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Background: Patients with different types of heart failure (HF) exhibit varying rates of blood flow through
cardiac chambers and pressure gradients across the aortic valve, attributed to differing degrees of myocardial
contractility. Assessment of these dynamics offers insights into early HF diagnosis. This study aimed to
analyze left ventricular outflow tract (LVOT) blood flow parameters, specifically peak blood flow velocity and
pressure gradient derived from four-dimensional flow cardiovascular magnetic resonance (4D flow CMR),
and to evaluate 4D flow CMR’s utility in distinguishing HF types.

Methods: This prospective cross-sectional study recruited 115 HF patients from January 2019 to May
2022 at the General Hospital of Ningxia Medical University, classified by the New York Heart Association
Cardiac Function Classification of Heart Failure as class II-IV, alongside a control group (n=30). Participants
underwent cardiovascular magnetic resonance (CMR), including 4D flow. HF patients were categorized
into heart failure with reduced ejection fraction (HFrEE, n=55), heart failure with mildly reduced ejection
fraction (HFmrEF, n=30), and heart failure with preserved ejection fraction (HFpEF, n=30), based on
ejection fraction. The cardiac functional parameters and aortic valve flow indices were measured using Circle
Cardiovascular Imaging. LVOT 4D flow data were obtained 3 mm below the junction of the aortic valve
leaflets, assessing peak velocities above and below the valve. Differences in cardiac function and blood flow
parameters between groups were analyzed using one-way analysis of variance (ANOVA). The accuracy of
these parameters in identifying subgroups was assessed using the receiver operating characteristic (ROC)
curve.

Results: Analysis of conventional cardiac function parameters revealed that left ventricular ejection fraction
(LVEF) was significantly lower in the HFrEF and HFmrEF groups compared to the HFpEF and control
groups (P<0.01). Additionally, end-diastolic volume and end-systolic volume were significantly higher in
the HFrEF and HFmrEF groups than in the HFpEF and control groups (P<0.01). However, there were
no significant differences in cardiac function parameters between the HFpEF and control groups (P>0.05).
Significant differences were observed in aortic valve peak pressure gradients (Supra-APGmax) among the
four study groups (5.01+1.09 vs. 6.23+2.94 vs. 7.63+1.81 vs. 8.89+2.97 mmHg, P<0.05). Aortic valve peak
velocities in the HFrEF group differed significantly from the HFpEF and control groups (111.31+12.05 cm/s
vs. 137.2£16 vs. 147.15+24.55 cm/s, P<0.001). The ROC curve for the pressure gradient below the aortic
valve had an area under the curve (AUC) of 0.728 [95% confidence interval (CI): 0.591-0.864, P=0.002],
with an optimal threshold of 4.72 mmHg (sensitivity: 0.8, specificity: 0.7, Youden index: 0.5).
Conclusions: HF patients exhibit reduced pressure gradients across the aortic valve during systole,
indicative of altered intracardiac blood flow dynamics. Combining aortic valve velocities and pressure
gradients can aid in distinguishing different types of HF, including HFpEF patients.
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Introduction

Heart failure (HF) results from structural or functional
abnormalities in the heart, affecting the relaxation or
contraction processes of the ventricles and giving rise
to complex clinical syndromes (1). Impairments and
remodeling of the left ventricle (LV) may occur gradually
before clinical symptoms become apparent, highlighting
the critical need for precise and early diagnostic methods.
Currently, transthoracic Doppler ultrasound remains the
preferred tool for assessing left ventricular ejection fraction
(LVEF), contractile function, and blood flow patterns (2).
However, limitations such as operator-dependent variability
and acoustic window constraints reduce the accuracy of
ultrasound measurements of cardiac blood flow parameters.
Moreover, the diagnosis and classification of HF patients
heavily rely on ultrasound-based LVEF measurements (3).
For patients with heart failure with preserved ejection
fraction (HFpEF), diagnosis requires integrating clinical
symptoms, signs, and brain natriuretic peptide testing, which
may lead to underdiagnosis by less experienced clinicians (4).
In contrast, four-dimensional flow cardiovascular magnetic
resonance (4D flow CMR) represents a novel technique that
enables three-dimensional (3D) velocity encoding (VENC)
and visualization of blood flow patterns within the heart and
major blood vessels (5-7). With its high temporal resolution,
4D flow CMR allows detailed study of blood flow patterns
in specific regions of the LV throughout the cardiac cycle,
such as the left ventricular outflow tract (LVOT) (8-10).
Certain researchers have demonstrated that left
ventricular blood flow patterns closely correlate with
myocardial, valve, and large blood vessel morphology and
movement, potentially serving as sensitive indicators of
cardiac functional impairments, including HF (11). For
example, van Ooij ez 4l. utilized 4D flow CMR to quantify
pressure gradients in the LVOT, revealing that peak systolic
pressure differences in hypertrophic cardiomyopathy
patients (2116 mmHg) significantly exceeded those in
the control group (9+2 mmHg) (12). This underscores the
relevant association between abnormal LVOT blood flow,
increased left ventricular load, and adverse myocardial
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remodeling. However, quantitative analysis of blood flow
patterns in various HF subtypes using LVOT 4D flow
CMR and their relationship with systolic left ventricular
dysfunction remains limited.

Therefore, this study aimed to compare aortic valve
blood flow velocities and pressure gradients among different
subtypes of HF patients and analyze the correlation between
these parameters and systolic left ventricular dysfunction.
We present this article in accordance with the STROBE
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-24-311/rc).

Methods
Study population

The primary aim of this study was to assess the feasibility
of using 4D flow CMR to distinguish between different
types of HE. Patients diagnosed with HF between January
2019 and May 2022 at Ningxia Medical University
General Hospital were prospectively enrolled for
cardiovascular magnetic resonance (CMR) examination.
These HF patients met the diagnostic criteria established
by the European Society of Cardiology in 2021 (3) and
underwent comprehensive CMR, echocardiography,
and electrocardiography. Both cine and 4D flow CMR
images obtained were of satisfactory quality. Heart failure
with reduced ejection fraction (HFrEF) was defined
as LVEF <40%, indicating significant decline in left
ventricular systolic function; heart failure with mildly
reduced ejection fraction (HFmrEF) was defined as 41%<
LVEF <49%, indicating mild reduction in left ventricular
systolic function; HFpEF was defined as patients with HF
symptoms and signs, cardiac structural and/or functional
abnormalities, and/or elevated levels of brain natriuretic
peptide, with LVEF >50% (13). Table 1 presents the
general characteristics of the study population. Exclusion
criteria for HF patients included conditions such as
hypertrophic cardiomyopathy, aortic valve insufficiency or
stenosis, hypertension, diabetes, malignant cardiac tumors,
claustrophobia, presence of implanted or metal medical
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Table 1 Comparison of general characteristics among study groups
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Clinical information HFrEF (n=55) HFmrEF (n=30) HFpEF (n=30) Control (n=30) F/H/c? P value
Age (years) 45.93+14.3* 47.6+15.63* 42.8+16.12 36.6+15.22 3.29 0.023
Sex (male) 42 (76.4%) 25 (83.3%) 17 (56.7%) 22 (73.3%) 6.017 0.111
BMI (kg/m?) 24.73+3.54" 23.94+2.56 24.63+2.95 23.1+1.94 3.272 0.026
BSA (m?) 1.93+0.2 1.93+0.15 1.87+0.16 1.9+0.18 1.114 0.346
HR (bpm) 78.2+14.11% 72.53+11.41 65.97+9.06* 72.73+15.15 7.846 <0.001
NYHA class 8.197 0.414

I 22 (40%) 13 (43.3%) 15 (50%) -

1l 17 (30.9%) 9 (30%) 10 (33.3%) -

v 7(12.7%) 1(3.3%) 2 (6.7%) -
NT-proBNP (pg/mL) 667.02+574.23 504.45+185.25 450.83+174.21 - 2.956 0.057

Data are reported as mean = standard deviation or number (%). *, significantly different from the control group, P<0.05; T, significantly
different between HFrEF and HFmrEF groups, P<0.05; ¥, significantly different from HFpEF group, P<0.05. HFrEF, heart failure with reduced
ejection fraction; HFmrEF, heart failure with mildly reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; BMI,
body mass index; BSA, body surface area; HR, heart rate; bpm, beats per minute; NYHA, New York Heart Association functional class
(II: slight limitation of physical activity; Ill: marked limitation of physical activity due to heart disease; IV: inability to carry on any physical

activity); NT-proBNP, N-terminal pro-brain natriuretic peptide.

devices, and significant arrhythmias at enrollment. The
process of case-specific natriuresis is shown in Figure 1.
A control group of healthy volunteers without history of
cardiovascular diseases, liver or kidney dysfunction, immune
disorders, neurological disorders, metabolic diseases,
malignant tumors, long-term medication use, smoking, or
alcohol consumption was also recruited. These volunteers
underwent echocardiography and CMR examinations. The
study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013). The study was approved by the
Research Ethics Committee of Ningxia Medical University
General Hospital (approval No. KYLL-2021-255) and the
requirement for individual consent for this analysis was
waived due to retrospective nature of this study.

Equipment and methods

() Cardiac ultrasound examination: this study utilized
a Philips TE33 color Doppler ultrasound system
(Philips Healthcare, Best, Netherlands) equipped with
an S5-1 phased array probe (frequency 1-5 MHz).
Offline image acquisition and analysis were conducted
using the Tom Tec 4.0 workstation (TomTec Imaging
Systems, Unterschleissheim, Germany). The frame rate
of the instrument was adjusted to >60 frames/second

after positioning, and electrocardiogram (ECG) data
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were acquired over three cardiac cycles. Following
measurements, LVEF was calculated using the biplane
Simpson’s method. Systolic LVOT flow velocity was
assessed at the aortic valve to estimate the maximum
pressure gradient across the LVOT (LVOT-PG).
Magnetic resonance imaging (MRI): patients
underwent cardiac scanning using a 3.0T MRI system
(Philips Healthcare, Netherlands). Uniform sequence
parameters were applied across all cases. Steady-state
free precession cine sequences were employed for
measuring cardiac functional parameters in a short-
axis orientation, with scan parameters including
echo time (TE) of 1.28 ms, repetition time (TR)
of 2.6 ms, flip angle of 45°, field of view (FOV) of
350x350x100 mm, and slice thickness of 8 mm. Voxel
dimensions were 2x2x8 mm, with 30 phases collected
per cardiac cycle. Three-chamber 4D flow CMR
acquisitions were performed during free-breathing,
covering the entire cardiac cycle without respiratory
gating. The time resolution was typically 35-45 ms,
capturing 20-25 phases depending on heart rate,
and reconstructed into 40 cardiac phases. Typical
scan parameters included TE/TR of 1.2/2.0 ms, flip
angle of 8°, acquisition and reconstruction voxel size
of 2.5x2.5x2.5 mm, with a selected flow VENC of
200 cm/s based on literature recommendations (14).
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Patients with signs or
symptoms of heart failure

v

NT-proBNP =125 ng/L or
BNP =35 ng/L

v

NYHA (II-IV class)

v

Presence of evidence of heart
failure on routine ECG, X-ray,
echocardiography

v

Patients who completed CMR
examinations (n=264)

Healthy volunteers who
underwent CMR (n=42)

v

Normal echocardiographic
findings

v

Poor quality CMR images
(n=12)

v

Control (n=30) ]

Exclusion

Y

Criteria for inclusion of healthy volunteers:
no cardiovascular diseases, liver or kidney
dysfunction, immune system disorders,
neurological disorders, metabolic diseases,
malignant tumors, long-term medication use,
no smoking and alcohol consumption

Exclusion criteria for HF patients:
() hypertrophic cardiomyopathy, aortic

* valve insufficiency or stenosis,

Inclusion
v v
Poor image quality

(n=115)

HF patients
(n=32)

Screening by exclusion
criteria (n=117)

hypertension, diabetes, malignant
cardiac tumors
(I) claustrophobia, presence of implanted

[ HFrEF (n=55) ] [ HFmrEF (n=30) ] [ HFpEF (n=30) ]

medical devices or metal devices
(1) significant arrhythmias at the time of
enrollment

Figure 1 Workflow chart for inclusion and exclusion of heart failure patients and healthy controls. NT-proBNP, N-terminal pro-

brain natriuretic peptide; BNP, brain natriuretic peptide; NYHA, New York Heart Association Cardiac Function Classification; ECG,

electrocardiogram; CMR, cardiovascular magnetic resonance; HE, heart failure; HFrEF, heart failure with reduced ejection fraction;

HFmrEE heart failure with mildly reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction.

Image post-processing

Post-processing and analysis of images were conducted
using the cvi42 post-processing software (Version 5.13.10;
Circle Cardiovascular Imaging, Calgary, Canada).
Measurement of cardiac function: In the short-axis cine
sequences, the software automatically delineated the
endocardial and epicardial boundaries of the LV based
on the American Heart Association (AHA) myocardial
segmentation model (1), excluding papillary muscle
contours. Manual adjustments were made to correct any
irregular contours. The software computed left ventricular
end-diastolic volume (LVEDV), left ventricular end-systolic
volume (LVESV), LVEF, stroke volume (SV), and other
cardiac functional parameters. Measurement of blood flow
parameters: after importing the 4D flow CMR data, regions
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of interest were selected within the module. Masks were
manually adjusted to exclude fat and gas tissues, followed
by displacement correction and anti-aliasing. Utilizing 3D
rendering, standard images of the left ventricular inflow and
outflow planes were generated and saved. A sample plane
was positioned at the level of the aortic valve, perpendicular
to the blood flow direction. The software plotted the
average velocity-time curve of blood flow throughout the
cardiac cycle. Refer to Figure 2 for detailed positioning
guidelines. The plane was positioned 3 mm above and
below the junction of the three leaflets of the aortic valve,
measuring peak velocities above and below the aortic valve.
4D flow CMR captured VENC data in three directions,
producing 3D phase images with high temporal resolution.
Peak systolic velocity above the aortic valve (Supra-
AVmax), peak systolic velocity below the aortic valve (Sub-
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Figure 2 Illustration of aortic valve plane placement. Two red lines
denote the position of the plane, which is positioned 3 mm above
and below the junction of the three leaflets of the aortic valve. This
setup allows for accurate measurement of blood flow dynamics in

relation to the aortic valve.

AVmax), and the estimated maximum instantaneous pressure
gradient through the aortic valve (APGmax) were recorded
using a simplified Bernoulli equation (AP=4V’max) (15).
The aortic valve velocity in the LVOT directly reflects
ventricular pumping function, whereas the aortic valve
pressure gradient indicates cardiac ejection efficiency (16).
The measurement process was performed by two clinical
doctors each with at least two years of software experience,
and the average of their results was recorded.

Statistical analysis

Data analysis was conducted using the statistical software
SPSS 26.0 (IBM Corp., Armonk, NY, USA), with
GraphPad Prism 9.0 (GraphPad Software, San Diego, CA,
USA) utilized for graphical representation. The Shapiro-
Wilk test assessed data normality. Normally distributed or
approximately normally distributed quantitative data were
presented as mean = standard deviation. Skewed distributed
quantitative data were expressed as median (interquartile
range). Categorical data were reported as counts
(percentages). One-way analysis of variance (ANOVA)
compared normally distributed quantitative data; in cases
of heterogeneous variances, Welch’s test (adjusted F-test)
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was applied, followed by post hoc least significant difference
(LSD) tests for pairwise comparisons. Mann-Whitney
U test compared severely skewed quantitative data, with
nonparametric pairwise comparisons for post hoc analysis.
Chi-square test assessed categorical variables. Bivariate
linear and rank correlation analyses were conducted for
parameters with significant differences. Binary logistic
regression explored factors influencing HFpEF occurrence.
Receiver operating characteristic (ROC) analysis evaluated
the accuracy of blood flow parameters in subgroup
identification. Cases with missing data were excluded. A
P value <0.05 (two-sided) indicated statistical significance.
Additionally, CMR examinations were performed on healthy
controls using the same MRI machine at the hospital over
a two-year period, synchronized with the collection time of
the case group.

Results
Basic characteristics of the study population

A total of 115 HF patients participated in the study (HFrEE,
n=55; HFmrEF, n=30; HFpEEF, n=30), ranging in age from
18 to 79 years, including 84 males. The control group
consisted of 30 individuals aged 14-75 years, including 22
males. Both the HFrEF and HFmrEF groups were older
compared to the healthy control group. There were no
significant differences in body mass index (BMI), body
surface area (BSA), and N'T-proBNP levels among the HF
groups when compared to the control group. New York
Heart Association (NYHA) functional class distribution did
not significantly differ among the groups, with the majority
of HFrEF, HFmrEF, and HFpEF patients classified as
NYHA class II (40%, 43.3%, and 50%, respectively). Tuble 1
presents the general characteristics of the study population.

Comparison of echocardiography and CMR parameters

In the echocardiography analysis, LVEF in the HFrEF and
HFmrEF groups was significantly lower compared to the
HFpEF and control groups [HFrEF vs. HFmrEF vs. HFpEF
vs. control =31.3% (24%, 35.2%) vs. 44.4% (41.6%, 47%)
vs. 55% (52.9%, 57.2%) vs. 60.2% (51.7%, 65.9%), P<0.01].
Additionally, no significant differences were found in LVEDV
between the HFrEF and HFmrEF groups [219.8 (166.6, 263.7)
vs. 166.6 (141.3, 210.4) mL, P=0.807], or between the HFpEF
and control groups [112.8 (90.1, 129.5) vs. 102.4 (92.5,
118.2) mL, P>0.99]. Similarly, no significant differences

Quant Imaging Med Surg 2024;14(10):7612-7624 | https://dx.doi.org/10.21037/qims-24-311



Quantitative Imaging in Medicine and Surgery, Vol 14, No 10 October 2024 7617

Table 2 Comparison of echocardiography and CMR parameters among study groups

Cardiac function parameters HFrEF HFmrEF HFpEF Control H/F P value
Echocardiography
LVEF (%) 31.3 (24, 35.2)* 44.4 (41.8, 47)* 55 (52.9, 57.2) 60.2 (51.7,65.9) 116.199  <0.001
LVEDV (mL) 219.8 (166.6, 263.7)" 166.6 (141.3,210.4)* 112.8(90.1,129.5) 102.4 (92.5,118.2) 64.519  <0.001
LVESV (mL) 135.4 (89.5, 180)** 78.6 (58.1, 115.6)* 37.9 (24.6, 45.8) 35 (29.6, 41) 76.885  <0.001
SV (mL) 78.11+£18.63 87.06+18.09*" 72.83+20.43 73.29+19.11 2.669 0.051
Cardiac magnetic resonance
LVEF (%) 24.2 (19.7, 27.3)*™ 43.2 (38.5, 45.2)** 60.6 (55.5, 63.4) 59.4 (58.2, 66.8) 93.33  <0.001
LVEDV (mL) 250 (218.4, 309.4)*™  160.3 (140.8, 226.1)* 145.1 (130.3, 157.4) 112.5(101,132.6) 115.702 <0.001
LVESV (mL) 189.2 (161.4, 244.6)"™ 96.5 (73.8, 135.4)* 63 (47.6, 70.1) 45.8 (33.5,55.5) 124.715 <0.001
SV (mL) 61.02+16.43* 76.33+19.62 82.76+9.98 76.04+15.04 14.889  <0.001

Data are reported as mean =+ standard deviation, if normally distributed, or as median (interquartile range) otherwise. *, significantly
different from the control group, P<0.05; 1, significantly different between HFrEF and HFmrEF groups, P<0.05; ¥, significantly different from
HFpEF group, P<0.05. CMR, cardiovascular magnetic resonance; HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure
with mildly reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; H/F, H stands for the test statistic of Kruskal-
Wallis Test, F stands for the statistic of analysis of variance (ANOVA); LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-
diastolic volume; LVESV, left ventricular end-systolic volume; SV, stroke volume.

were noted in LVESV between the HFrEF and HFmrEF
groups [135.4 (89.5, 180) vs. 78.6 (58.1, 115.6) mL, P=0.226], or
between the HFpEF and control groups [37.9 (24.6, 45.8) vs. 35
(29.6, 41) mL, P>0.99], but significant differences were observed
in pairwise comparisons among the other groups (P<0.05).

In the CMR examination, there were no significant
differences in LVEF between the HFpEF group and the
control group [60.6 (55.5, 63.49)% vs. 59.4 (58.2, 66.8)%,
P>0.99], but significant differences were observed in pairwise
comparisons among the remaining groups (P<0.001).
Similarly, no significant differences were observed in
LVEDV between the HFpEF group and the control group
[145.1 (130.3, 157.4) vs. 112.5 (101, 132.6) mL, P=0.528],
but significant differences were seen in pairwise comparisons
among the other groups (P<0.05). Furthermore, no
significant differences were found in LVESV between the
HFpEF group and the control group [63 (47.6, 70.1) vs. 45.8
(33.5, 55.5) mL, P=0.508], but significant differences were
observed in pairwise comparisons among the other groups
(P<0.05). Detailed comparisons of echocardiography and
CMR parameters are presented in Table 2.

LVOT 4D flow CMR measurements of velocity and

pressure gradient analysis

The intracardiac blood flow patterns for each group are
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illustrated in Figure 3. Further analysis of ultrasound-derived
aortic valve peak velocity and pressure gradient revealed no
significant differences between the HF groups and the control
group (P=0.222, P=0.165), as detailed in Table 3. However, in
the CMR examination, peak aortic valve pressure gradients
showed an increasing trend: HFrEF versus HFmrEF
(5.01+1.09 vs. 6.23+2.94 mmHg, P=0.031), HFpEF versus
control (7.63+1.81 vs. 8.89+2.97 mmHg, P=0.019), and
HFmrEF versus HFpEF (6.23+2.94 vs. 7.63+1.81 mmHg,
P=0.007). Significant differences were also observed in
pairwise comparisons among other groups (P<0.001). There
were no significant differences in aortic valve peak velocity
between the HFrEF and HFmrEF groups (111.31+12.05 vs.
119.91+35.17 cm/s, P=0.154), nor between the HFpEF and
control groups (137.2+16 vs. 147.15£24.55 cm/s, P=0.069).
However, peak aortic valve velocity was significantly
lower in the HFmrEF group compared to the HFpEF
group (119.91+35.17 vs. 137.2+16 cm/s, P=0.001), as well
as in pairwise comparisons with other groups (P<0.001).
Regarding aortic valve peak velocity, the HFrEF group was
significantly lower than the control group (104.73+14.8
vs. 130.99£28.52 cm/s, P<0.001), the HFmrEF group was
significantly lower than the control group (107.31£19.42 vs.
130.99£28.52 cm/s, P<0.001), and the HFpEF group was
also significantly lower than the control group (112.47+17.34
vs. 130.99£28.52 ecm/s, P<0.001). Similarly, for Sub-
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cine early mid end

Figure 3 Plot of blood flow patterns in different study populations. (A) 4D flow CMR blood flow patterns in a patient with HEFrEF during
early, mid, and end systole. (B) 4D flow CMR blood flow patterns in a patient with HFmrEF during early, mid, and end systole. (C) 4D
flow CMR blood flow patterns in a patient with HFpEF during early, mid, and end systole. (D) 4D flow CMR blood flow patterns in a
health volunteer during early, mid, and end systole. 4D, four-dimensional; CMR, cardiovascular magnetic resonance; HEFrEE, heart failure
with reduced ejection fraction; HFmrEF, heart failure with mildly reduced ejection fraction; HFpEF, heart failure with preserved ejection

fraction.

© AME Publishing Company. Quant Imaging Med Surg 2024;14(10):7612-7624 | https://dx.doi.org/10.21037/qims-24-311



Quantitative Imaging in Medicine and Surgery, Vol 14, No 10 October 2024 7619

Table 3 Comparison of intracavitary hemodynamic parameters in different types of HF patients

Blood flow parameters HFrEF HFmrEF HFpEF Control F P value
Ultrasound
Supra-AVmax (cm/s) 104.6+19.3 106.36+20.83 95.79+25.24 108.53+15.17 1.489 0.222
Supra-APGmax (mmHg) 4.67+1.83 5.14+2.02 5.67+2.27 4.92+1.34 1.725 0.165
CMR
Supra-AVmax (cm/s) 111.31+12.05* 119.91+35.17* 137.2+16 147.15+£24.55 32.557 <0.001
Sub-AVmax (cm/s) 104.73+14.8* 107.31+19.42 112.47+17.34 130.99+28.52 7.782 <0.001
Supra-APGmax (mmHg) 5.01+1.09 6.23+2.94 7.63+1.81 8.89+2.97 29.8 <0.001
Sub-APGmax (mmHg) 4.47+1.27* 4.75+1.81* 5.18+1.74* 7.18+3 7.811 <0.001

Data are reported as mean + standard deviation. *, significantly different from the control group, P<0.05; ¥, significantly different from
HFpEF group, P<0.05. HF, heart failure; HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure with mildly reduced
ejection fraction; HFpEF, heart failure with preserved ejection fraction; F, the statistic of analysis of variance (ANOVA); Supra-AVmax, aortic
valve peak velocity; Sub-AVmax, aortic valve subvalvular velocity; Supra-APGmax, aortic valve peak pressure gradient; Sub-APGmax,
aortic valve subvalvular pressure gradient; CMR, cardiovascular magnetic resonance.

APGmax, the HFrEF group was significantly lower than
the control group (4.47+1.27 vs. 7.18+3 mmHg, P<0.001),
the HFmrEF group was significantly lower than the control
group (4.75+1.81 vs. 7.18+3 mmHg, P<0.001), and the
HFpEF group was significantly lower than the control
group (5.18+1.74 vs. 7.18+3 mmHg, P<0.001). Detailed
results are presented in 7able 3 and Figure 4.

Analysis of blood flow parameters and cardiac function
parameters relationship

In further correlation analysis, a positive relationship
was found between Supra-APGmax and LVEF (r=0.593,
P<0.001). Additionally, as illustrated in Figure 5, Supra-
APGmax was negatively correlated with both LVEDV and
LVESV (r=-0.539, r=-0.603, P<0.001).

ROC curve analysis of blood flow parameters

Figure 6 illustrates the value of the aortic valve gradient in
distinguishing between the HFpEF group and the control
group. The area under the curve (AUC) for the pressure
gradient across the aortic valve was 0.659 [95% confidence
interval (CI): 0.517-0.801, P=0.035], with an optimal
threshold of 10.63 mmHg (sensitivity: 0.367, specificity: 1,
Youden index: 0.367). Similarly, for the pressure gradient
below the aortic valve, the AUC was 0.728 (95% CI: 0.591-
0.864, P=0.002), with an optimal threshold of 4.72 mmHg
(sensitivity: 0.8, specificity: 0.7, Youden index: 0.5).

© AME Publishing Company.

Discussion

In this study, 4D flow technology was utilized to visualize
blood flow in HF patients, focusing on quantitative
analysis of blood flow in the LVOT. The findings suggest
that distinguishing between different HF patient types
cannot be solely achieved through the use of LVEF and
end-diastolic volume, especially in distinguishing HFpEF
patients from the healthy control group. However, effective
differentiation among HF patient types was demonstrated
through the utilization of systolic aortic valve velocity and
transvalvular pressure gradient derived from 4D flow. This
not only aids in clinical treatment decisions but also holds
prognostic value for long-term follow-up.

Currently, HF is classified into three types based
on LVEF (13), each associated with distinct prognostic
characteristics. Despite significant advances in
pharmacological and device-based therapies for HErEEF,
the prognosis for many patients remains poor, with high
mortality risks (17). Studies also indicate that although
symptomatic control can be achieved in HFpEF patients,
there is no treatment proven to improve survival rates, and
mortality rates have remained unchanged over the past two
decades (18). Additionally, research on all-cause mortality
rates among HFrEE, HFmrEF, and HFpEF events suggests
that HFmrEF and HFrEF patients have poorer survival
rates compared to HFpEF patients (19). Therefore,
accurate differentiation of HF patients at high clinical risk
is crucial. However, distinguishing between different HF
types requires a systematic evaluation. A novel method
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Figure 4 Comparison of cardiac magnetic resonance aortic valve peak velocity and pressure gradient differences between groups. (A) One-
way ANOVA was used to analyze the variability of Supra-AVmax between groups of people. (B) One-way ANOVA was used to analyze the
variability of Sub-AVmax between groups of people. (C) One-way ANOVA was used to analyze the variability of Supra-APGmax between
groups of people. (D) One-way ANOVA was used to analyze the variability of Sub-APGmax between groups of people. *, P<0.05; **, P<0.01;
*** P<0.001. HFpEE heart failure with preserved ejection fraction; HFmrEF, heart failure with mildly reduced ejection fraction; HEFrEEF,
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Figure 5 Rank correlation analysis between the pressure gradient across the aortic valve and cardiac function parameters. (A) Supra-
APGmax was positively and linearly correlated with LVEF. (B) Supra-APGmax showed a negative linear correlation with LVEDV. (C)
Supra-APGmax showed a negative linear correlation with LVESV. Supra-APGmax, pressure gradient across the aortic valve; LVEF, left

ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume.
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Figure 6 ROC curve for distinguishing HFpEF group from
the control group using aortic valve pressure gradient. Supra-
APGmax, aortic valve peak pressure gradient; Sub-APGmax, aortic
valve subvalvular pressure gradient; AUC, area under the curve;
CI, confidence interval; ROC, receiver operating characteristic;

HEFpEF, heart failure with preserved ejection fraction.

capable of accurately differentiating or providing clues for
suspected cases would effectively reduce the risks of clinical
misdiagnosis and oversight, offering significant benefits to
patients. The differentiation of various HF types based on
the pressure gradient of the LVOT in this study can help
avoid subjecting patients to invasive examinations.

HF is characterized as a pathophysiological state where
abnormal heart function leads to the heart’s inability to
pump blood at a rate sufficient to meet the body’s metabolic
demands under normal intracardiac pressures (18).
Therefore, hemodynamic assessment of cardiac function
abnormalities and ventricular remodeling is crucial in
HF patients. Currently, the commonly used method for
hemodynamic measurement is cardiac catheterization.
However, guidelines from the Heart Failure Society of
America (HFSA) advise against invasive hemodynamic
quantification for patients with HFrEF (20). The use of
echocardiography and 2D-phase-contrast (PC) CMR
velocity measurements is limited by their single direction
and plane, which may result in incomplete descriptions of
intracardiac hemodynamics (21). Given that blood flow is
a continuous 3D phenomenon, velocities, directions, and
accelerations vary throughout the cardiac cycle. 4D flow
CMR, which utilizes high temporal resolution 3D blood
flow data, provides a comprehensive depiction of blood flow
dynamics throughout the cardiac cycle. This includes peak
velocities, transvalvular pressure gradients, wall shear stress,
and vortices (22). In this study, quantitative analysis of left

© AME Publishing Company.

ventricular blood flow in HF patients using LVOT 4D flow
CMR revealed that pressure gradients across the aortic
valve, both supra- and subvalvular, demonstrate significant
diagnostic capability for HF patients. These parameters are
crucial for assessing the severity, progression, and treatment
of HE.

The pathophysiology of HFrEF is complex, often
originating from direct myocardial injury or underlying
conditions such as coronary artery disease, myocardial
infarction, and dilated cardiomyopathy, which result in
impaired ventricular contraction (18). In this study, 4D flow
CMR technology was employed to analyze intraventricular
blood flow velocities across different types of HF patients.
The findings revealed significantly lower peak velocities
below the aortic valve in HF patients compared to healthy
volunteers. Specifically, both HFrEF and HFmrEF patients
exhibited reduced peak velocities below the aortic valve
compared to the control group. Diminished intracavitary
blood flow velocities in patients with reduced ejection
fraction directly reflect myocardial injury and weakened
ventricular contraction (23). Furthermore, the maintenance
of blood flow dynamics in these patients is influenced by
the pressure gradient generated by the heart (10). During
contraction, increased ventricular and atrial pressures
augment the pressure that propels blood forward (18).
Reduced contractile function in HF patients indirectly
contributes to lower pressure gradients. This study’s
analysis of pressure gradients in the LVOT demonstrated
significantly diminished pressure gradients below the aortic
valve in HF patients compared to healthy volunteers. This
non-invasive finding provides insights into this mechanism.
The pressure differential below the aortic valve drives
ventricular ejection, and early detection of abnormalities
in these parameters could facilitate better management and
treatment strategies.

HFpEF is a clinical syndrome characterized by normal
contraction of the LV but impaired relaxation during its
diastolic phase (24). These relaxation abnormalities signify
mechanical dysfunction in the heart muscle, involving slow
or delayed relaxation, abnormal left ventricular expansion,
and/or impaired filling of the LV (25). In this study, the
quantitative analysis parameter used was the pressure
gradient of the outflow tract, which decreases due to
compromised ventricular expansion and filling. Patients with
HFpEF may also experience vascular changes and cardiac
remodeling, which can disrupt the normal relationship
between afterload and diastolic duration, leading to an
imbalance between myocardial oxygen supply and demand,
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potentially resulting in ischemia (26). This ischemia
reduces blood flow within the heart chambers, including
the vicinity of the aortic valve, aligning with the findings
of this study. The diagnosis of HFpEF, characterized
by diastolic dysfunction, has long posed challenges for
clinicians. Through the analysis of outflow tract blood flow
parameters, this study demonstrates that pressure gradients
above and below the aortic valve can effectively differentiate
between HFpEF patients and healthy volunteers, as
indicated by their performance in ROC curves. However,
further validation is necessary to ensure the accuracy and

clinical applicability of these findings.

Limitations

"This study has the following limitations and potential future
directions:

The study did not include invasive pressure
measurements, thus heart load conditions remained
unknown. Patients in the study group were older compared
to those in the control group, and previous studies have
shown that EDV, ESV, and SV tend to decrease with
increasing age. The sample size for modeling in this
study was relatively small and will be expanded in future
research. Lastly, further investigation is needed to assess the
effectiveness of 4D flow CMR technology in evaluating HF
due to various etiologies or influencing factors. Additional
limitations include the restricted spatial and temporal
resolution of 4D flow MRI. Moreover, 4D flow MRI data
are acquired over multiple cardiac cycles and then averaged,
which may affect the estimation of maximum velocity.

Conclusions

Based on the acquired 4D flow data from inflow and
outflow tracts, this study enables visual analysis of
intraventricular blood flow and provides clear observation
of the blood flow’s trajectory during the cardiac systolic
phase. The pressure gradient above the aortic valve during
systole is valuable in distinguishing between different types
of HE, offering insights for early diagnosis and prognostic
evaluation.
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