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Abstract: Intra-cardiac kinetic energy (KE) and ventricular flow analysis (VFA), as derived
from 4D-flow MRI, can be used to understand the physiological burden placed on the left
ventricle (LV) due to bicuspid aortic valve (BAV). Our hypothesis was that the KE of each
VFA component would impact the surgical referral outcome depending on LV function
decrement, BAV phenotype, and aortic dilation severity. A total of 11 healthy controls
and 49 BAV patients were recruited. All subjects underwent cardiac magnetic resonance
imaging (MRI) examination. The LV mass was inferior in the controls than in the BAV
patients (90 ± 26 g vs. 45 ± 17 g, p = 0.025), as well as the inferior ascending aorta diameter
indexed (15.8 ± 2.5 mm/m2 vs. 19.3 ± 3.5 mm/m2, p = 0.005). The VFA KE was higher in
the BAV group; significant increments were found for the maximum KE and mean KE in the
VFA components (p < 0.05). A total of 14 BAV subjects underwent surgery after the scans.
When comparing BAV nonsurgery vs. surgery-referred cohorts, the maximum KE and
mean KE were elevated (p < 0.05). The maximum and mean KE were also associated with
surgical referral (r = 0.438, p = 0.002 and r = 0.371, p = 0.009, respectively). In conclusion,
the KE from VFA components significantly increased in BAV patients, including in BAV
patients undergoing surgery.

Keywords: 4D-flow MRI; bicuspid aortic valve; ventricular flow analysis; kinetic energy

1. Introduction
The aortic valve is one of four intra-cardiac valves that allows for forward blood flow

to the body during each cardiac cycle. Normally, the aortic valve comprises three cusps,
each opening and closing in synchrony to ensure systemic circulation is not compromised.
Broadly, aortic valve disease can be acquired or be congenital [1]. Bicuspid aortic valve
(BAV) is the most common congenital valvular abnormality, affecting 1–2% of the general
population [2]. BAV affects flow patterns and dynamics so patients are at increased risk for
developing bicuspid aortopathy, which refers to a dilated aorta [3]. Irregular flow patterns
are believed to contribute to bicuspid aortopathy, a disease that is most often managed
surgically [4]. Moreover, BAV has implications for intra-cardiac flow distribution, kinetic
energy (KE), and pressure drop [5,6]. Cardiac magnetic resonance imaging (CMR) plays
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an important role in the diagnosis of patients with BAV and abnormal flow patterns [2].
Particularly, four-dimensional-flow cardiac magnetic resonance imaging (4D-flow MRI)
has been instrumental in accurately assessing blood hemodynamics, flow patterns, and
flow energetics in patients with cardiovascular pathologies, including BAV [2,7–10].

Blood flow through the left ventricle (LV), which may be influenced by a BAV phe-
notype, can be an important marker of LV function. Intra-cardiac KE is also a novel and
non-invasive metric that can be used to determine LV function [11–15]. Ventricular flow
assessment (VFA) using 4D-flow MRI characterizes LV blood flow distribution using four
functional components: direct flow (DF), retained inflow (RI), delayed ejection (DE), and
residual volume (RV) [5,16–19]. Long intra-cardiac KE of each one of these components can
provide the individual energy expended during the cardiac cycle. Callaghan et al. objec-
tively quantified VFA after surgical intervention and revealed that disordered ventricular
flow patterns are associated with blood-flow viscous energy losses [20]. Recently, our group
used 4D-flow MRI to accurately visualize and quantify the blood flow reliability of VFA
and pressure drops in BAV patients with preserved ejection fraction (pEF) [5]. That study
was novel in showing that VFA is not sensitive in differentiating BAV patients with mild
regurgitation from healthy controls with pEF because VFA components and EF are global
parameters. Inversely, pressure (local measurement) may be a more reliable biomarker to
reveal the early stage of diastolic dysfunction. Nevertheless, the role of the KE of each VFA
component as a marker for LV impairment prior to surgery has remained unexplored.

The purpose of this study is to assess the KE contribution of each VFA component in
patients with BAV. We hypothesized that the KE of each VFA component would impact the
surgical referral outcome depending on LV function decrement, BAV phenotype, and aortic
dilation severity. This study may provide important insight into the extent to which VFA
components may drive differences in KE in patients with BAV. Our findings may be used
to better understand how intra-cardiac hemodynamics are affected by BAV before surgery.

2. Materials and Methods
2.1. Study Cohort

A total of 60 subjects, including 11 healthy volunteer controls (age = 32 ± 14 years,
7 female) and 49 BAV patients (age = 45 ± 17 years, 14 female), were recruited as part of a
pre-defined prospective observational sub-study of the Cardiovascular Imaging Registry
of Calgary (CIROC, NCT04367220). Patients enrolled between March 2017 and August
2022 were considered for this study. All subjects provided written informed consent. The
Conjoint Health Research Ethics Board approved this study at the University of Calgary
(REB#13-0902). All research procedures were performed in agreement with the Declaration
of Helsinki. This study was coordinated by commercial software (cardioDI™ v2024.0.0;
Cohesic Inc., Calgary, AB, Canada) for the routine capture of patient informed consent
and health questionnaires and for the standardized collection of MRI-related variables.
The patients were distinguished by standardized coding of clinical referral indications for
BAV, including BAV morphology characterization. Only cases with a research 4D-flow MRI
acquisition were considered for this study. The exclusion criteria for the patients included
a history of myocardial infarction, non-ischemic cardiomyopathy, complex congenital heart
disease, MRI-coded moderate–severe mitral valve insufficiency, and significant systolic
dysfunction [left ventricle ejection fraction (LVEF) < 50%]. Healthy volunteers of ≥17 years
of age were recruited and underwent identical workflow and were required to have no
known cardiovascular disease, hypertension, or diabetes and have no contraindications for
MRI [21]. No age or sex matching between the BAV patients and controls was considered.
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2.2. Cardiac Magnetic Resonance Acquisition

All study participants underwent a standardized cardiac imaging protocol using 3T
MRI scanners (Skyra, Prisma, Siemens, Erlangen, Germany). We had optimized this pro-
tocol for BAV assessment as reported in [5,6,22,23]. Multi-planar segmented, ECG-gated,
time-resolved balanced steady-state free precession (SSFP) cine imaging in 4-chamber,
3-chamber, 2-chamber, and short-axis views were achieved, covering the whole heart at
end-expiration for functional assessment of the LV. For volumetric assessment, 3D mag-
netic resonance angiography (MRA) of the whole heart was acquired by administrating
0.2 mmol/kg gadolinium contrast (Gadovist, Bayer, Mississauga, ON, Canada). At approx-
imately 5–10 min following contrast administration, retrospective ECG-gated 4D-flow MRI
(WIP 785A) was acquired during free-breathing using navigator gating of diaphragmatic
motion, Figure 1a, as described in previous studies [5,6,23]. Velocity encoding selection
was based on standard 2D flow measurements in the aorta and a 3-chamber scout to avoid
aliasing. The temporal resolution range was given by patients’ ECG cycle durations fitting
the standard 30 frames of acquisition. The 4D-flow MRI parameters were as follows: spatial
resolution (2.0–2.5 mm × 2.0–2.5 mm × 2.5–3.5 mm), temporal resolution (36–40 ms), flip
angle (15◦), velocity encoding (150–550 cm/s), echo time (2.01–2.35 ms), and repetition time
(4.53–5.07 ms). The scan times ranged from 8 to 12 min depending on physiological factors,
pre-defined scanner parameters, and respiratory gating efficiency.
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Figure 1. Acquisition and analysis of 4D-flow MRI. (a) Acquisition planning of 4D-flow MRI requires
a respiratory navigator and whole-heart coverage using sagittal planes. (b) Valve tracking of the
aortic and mitral valves requires standard three-chamber acquisitions for automated detection and
tracking of the valves. A co-registration to the 4D-flow volume facilitates with plane location for
flow component analysis. (c) Illustration of the visualization of intra-cardiac pathlines used for the
assessment of ventricular flow analysis and its corresponding components.

2.3. Cardiac Magnetic Resonance Imaging and 4D-Flow Analysis

All analyses were completed by a single observer using cvi42 v5.17 (Circle Cardio-
vascular Imaging Inc., Calgary, Canada). We derived the functional parameters of LVs
from cardiac MR images, as described in [5]. Briefly, LV end-systolic volume (LVESV) and
left ventricular end-diastolic volume (LVEDV) were obtained and indexed to the body
surface area (BSA). The cvi42 prototype 4D-flow module was used to analyze the LV flow
components during a cardiac cycle. This prototype version allowed the calculation of KE on
each VFA component, as given by KE = 1

2 ρ·V·v2, assuming a blood density of 1.06 g/mL
(ρ), the volume of a voxel (V), and the velocity magnitude (v). Standard corrections for
phase-offset, static tissue, and velocity aliasing were performed when necessary. Most of
the preprocessing was automated, and it is given by the following steps: (1) data cropping
to the region of interest using a bounding-box mask; (2) velocity preprocessing, including
automated offset correction based on a static tissue and vessel mask that can be adjusted
using a threshold; and (3) anti-aliasing correction (up to 2 times the velocity encoding). In
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this 4D-flow module version, no LV segmentation was required for the VFA. Automated
detection of the aortic (AV) and mitral valve (MV) location and motion was performed
using machine learning in a 3-chamber view and constrained to the 4D-flow volume [24].
Briefly, it starts with selecting the long-axis three-chamber SSFP cine image to localize the
AV and MV planes on each frame. In the three-chamber cine views, tissue feature tracking
was applied to turn the initial static planes to dynamic according to the valve motion during
each cardiac cycle [24]. This approach demonstrated excellent inter- and intra-observer
variability [24]. Color-coded flow visualization was used for detailed semiautomatic locat-
ing and contouring of AVs and MVs. This approach allowed us to properly delineate the
annulus of the AV and MV. Our single analyst modified the valves’ locations when it was
necessary for precise contouring of the 4D-flow images throughout the cardiac cycle. The
isovolumetric relaxation phase was identified for the VFA.

The intra-cardiac LV blood flow was divided into four components over the cardiac
cycle: Figure 1c shows (I) direct flow (DF), the blood volume that enters and leaves the
LV during the same cardiac cycle; (II) retained inflow (RI), the blood volume that enters
the LV during the diastolic phase and does not eject in the systolic phase in the same
cardiac cycle; (III) delayed ejection (DE) flow, the blood volume retained in the LV and
ejected in the next systole; and (IV) residual volume (RV), the amount of blood that remains
in the LV for two cardiac cycles or more. The LV flow component analysis is described
in full detail in [5,19]. The isovolumetric relaxation (IVR) phase was set where both the
AV and MV flow profiles were minimized (both valves were closed) at the end of the
systolic phase. The four components of the left ventricular flow (DF, DE, RI, and RV) were
acquired according to a previously accredited method [25,26]. The VFA methodology was
initially validated by Eriksson et al. in a small cohort of subjects [25]. In addition, Stoll
et al. conducted test–retest variability validation [27]. Pathline particles were emitted
from each voxel within the LV chamber and separated into four flow components along
with the corresponding KE. Statistical analysis was conducted using SPSS version 29 (IBM,
Chicago, IL, USA) and included power calculation for group comparison as recommended
by Eng [28], a normality test based on Kolmogorov–Smirnov and Shapiro–Wilk, group
comparison between controls and BAV patients, surgery vs. nonsurgery referral, and
valve type phenotype comparison (Type 0, Type 1 RN, and Type 1 RL) that was performed
based on distribution type using Student’s t-test or the Mann-Whitney U-test for multiple-
comparison one-way ANOVA with post hoc pairwise comparison and the Bonferroni
correction when appropriate. Associations between the VFA, KE, LV function and surgery
referral were performed using Pearson’s correlation. Effect size was evaluated using
Cohen’s d. p-values of <0.05 were considered significant.

3. Results
3.1. Cohort Characteristics

The total sample size estimation for the VFA was 12 subjects, and for the KE, it was
15 subjects. Sixty participants were enrolled in this study; 11 were healthy and 49 were
patients with BAV. Counting the BAV phenotype classes revealed 16 cases of Type 0, 31 cases
of Type 1 and 2 cases of Type 2. The healthy control group was significantly younger
than the BAV group (32 ± 14 vs. 45 ± 17, p = 0.005). Sixty-four percent of the healthy
cohort was females compared with 29% in the BAV group, which was also significant
(p = 0.029). Compared to the BAV subjects, the healthy participants had significantly lower
BSAs (1.77 ± 0.24 m2 vs. 1.98 ± 0.23 m2, p = 0.010). Comorbidities and medications were
only reported in patients with BAV. A total of 24 patients reported alcohol consumption
occasionally (12%) or regularly (37%). Based on BMI, a total of 8 patients as opposed to
49 were reported with obesity. For medications, 18% of the BAV patients were taking
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beta blockers, 24% ACIi/ARB, and 16% statins. With respect to the LV parameters, the
LV masses indexed were lower in the controls than the BAV patients (52 ± 10 g/m2 vs.
63 ± 21 g/m2, p = 0.002). The indexed ascending aorta (AAo) diameter of the healthy
control group was significantly less than that of the BAV patients (15.8 ± 2.5 mm/m2 vs.
19.3 ± 3.5 mm/m2, p =0.005). The study cohort characteristics are summarized in Table 1.

Table 1. Baseline characteristics.

Parameter Control (n = 11) BAV (n = 49) p-Value

Age (years) 32 ± 14 45 ± 17 0.005
Sex, n female (%) 7 (64) 14 (29) 0.029
BSA (m2) 1.77 ± 0.24 1.98 ± 0.23 0.010
Cigarette smoking n (%) 8 (16%)
Alcohol consumption n (%)

None 25 (51%)
Occasional (<1 drink/day) 6 (12%)

Regular (>1 drink/day) 18 (37%)
Diabetes mellitus n (%) -
Hypertension n (%) 2 (4%)
Dyslipidemia n (%) 1 (2%)
Hypothyroidism n (%) -
Chronic kidney disease n (%) -
Atrial fibrillation n (%)

Paroxysmal 1 (2%)
Persistent -

Dyspnea (NYHA class ≥ II) n (%) -
Obesity n (%) 8 (16%)
Medications
Aspirin n (%) 3 (6%)
Beta blockers n (%) 9 (18%)
ACIi/ARB n (%) 12 (24%)
Calcium channel blocker n (%) -
Anti-coagulant n (%) 3 (6%)
Loop diuretic n (%) -
Statin n (%) 8 (16%)
CMR
LVEDVi (mL/m2) 87 ± 16 94 ± 24 0.083
LVESVi (mL/m2) 33 ± 9 38 ± 14 0.086
LVEF (%) 63 ± 6 60 ± 11 0.308
LV mass indexed (g/m2) 52 ± 10 63 ± 21 0.002
AAo diameter indexed (mm/m2) 15.8 ± 2.5 19.3 ± 3.5 0.005

AAo: ascending aorta; ACIi/ARB: angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; BSA:
body surface area; CMR: cardiac magnetic resonance; LVEDVi: left ventricular end-diastolic volume indexed;
LVESVi: left ventricular end-systolic volume indexed; LVEF: Left Ventricular Ejection Fraction; NYHA: New York
Heart Association.

3.2. Ventricular Flow Component Quantification

With respect to the ventricular flow components, there were significant differences
(p < 0.05) in the residual volume (RV), the maximum residual volume kinetic energy (KE RV
Max), the mean of the delayed ejection flow kinetic energy (KE DE Mean), and the mean of
the residual volume kinetic energy (KE RV Mean). Except for the DF, the parameters were
higher in the BAV group compared to the healthy control participants. Semiautomated
contouring required minimal adjustment of the AVs during diastole in 8 cases, and the
MVs required plane adjustments in 1 case and early systolic adjustments in 5 cases. The
quantifications of the ventricular flow components are summarized in Table 2.
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Table 2. Ventricular flow components.

Parameter Control (n = 11) BAV (n = 49) p-Value Cohen’s d

DF (%) 32 (27, 37) 26 (25, 30) 0.135 0.446
DE (%) 25 (24, 30) 23 (23, 26) 0.134 0.453
RI (%) 22 (18, 23) 19 (17, 20) 0.106 0.484
RV (%) 22 (16, 26) 28 (27, 32) 0.003 −0.964

KE DF Max (µJ) 2336 (1637, 3189) 2688 (2606, 3528) 0.339 −0.405
KE DE Max (µJ) 1907 (1220, 2480) 2216 (2347, 3721) 0.178 −0.506
KE RI Max (µJ) 1094 (641, 1293) 1178 (1243, 1805) 0.166 −0.577
KE RV Max (µJ) 304 (179, 469) 628 (725, 1297) 0.016 −0.713

KE DF Mean (µJ) 682 (476, 903) 785 (742, 1034) 0.225 −0.391
KE DE Mean (µJ) 450 (312, 577) 595 (585, 1028) 0.048 −0.483
KE RI Mean (µJ) 273 (167, 323) 338 (323, 481) 0.080 −0.583
KE RV Mean (µJ) 115 (71, 195) 245 (276, 495) 0.006 −0.685

Data are presented as medians (25th percentile, 75th percentile). DF: direct flow; DE: delayed ejection flow; RI:
retained inflow; RV: residual volume; KE: kinetic energy; Max: maximum.

3.3. Patients with BAV Undergoing Surgery

A total of 14 of the 49 BAV subjects underwent surgery after their MRI examination.
Table 3 summarize baseline characteristics of nonsurgical and surgical patients. The surgical
patients were older than the nonsurgical patients, with a non-significant age difference.
Only 3 opposed to 14 female patients underwent surgical treatment. Severe aortic stenosis
and severe aortic dilation were the main reasons for surgery. Surgical referral included two
aortic repairs, 9 valve replacements, and three for both aortic repair and valve replacement.
When comparing the BAV nonsurgery vs. surgery-referred cohorts, the indexed aortic
diameter was significantly higher (18.4 ± 2.9 mm/m2 vs. 22.1 ± 3.5 mm/m2, p < 0.001), and
the maximum KE in the RV (500 µJ (494 µJ, 964 µJ) vs. 1618 µJ (1022 µJ, 2614 µJ), p = 0.013,
d = −1.16) and the mean KE in the RV (210 µJ (208 µJ, 378 µJ) vs. 403 µJ (313 µJ, 986 µJ),
p = 0.032, d = −0.961) were similarly elevated. No differences were found in the KE for the
BAV phenotype.

Table 3. Baseline characteristics of nonsurgical and surgical patients.

Parameter Nonsurgical (n = 35) Surgical (n = 14) p-Value

Age (years) 44 ± 17 50 ± 14 0.28
Sex, n female (%) 11 (31) 3 (21) 0.356
BSA (m2) 2.00 ± 0.25 1.97 ± 0.19 0.676
Aortic stenosis

Mild n (%) 4 (11) 1 (7)
Moderate n (%) 2 (6) 3 (21)

Severe n (%) 0 (0) 4 (29)
Aortic regurgitation

Mild n (%) 6 (17) 4 (29)
Moderate n (%) 2 (6) 0 (0)

Severe n (%) 0 (0) 1 (7)
Aortic dilation

Mild n (%) 4 (11) 3 (21)
Moderate n (%) 6 (17) 1 (7)

Severe n (%) 1 (3) 3 (21)
Surgical referral
Aortic repair n (%) 2
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Table 3. Cont.

Parameter Nonsurgical (n = 35) Surgical (n = 14) p-Value

Valve replacement n (%) 9
Aortic repair and valve replacement n (%) 3
CMR
LVEDVi (mL/m2) 89 ± 19 104 ± 29 0.059
LVESVi (mL/m2) 37 ± 12 40 ± 17 0.502
LVEF (%) 59 ± 11 63 ± 7 0.207
LV mass indexed (g/m2) 59 ± 15 71 ± 30 0.081
AAo diameter indexed (mm/m2) 18.4 ± 2.9 22.1 ± 3.5 <0.001

BSA: body surface area; CMR: cardiac magnetic resonance; LVEDVi: left ventricular end-diastolic volume indexed;
LVESVi: left ventricular end-systolic volume indexed; LVEF: Left Ventricular Ejection Fraction.

3.4. Ventricular Flow Component Associations

The DF correlated with the LVESVi (r = −0.256, p = 0.048), and the DE correlated
with the LVEDVi (r = 0.385, p = 0.02), LVESVi (r = 0.545, p < 0.001), and LVEF (r = −0.323,
p = 0.029). The maximum KE of the DF, DE, and RI correlated with the LVEDVi (r = 0.317,
p = 0.014; r = 0.518, p < 0.001, Figure 2a; and r = 0.289, p = 0.025, respectively). The maximum
KE of the DE and RI correlated with the LVESVi (r = 0.447, p < 0.001, Figure 2b; r = 0.313,
p = 0.015, respectively). Only the maximum KE of the RV correlated with the LV masses
indexed (r = 0.368, p = 0.004). The correlations of the mean KE of the DF, DE, RI, and RV with
LVEDVi are presented in Figure 3. The correlations of the mean KE of the DF, DE, RI, and
RV with the LVESVi are presented in Figure 4. The maximum and mean RV KE were also
associated with surgical referral (r = 0.438, p = 0.002; and r = 0.371, p = 0.009; respectively).

Fluids 2025, 10, x FOR PEER REVIEW  7  of  14 
 

Mild n (%)  6 (17)  4 (29)   

Moderate n (%)  2 (6)  0 (0)   

Severe n (%)  0 (0)  1 (7)   

Aortic dilation       

Mild n (%)  4 (11)  3 (21)   

Moderate n (%)  6 (17)  1 (7)   

Severe n (%)  1 (3)  3 (21)   

Surgical referral       

Aortic repair n (%)    2   

Valve replacement n (%)    9   

Aortic repair and valve replacement 

n (%) 
  3   

CMR       

LVEDVi (mL/m2)  89 ± 19  104 ± 29  0.059 

LVESVi (mL/m2)  37 ± 12  40 ± 17  0.502 

LVEF (%)  59 ± 11  63 ± 7  0.207 

LV mass indexed (g/m2)  59 ± 15  71 ± 30  0.081 

AAo diameter indexed (mm/m2)  18.4 ± 2.9  22.1 ± 3.5  <0.001 

BSA: body surface area; CMR: cardiac magnetic resonance; LVEDVi: left ventricular end-diastolic 

volume indexed; LVESVi: left ventricular end-systolic volume indexed; LVEF: Left Ventricular 

Ejection Fraction. 

3.4. Ventricular Flow Component Associations 

The DF correlated with the LVESVi (r = −0.256, p = 0.048), and the DE correlated with 

the LVEDVi (r = 0.385, p = 0.02), LVESVi (r = 0.545, p < 0.001), and LVEF (r = −0.323, p = 

0.029). The maximum KE of the DF, DE, and RI correlated with the LVEDVi (r = 0.317, p = 

0.014; r = 0.518, p < 0.001, Figure 2a; and r = 0.289, p = 0.025, respectively). The maximum 

KE of the DE and RI correlated with the LVESVi (r = 0.447, p < 0.001, Figure 2b; r = 0.313, 

p = 0.015, respectively). Only the maximum KE of the RV correlated with the LV masses 

indexed (r = 0.368, p = 0.004). The correlations of the mean KE of the DF, DE, RI, and RV 

with LVEDVi are presented in Figure 3. The correlations of the mean KE of the DF, DE, 

RI, and RV with the LVESVi are presented in Figure 4. The maximum and mean RV KE 

were also associated with surgical referral (r = 0.438, p = 0.002; and r = 0.371, p = 0.009; 

respectively). 

 

Figure 2. Correlation of maximum kinetic energy for delayed ejection (Max KE DE). LVEDVi: left 

ventricular end-diastolic volume indexed; LVESVi: left ventricular end-systolic volume indexed. 

Figure 2. Correlation of maximum kinetic energy for delayed ejection (Max KE DE). LVEDVi: left
ventricular end-diastolic volume indexed; LVESVi: left ventricular end-systolic volume indexed.

Fluids 2025, 10, x FOR PEER REVIEW  8  of  14 
 

 

Figure 3. Correlations of mean kinetic energy (KE) for ventricular flow components with left ven-

tricular end-diastolic volume indexed (LVEDVi). (a) Scatter plot showing the correlation of mean 

KE from direct flow (DF) and LVEDVi; (b) Scatter plot showing the correlation of mean KE from 

delayed ejection flow (DE) and LVEDVi; (c) Scatter plot showing the correlation of mean KE from 

retained inflow (RI) and LVEDVi; (d) Scatter plot showing the correlation of mean KE from residual 

volume (RV) and LVEDVi. 

 

Figure 4. Correlations of mean kinetic energy (KE) for ventricular flow components with left ven-

tricular end-systolic volume indexed (LVESVi). (a) Scatter plot showing the correlation of mean KE 

from direct flow (DF) and LVESVi; (b) Scatter plot showing the correlation of mean KE from delayed 

ejection flow (DE) and LVESVi; (c) Scatter plot showing the correlation of mean KE from retained 

inflow (RI) and LVESVi; (d) Scatter plot showing the correlation of mean KE from residual volume 

(RV) and LVESVi.   

4. Discussion 

This study demonstrated that cardiac magnetic resonance imaging can identify LV 

hemodynamic differences via VFA components and kinetic energy in BAV patients be-

yond the standard metrics. We showed that VFA components, which can be quantified 

Figure 3. Cont.



Fluids 2025, 10, 5 8 of 13

Fluids 2025, 10, x FOR PEER REVIEW  8  of  14 
 

 

Figure 3. Correlations of mean kinetic energy (KE) for ventricular flow components with left ven-

tricular end-diastolic volume indexed (LVEDVi). (a) Scatter plot showing the correlation of mean 

KE from direct flow (DF) and LVEDVi; (b) Scatter plot showing the correlation of mean KE from 

delayed ejection flow (DE) and LVEDVi; (c) Scatter plot showing the correlation of mean KE from 

retained inflow (RI) and LVEDVi; (d) Scatter plot showing the correlation of mean KE from residual 

volume (RV) and LVEDVi. 

 

Figure 4. Correlations of mean kinetic energy (KE) for ventricular flow components with left ven-

tricular end-systolic volume indexed (LVESVi). (a) Scatter plot showing the correlation of mean KE 

from direct flow (DF) and LVESVi; (b) Scatter plot showing the correlation of mean KE from delayed 

ejection flow (DE) and LVESVi; (c) Scatter plot showing the correlation of mean KE from retained 

inflow (RI) and LVESVi; (d) Scatter plot showing the correlation of mean KE from residual volume 

(RV) and LVESVi.   

4. Discussion 

This study demonstrated that cardiac magnetic resonance imaging can identify LV 

hemodynamic differences via VFA components and kinetic energy in BAV patients be-

yond the standard metrics. We showed that VFA components, which can be quantified 

Figure 3. Correlations of mean kinetic energy (KE) for ventricular flow components with left ventric-
ular end-diastolic volume indexed (LVEDVi). (a) Scatter plot showing the correlation of mean KE
from direct flow (DF) and LVEDVi; (b) Scatter plot showing the correlation of mean KE from delayed
ejection flow (DE) and LVEDVi; (c) Scatter plot showing the correlation of mean KE from retained
inflow (RI) and LVEDVi; (d) Scatter plot showing the correlation of mean KE from residual volume
(RV) and LVEDVi.

Fluids 2025, 10, x FOR PEER REVIEW  8  of  14 
 

 

Figure 3. Correlations of mean kinetic energy (KE) for ventricular flow components with left ven-

tricular end-diastolic volume indexed (LVEDVi). (a) Scatter plot showing the correlation of mean 

KE from direct flow (DF) and LVEDVi; (b) Scatter plot showing the correlation of mean KE from 

delayed ejection flow (DE) and LVEDVi; (c) Scatter plot showing the correlation of mean KE from 

retained inflow (RI) and LVEDVi; (d) Scatter plot showing the correlation of mean KE from residual 

volume (RV) and LVEDVi. 

 

Figure 4. Correlations of mean kinetic energy (KE) for ventricular flow components with left ven-

tricular end-systolic volume indexed (LVESVi). (a) Scatter plot showing the correlation of mean KE 

from direct flow (DF) and LVESVi; (b) Scatter plot showing the correlation of mean KE from delayed 

ejection flow (DE) and LVESVi; (c) Scatter plot showing the correlation of mean KE from retained 

inflow (RI) and LVESVi; (d) Scatter plot showing the correlation of mean KE from residual volume 

(RV) and LVESVi.   

4. Discussion 

This study demonstrated that cardiac magnetic resonance imaging can identify LV 

hemodynamic differences via VFA components and kinetic energy in BAV patients be-

yond the standard metrics. We showed that VFA components, which can be quantified 

Figure 4. Correlations of mean kinetic energy (KE) for ventricular flow components with left ven-
tricular end-systolic volume indexed (LVESVi). (a) Scatter plot showing the correlation of mean KE
from direct flow (DF) and LVESVi; (b) Scatter plot showing the correlation of mean KE from delayed
ejection flow (DE) and LVESVi; (c) Scatter plot showing the correlation of mean KE from retained
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4. Discussion
This study demonstrated that cardiac magnetic resonance imaging can identify LV

hemodynamic differences via VFA components and kinetic energy in BAV patients be-
yond the standard metrics. We showed that VFA components, which can be quantified
non-invasively, may be important for the assessment of BAV for three main reasons. First,
the VFA components and energetics can be accurately quantified. Second, there are differ-
ences between patients with BAV and healthy subjects. Third, compared to nonsurgical
patients, patients with BAV who undergo surgery have significant differences in a subset of
VFA components.

Accurate quantification of valvular disease is essential for optimal clinical manage-
ment. Using 4D-flow MRI, analysis planes can be applied and modified according to the
location and angulation of moving valvular structures for the quantification of valvular re-
gurgitation, while peak velocity quantification of stenotic jets can be performed to elucidate
valvular stenoses. Moreover, an important part of the total work of the heart transfers into
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the KE of the blood, where the KE is directly involved in the movement of the blood [29].
These metrics have been shown to have clinical relevance. Our study included younger
controls than BAV patients. A study from Zhao et al. reported that VFA components may
not be sensitive to age [30]. However, LV KE is affected by age [30,31]. Similarly, biological
sex was not balanced in our study, and it has been reported that females may present higher
LV KE than males [30,31]. Age and sex matching may be important aspects to consider
in future studies with BAV. Differences in BSA between the controls and patients were an
anticipated finding. No relevant impact of BSA was reported for the VFA and LV KE at
the time of data analysis. Another expected finding was the difference in the LV parame-
ters between the controls and the patients with BAV. Limited knowledge was found for
assessing VFA and LV KE in BAV. However, few studies have investigated LV KE in other
cardiovascular diseases. Eriksson and colleagues found that patients with heart failure and
mild LV remodeling exhibited impaired preservation of inflow KE compared to healthy
individuals despite equivalent stroke volumes [32]. Furthermore, the total direct flow KE
at end-diastole was lower in heart failure patients, which may have impacted diastolic–
systolic coupling. Another study demonstrated that myocardial infarction was associated
with a decrease in average LV KE over the whole cardiac cycle [11]. Additionally, 4D-flow
MRI quantification of LV flow components and energetics may also provide a consistent
classification for impaired LV filling. For instance, Crandon et al. showed that in healthy
individuals, LV KE during E and A waves presented a stronger relation with increasing
age than 2D mitral inflow measurements [33]. Another study, which investigated right and
left atrial KE in healthy volunteers, found three peaks in the KE time profiles in both atria:
during the ventricular systole, the early ventricular diastole, and atrial contraction [34].
The early diastolic KE of the LA correlated with the LV mass, whereas such an association
was not noted in the right chambers. Based on more recent studies, LV mass seems to play
an important role in increasing the pressure gradient within the LV during the diastole [35].

In the present study, for the first time, we considered intra-cardiac flow components
and their KE in patients with BAV. Importantly, we ascertained that differences exist in
specific metrics in patients with BAV compared to healthy controls. Efficient blood flow
transportation in the LV is associated with DF [36]. In our study, the BAV DF was reduced
but not significantly when compared with the controls. The VFA RV component and
its KE were the unique parameters that consistently detected differences between the
control and BAV groups. These findings may be due to the increased load in the LVs
of BAV patients. Furthermore, in a sub-population analysis, we found that specific VFA
components can differ in BAV patients undergoing surgical intervention versus those not
requiring operations. In our study, the AAo diameter was higher in the BAV patients
compared to the controls. As the severity of BAV increases, affecting aortic dilation and
LV function, the blood flow KE is expected to increase along the dilation of the aorta and
at the time of surgery [6,37]. Overall, the understanding of the role of LV intra-cardiac
KE in BAV is limited in clinical settings. LV KE is expected to change with increased
LV load due to the severity of the BAV. Our KE results aligned with this expectation.
The latter may be critical in the clinical setting, as it facilitates a non-invasive approach
to better delineate surgical decision-making and provide potential insight into clinical
outcomes. A recent study from Elhawaz et al. piloted the usefulness of LV KE and
VFA in aortic stenosis intervention [38]. They found that LV KE and VFA components
significantly changed (p < 0.05) after intervention. Interestingly, pre-operative LV KE was
associated with LV remodeling post-intervention. Our study can be the foundation for
future work, which should focus on determining whether the timing of pre-operative
imaging can affect ventricular flow assessment and if there is any impact on clinical
outcomes. Furthermore, Carlsson et al. demonstrated that LV KE can increase by ~20%
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during exercise in healthy controls [39]. Exercise stress 4D-flow imaging in valvular disease,
especially BAV, remains unexplored but may have added value for assessing LV viability
before surgery. However, recent studies have reported that in congenital diseases, LV
KE can significantly increase during exercise [40–42]. Predictive models, based on LV
KE and VFA, differentiating surgical outcomes across different BAV phenotypes may be
determinant for personalized surgical planning. A more advanced approach could include
the use of physical twins mapping the disease states of patients to KE measurements
and predictive surgical models [43]. For the latter, a large longitudinal sample size may
be required.

This study has limitations that should be acknowledged. This study would have
benefitted from a larger sample size, allowing us to better differentiate BAV phenotypes,
aortopathy dilation patterns, and LV remodeling patterns. There were only 14 females in
the BAV cohort, which limited the understanding of KE in female BAV patients. Future
studies should include more females to better elucidate whether sex can make a difference
in intra-cardiac VFA components in BAV patients. All the participants and scans were
from one center, using only one type of 4D-flow sequence and a single reader and reviewer.
The latter is important considering the manual corrections performed in the AV and MV
contouring. A multicenter study can aid in establishing the external validity of this study
by including multiple scanner vendors and 4D-flow sequence types. The BAV phenotype
classes were unbalanced, with Type 2 having only 2 cases, limiting the statistical test
for BAV phenotyping. It must also be considered that, as with any advanced 4D-flow
derived metric, spatial and temporal resolution may have affected the accuracy of the
KE. Our 4D-flow protocol followed the recommendations of the 4D-flow consensus, and
small modifications to spatial resolution were determined by patient comfort at the time
of examination [44–46]. In our study, we did not consider any additional validation for
VFA and KE. Doppler vector mapping could be an option for 2D KE validation [47], but
it may have limitations for 3D assessment. Alternatively, an in silico validation could be
possible by extracting the LV volume and valve morphology from MRI examination. AV
and MV 4D-flow measurements may serve as initialization for a simulation. An additional
consideration is that our subjects were not sex-and age matched, which may be required to
consider in future studies. Lastly, our sample size estimation was mostly based on VFA
components and mean LV KE in consideration of the high sensitivity of maximum LV KE.
The latter may require further investigation, considering that LV KE data derived from VFA
components in BAV are limited and additional experimental data are required.

5. Conclusions
In this study, we showed that KE from VFA components is increased in patients with

BAV and in BAV patients undergoing surgery. Moreover, KE is associated with ventricular
function and surgical referral. These findings may be useful to characterize energetic
changes in BAV due to LV remodeling and surgical therapy and aid in delivering precise
therapeutic strategies that can be personalized.
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