 144 (132, 150) 125 (120, 135) 0.039
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Weight, kg 37 (28, 45) 25 (20, 31) 0.008
Body surface area, m? 1.22 (1.02,1.37) 0.93 (0.82, 1.05) 0.012
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
Massindex, g/m? 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, 3.72) 0.298
Cardiac output index, L/min/m? 4.05 (3.32, 4.76) 3.39 (2.19, 4.27) 0.271
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
Kinetic energy (KE) indexed to EDV
Average KEiepv, pJ/ml 11.2 (9.8, 14.3) 6.6 (4.6, 8.1) <0.001
Peak systolic KEiepv, pJ/ml 23.5(20.7, 27.5) 11.7 (9.4, 16.3) <0.001
Systolic KEiepv, pJ/ml 11.7 (9.6, 15.6) 6.7 (4.7, 8.4) <0.001
Diastolic KEiepv, uJ/ml 11.8 (8.6, 14.5) 6.5 (4.3, 8.6) <0.001
Peak E-wave KEieov, puJ/ml 27.5(23.6, 31.7) 11.7 (9.1, 15.3) <0.001
Peak A-wave KEiepov, pJ/ml 12.1(9.8,13.7) 8.3 (4.8, 10.9) 0.019
KEieov E/A ratio 2.38(1.92,2.71) 1.44 (1.07, 2.48) 0.02

Data are reported as median (25" percentile, 75t percentile). There were statistical differences in bold
representation. rFontan = repaired Fontan; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke
volume. *: 9 rFontan (right ventricle type) not included.

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

Median direct flow (32% vs. 40%) and delayed ejection flow (17% vs. 24%) were lower and
residual volume (28% vs. 23%) was higher in rFontan patients compared to normal control (all P<0.05,
Table1). There was no significant differences in retained inflow between two groups (18% vs. 12%).

There were significant differences in all KE parameters in rFontan patients compared to normal
controls (Table 1). There were significant decreases in regional (basal, mid and apical) kinetic energy
parameters in rFontan patients (all P<0.01), except for basal peak A-wave KEieov (P=0.100) (Table 2).
Peak E-wave KEiepv with different EF were decreased compared to normal control (P<0.001) (Figure
4).
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Table 2. Comparison of regional kinetic energy (KE) parameters between rFontan patients and

paediatric volunteers.

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

Basal KE indexed to EDV
Average KEiepv, pJ/ml 7.5 (6.5, 8.9) 4.3(3.3,5.4) <0.001
Peak systolic KEieov, pJ/ml 16.0 (12.5, 18.0) 9.4 (6.6, 10.9) <0.001
Systolic KEiepv, pJ/ml 8.9 (6.1, 8.9) 42 (3.5,5.4) <0.001
Diastolic KEieov, puJ/ml 7.2 (6.3, 8.8) 3.6 (2.5,5.3) <0.001
Peak E-wave KEieov, uJ/ml 18.5 (15.9, 20.3) 8.0 (6.1, 10.3) <0.001
Peak A-wave KEiepv, pJ/ml 7.2 (5.6,7.8) 4.7 (2.9,7.3) 0.100
KEiepv E/A ratio 2.72 (1.94, 3.45) 1.70 (1.13, 2.57) 0.006
Mid KE indexed to EDV
Average KEiepv, puJ/ml 3.3(2.9,4.0) 1.6 (1.2,2.4) <0.001
Peak systolic KEieov, p/ml 4.8(3.8,5.7) 2.8(1.8,3.6) <0.001
Systolic KEiepv, pJ/ml 2.7 (2.5,3.3) 1.7 (1.1, 2.1) 0.001
Diastolic KEiepv, puJ/ml 4.1(3.2,4.7) 1.7 (1.3, 2.7) <0.001
Peak E-wave KEieov, puJ/ml 8.3 (6.6,11.2) 32(2.3,4.2) <0.001
Peak A-wave KEiepv, pJ/ml 39(.2,5.1) 24 (1.4,3.1) 0.002
KEieov E/A ratio 2.11 (1.57, 3.12) 1.28 (1.03, 2.33) 0.021
Apical KE indexed to EDV
Average KEiepv, pJ/ml 0.8 (0.6, 1.3) 0.2(0.2,0.4) <0.001
Peak systolic KEieov, puJ/ml 1.5(1.3,1.9) 0.5 (0.3,0.7) <0.001
Systolic KEiepv, pJ/ml 0.8 (0.7, 1.0) 0.3 (0.2,0.4) <0.001
Diastolic KEiepv, pJ/ml 0.7 (0.6, 1.3) 0.3(0.1,0.4) <0.001
Peak E-wave KEieov, uJ/ml 1.3 (0.8, 1.9) 0.4 (0.2,0.7) <0.001
Peak A-wave KEiepv, pJ/ml 1.3 (1.0, 1.9) 0.3 (0.2, 0.5) <0.001
KEiepv E/A ratio 0.84 (0.63, 1.23) 1.16 (0.87, 2.05) 0.037

representation. rFontan = repaired Fontan; EDV = end-diastolic volume.

Data are reported as median (25% percentile, 75t percentile). There were statistical differences in bold
P p p


https://doi.org/10.20944/preprints202309.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2023 do0i:10.20944/preprints202309.0414.v1

Figure 3. Four-chamber views with particle tracing overlayed at peak systole phase and peak early
diastolic filling phase and peak late diastolic filling phase in rFontan 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.
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Figure 4. Differences in ventricular flow components which included indexed peak systolic kinetic
energy indexed (peak systolic KEieov), indexed average diastolic KEiepov, indexed peak E-wave KEieov
and indexed peak A-wave KEiebv according to different ejection fraction. EF: >=50% (n=20); <50%
(n=5); Controls>55% (n=14). Bars showed mean value, and error bars indicated SD. *P<0.05 compared
with controls.

There were no significant differences for flow components and KE parameters between rFontan
patients with inter-ventricular dyssynchrony
dyssynchrony (Table 3).

mechanical and without inter-ventricular

Table 3. Comparison of 4D flow parameters between repaired Fontan (rFontan) patients with inter-
ventricular mechanical dyssynchrony versus without inter-ventricular dyssynchrony.

4D flow parameters rFontan with inter- rFontan without P

ventricular inter-ventricular

mechanical mechanical

dyssynchrony dyssynchrony (n=9)

(n=15)*
Blood flow components
Direct flow, % 34 (29, 39) 29 (25, 37) 0.272
Retained inflow, % 18 (17, 21) 12 (8, 25) 0.814
Delayed ejection flow, % 17 (12, 23) 17 (14, 23) 0.859
Residual volume, % 27 (24, 32) 33 (27, 40) 0.162
Kinetic energy (KE) indexed to EDV
Average KEirpv, pJ/ml 7.0 (5.0,9.7) 6.3 (4.4, 8.1) 0.682
Peak systolic KEiepv, uJ/ml 11.3 (9.9, 15.1) 13.4 (10.4, 19.4) 0.347
Systolic KEiepv, piJ/ml 6.7 (5.2, 7.5) 7.1(4.7,9.7) 0.861
Diastolic KEieov, pJ/ml 7.8 (4.6,9.3) 5.3 (4.0, 6.8) 0.181
Peak E-wave KEiepv, p1J/ml 14.0 (9.2, 16.7) 11.2 (9.0, 12.1) 0.131
Peak A-wave KEiepv, pJ/ml 9.8 (4.6, 13.9) 7.3(5.7,10.7) 0.432
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KEiepv E/A ratio 1.44 (1.01, 2.66) 1.38 (1.11, 2.06) 0.788

Data were reported as median (25" percentile, 75% percentile). KEiepv = kinetic energy normalized to end-
diastolic volume (EDV). Inter-ventricular dyssynchrony assessed by difference in time to maximal displacement
between RV free wall and LV lateral wall (i.e. 233 ms by 95th percentile from controls). *One case was excluded
due to poor image quality.

Association of 4D flow parameters with LVdiastolic dysfunction

No significant difference was observed for 4D flow parameters between rFontan patients with
and without LV diastolic dysfunction group, except for median direct flow (38% vs. 30%, P=0.031)
(Table 4). ROC analysis demonstrated that direct flow (AUC = 0.76, Sensitivity = 86%, Specificity =
70%) had better discrimination for LV diastolic dysfunction than systolic KEieov, peak systolic KEirov,
residual volume, global KEieov and EF (Figure 5 and Supplementary Table S3).

Table 4. Comparison of 4D flow blood flow and kinetic energy parameters between rFontan patients
with and without diastolic dysfunction.

Parameters rFontan with rFontan without P
diastolic diastolic

dysfunction (n=9)  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 flow, % 17 (13, 23) 17 (12, 21) 0.605
Residual volume, % 29 (25, 40) 26 (24, 31) 0.216
Kinetic energy (KE) indexed to EDV

Average KEiepv, pJ/ml 6.6 (4.8, 8.8) 6.2 (3.8,7.7) 0.428
Peak systolic KEieov, pJ/ml 13.1 (10.0,17.1) 10.9 (8.5, 13.3) 0.160
Systolic KEiepv, pJ/ml 7.1 (5.4,10.0) 5.8 (3.8,7.5) 0.144
Diastolic KEiepv, pJ/ml 6.3 (4.6,9.3) 7.1 (3.7, 8.6) 0.978
Peak E-wave KEiepv, puJ/ml 11.2 (9.1, 15.2) 11.9 (8.6, 15.8) 0.892
Peak A-wave KEiepv, pJ/ml 8.1(5.2,10.3) 10.1 (2.5, 12.2) 0.935
KEieov E/A ratio 1.49 (1.01, 2.03) 1.44 (1.08,2.91) 0.683

Data were reported as median (25" percentile, 75" percentile). There were statistical differences in bold
representation. rFontan = repaired Fontan; EDV = end-diastolic volume.
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Figure 5. 4D Flow component, KE parameters and ejection fraction (EF) assess impaired LV diastolic
function. Diastolic function (n=9) versus diastolic dysfunction (n=7) In 16 rFontan patients.

Disruption of intracardiac flow in rFontan groups with morphologic LV or RV

4D flow components were not significantly different between morphologic LV and morphologic
RV patient group, except for median residual volume (24% vs. 33%, P=0.020). There were no
significant difference in KE parameters except morphologic RV subgroup having lower median peak
E-wave KEieov than morphologic LV subgroup (11.2 vs. 12.4 pJ/ml, P =0.002) (Table 5).

Table 5. Comparison of 4D flow blood flow and kinetic energy parameters between morphologic LV
of rFontan patients and morphologic RV of rFontan patients.

Parameters rFontan (n=18) P
Morphologic LV Morphologic RV
(n=9) (n=9)

Blood flow components

Direct flow, % 33 (28, 38) 29 (25, 39) 0.511
Retained inflow, % 18 (12, 24) 17 (10, 24) 0.948
Delayed ejection flow, % 21 (15, 24) 15 (12, 21) 0.435
Residual volume, % 24 (23, 31) 33 (29, 40) 0.020
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Kinetic energy (KE) indexed to EDV

Average KEiepv, pJ/ml 6.6 (4.7, 8.7) 6.1(4,7.8) 0.347
Peak systolic KEieov, pj/ml 11.3 (9.9, 14.5) 11.6 (8.2, 14.03) 0.605
Systolic KEiepv, pJ/ml 6.8 (5.4,7.5) 6.3 (4.2, 8.5) 0.431
Diastolic KEiepv, uJ/ml 6.3 (4.3,9.6) 5.1(3.5,8.2) 0.351
Peak E-wave KEiepv, puJ/ml 12.4 (8.9, 17.7) 11.2 (9.1, 14.1) 0.002
Peak A-wave KEizov, (J/ml 8.3 (4.6, 12.6) 6.6 (3.8,10.3) 0.369
KEieov E/A ratio 1.62 (1.04, 2.41) 1.44 (1.34, 2.54) 0.880

Data were reported as median (25" percentile, 75" percentile). There were statistical differences in bold
representation. LV = left ventricle; RV = right ventricle; rFontan = repaired Fontan; EDV = end-diastolic volume.

Intra and inter-observer variability

Intra-observer agreement was relatively 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 S2).

Discussion

In this prospective, single-center study, we have assessed the flow components and KE
parameters and investigated the disruption of intracardiac flow patterns in single ventricle
physiology patients. Our main findings were as following: (1) direct flow and residual volume might
be markers for assessing disruption of intracardiac flow patterns; (2) all KE parameters were
decreased in rFontan patients; (3) direct flow was the best of flow component marker for predicting
LV diastolic dysfunction; (4) single ventricle with dominant left ventricle had produced more efficient
intracardiac flow pattern than that of dominant right.

The characteristics of intracardiac flow components

Previous studies had demonstrated altered LV flow patterns in seemingly compensated dilated
cardiomyopathy (DCM) patients [19]. It is well known that direct flow followed an efficient pathway
to the ventricular outflow tract with the shortest distance. The residual volume was located at the
periphery of the ventricular cavity and outlined the functional border of the chamber [20]. In our
study, decreased median direct flow (32% vs. 40%, P=0.005) and increased median residual volume
(28% vs. 23%, P<0.05) had significant difference between rFontan and control group. Highly
inefficient flow pattern was measured according to intraventricular flow partitioning by 4D Flow
CMR. 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 supposed that was the
results of energy transferring from the inflow components. Our findings were consistent with those
of Stone et al [21].

On the other hand, Bolger et al. [2] demonstrated that the retained inflow had to decelerate at
the end of diastole and then acquired additional kinetic energy prior to ejection during a subsequent
systole in normal left ventricle. In our study, there was significant difference in median delayed
ejection flow between Fontan’s group and control group (17% vs. 24%, P<0.05). This might unveil
mechanism of compensation in post-Fontan patients by intracardiac flow components.

The function of KE in rFontan patients

KE represents the effective work of the heart in ejecting blood. Sjoberg Pia et al. [12] reported
peak diastolic KE in Fontan patients was lower than that in control group. Moreover, Kamphuis et
al. [23] reported EL was significantly elevated in Fontan patients compared to controls. In our study,
KE parameters of rFontan patients were lower than these of controls. Peak systolic and diastolic
KEiepv of patients were significantly lower than these of controls in regional parameters (age 10 + 3
years). David and his colleagues [13] reported peak systolic KE were significantly higher in Fontan
patients than in healthy volunteers (age 26 + 8 years). Our explanation was that impaired myocardial

do0i:10.20944/preprints202309.0414.v1
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systolic function resulted in inefficient kinetic energy for pediatric Fontan patients [25]. With the
increase of age, inefficiency leads to the increased KE after ventricular compensation. We found that
peak A-wave KEiepv was not significantly different in the ventricular base (5pJ/ml vs. 7ujJ/ml, P>0.05).
We understood that compensatory mechanism of atrial booster not launched in early rFontan
patients. Exploiting KE as a measure of useful cardiac work might give us a better understanding
of impaired filling efficiency.

Assessment of diastolic dysfunction in rFontan group

Our study demonstrated that direct flow was a more accurate predictor of diastolic dysfunction
than the others intracardiac flow component and KE parameters. Stoll et al. [18] reported the direct
flow average KE was the independent predictor of functional capacity in patients with heart failure.
Zhao et al. [24] proved that direct flow was independent predictors of right ventricle remodeling
index in repaired Tetralogy of Fallot patients. Direct flow was an interesting observation that were
best confirmed with longitudinal assessment.

Previous studies in children and adults with FSV had suggested a high frequency of ventricular
dyssynchrony [26-28]. Rosner et al. [29] showed ventricular dyssynchrony in the Fontan circulation
to be associated with reduced systolic and diastolic function. In our subgroup, of 24 study patients
with rFontan, fifteen demonstrated ventricular dyssynchrony. This might indicate high vulnerability
of the univentricular heart to myocardial dysfunction in the presence of an intraventricular
conduction delay. However, our study showed that inter-ventricular dyssynchrony had no
significant difference on flow components and KE parameters in rFontan patients. 4 cases of
rFontan patients (16%) had focal high signals at the inferior interventricular septum. Previously,
Kato, et al reported one of rFontan cases had positive LGE in pediatric cohort [25], suggesting septal
myocardial remodelling happened in a few rFontan patients.

Intracardiac flow in single ventricle physiology

The abnormal intracardiac anatomy in Fontan patients caused differences in intraventricular
flow patterns (Supplementary Figure S2), which could be assessed and studied by flow component
and KE parameters. Through comparison of single ventricle of left and RV morphologies, we found
increased residual flow and decreased peak E-wave KEiepv in RV morphology group. These
differences suggested that left ventricle morphology had a more efficient intracardiac flow pattern in
FSV patients. The result was consistent with previous studies [13]. On the other hand, RV
morphology with a fused inflow and highly spherical ventricle, vortex ring was formed and its
propagation towards the apex was slow due to circumferential propagation, which caused lower
filling velocities and dissipated kinetic energy [22].

Limitations

There were some limitations to this study that warrant discussion. Firstly, this prospective study
had a relatively small sample size, which limited its statistical power. Secondly, although previous
study had also demonstrated that non-respiratory navigated acquisition of 4D flow was comparable
to respiratory navigated acquisition in image quality assessment [30], 5 cases still had poor CMR
images in our study due to non-respiratory navigated. 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 might be the reason that as the heart rate
changes the proportions of the flow components alter to adapt to the new length of the diastolic
period, whilst still maintaining an efficient systolic ejection phase. Exercise CMR might be an
important method for rFontan postoperative evaluation in our further study. Future direction of
these 4D flow CMR imaging parameters may redefine risk prognostication for rFontan patients and
potentially be used to guide treatment decision making.

Conclusions

The decreased KE may be a result of impaired ventricular filling in rFontan patients. Reduced
direct flow was independently associated with diastolic dysfunction and might be a sensitive and
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specific biomarker for longitudinal outcome studies. Morphologic right ventricular subgroup is
worse than morphologic left ventricular group in terms of the intracardiac hemodynamics.
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Abbreviations

4D Four-dimensional

2D b-SSFP 2D balanced steady state free precession

AUC Area under curve

BSA Body surface area

CI Cardiac index

CMR Cardiovascular magnetic resonance
CcO Cardiac output

Cov Coefficient of variation

DCM Dilated cardiomyopathy

ED End diastole

EDV End-diastolic volume

EF Ejection fraction

EL Energy loss

ES End systole

ESV End-systolic volume

FSV Functional single ventricle

ICC Intraclass correlation coefficient

KE Kinetic energy
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KEiepv KE indexed to the ventricular end-diastolic volume
LV Left ventricle
LGE Late gadolinium enhancement
rFontan Repaired Fontan
ROC Receiver operator characteristic
RV Right ventricle
SD Standard deviation
SV Stroke volume
T-Dmax Time to maximal displacement
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