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Background: Segmented cine imaging using a balanced steady-state free precession sequence is the gold
standard for accurately quantifying cardiac function and myocardial mass. However, this method suffers from
inefficient K-space sampling, resulting in long scan times, and requires multiple breath holds that can be
difficult for some patients. Real-time compressed sensing (CS) cine reduces image acquisition time through
K-space undersampling and iterative reconstruction, enabling rapid magnetic resonance (MR) imaging.
Further large-scale studies need to be conducted to validate its effectiveness. In this study, we assessed image

quality and left ventricular (LV) function during the routine clinical use of CS imaging in cardiovascular MR

(CMR) to determine the feasibility of using CS cine.

Methods: From April 2022 to March 2023, 242 patients with various heart diseases, including arrhythmia,
at outpatient, inpatient, and health examination centers, were consecutively enrolled in this prospective,
cross-sectional study and underwent CMR. Two methods [real-time CS cine with free breathing
(RTCSCineFB) and conventional breath-hold segmented cine (SegBH)] were used to acquire long- and

short-axis cine images of the heart. The total scan time, image quality (Likert score; range, 1-5), LV function

parameters, and image fidelity were evaluated for each method.

Results: The study cohort comprised 149 men and 75 women with a mean age of 56.2+15.1 years. The
mean = standard deviation (SD) total scan time was significantly shorter for RTCSCineFB than for SegBH
(86.44+31.74 vs. 289.81+88.41 s, P<0.001). The overall image quality was slightly lower for RTCSCineFB
than for SegBH (P<0.001). The correlations between cardiac function parameters were excellent (0.913—
0.984), demonstrating good consistency between the two methods. Both methods were considered equivalent

in evaluating LV function and image quality, and showed strong agreement in their diagnostic gradings of

ejection fraction (EF) (=0.759) and high accuracy.

Conclusions: CS cine assessed LV function with high diagnostic accuracy and enhanced image stability for

individuals with arrhythmia while maintaining strong consistency in two methods for EF grading condition.
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Introduction

Cardiovascular magnetic resonance (CMR) is a
comprehensive imaging technique that uses multiple
parameters and methods to assess cardiac anatomy, function,
perfusion, and tissue characteristics in a unified manner. It
currently serves as the gold standard for the non-invasive
evaluation of cardiac structure and function (1-3). Multi-
segmental steady-state free precession is the widely accepted
gold standard for left ventricular (LV) assessment (2).
Conventional breath-hold segmented cine (SegBH),
segmented by retrospective electrocardiogram (ECG)-
gated K-space acquisition, offers high spatial resolution,
an elevated signal-to-noise ratio, and clear contrast
between the blood pool and myocardium. As a result, it
is the preferred modality for evaluating myocardial and
valve function, and plays crucial roles in the diagnosis and
monitoring of various heart diseases (4).

Compared with other imaging methods, current CMR
technology is hindered by long scan times that require
patients to cooperate by engaging in repeated breath
holding to ensure optimal image quality. Occasionally,
repeated scanning is necessary due to inadequate patient
compliance, particularly when patients experience difficulty
with breath holding or exhibit irregular heart rhythms.
These issues partially limit the application of CMR. Thus,
there is a pressing need to shorten scan times and reduce
the patient burden.

Advances in magnetic resonance (MR) technology have
enabled various acceleration techniques to be explored for
cine imaging. In recent years, compressed sensing (CS)
technology has been widely used in rapid MR imaging (4).
This imaging technique overcomes the limitations of
conventional cine Nyquist sampling by using image sparsity
in the transform domain for random K-space sampling
and non-linear iterative reconstruction (5). It significantly
reduces image acquisition time without the need for breath
holding, while also enabling rapid imaging.

CS cine further enhances acceleration by reconstructing
complete signals from undersampled K-spaces, and it has
been incorporated into the standard protocol guidelines
of the CMR Society. CS cine may be a better option
for patients with dyspnea, as it decreases the necessity
of coordinating patient breathing, thus mitigating this
difficulty for the operator. Many heart diseases can cause
dyspnea, and the inability of some critically ill patients
to cooperate with breathing constraints has limited the
application of conventional CMR. However, free breathing

© AME Publishing Company.

(FB) CMR reduces the need for patient cooperation,
enabling full CMR examinations in a wider range of patients
(e.g., those who cannot tolerate long breath holds) (6). CS
cine has been used in some studies to measure ventricular
volume and mass, and assess image quality during FB (7-9).
However, previous studies have primarily focused on
selected populations or specific patient groups with
particular diseases, often excluding those with arrhythmia.
Consequently, there has been a lack of large-scale
investigations regarding this specific population.

"The objective assessment of LV ejection fraction (LVEF)
is a primary task in CMR. There has been increasing
recognition that CMR is the gold standard for assessments
of ventricular structure and function. Changes in ejection
fraction (EF) manifest late in most cardiac conditions,
and serve as an indicator of overall cardiac function (10).
The accuracy of CS cine in grading cardiac function and
EF remains uncertain; therefore, we sought to validate its
grading accuracy.

In this study, we consecutively enrolled patients to
determine the feasibility of assessing image quality and LV
function using CS cine optimized for acquisition parameters
and reconstruction algorithms. Additionally, we conducted
a separate subgroup analysis of arrhythmic populations to
investigate the utility of CS cine imaging in image quality
assessment and to evaluate the accuracy of graded EF
measurements obtained from CS cine imaging. We present
this article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-24-980/rc).

Methods
Study population

In total, 242 patients with various cardiac symptoms at the
Beijing Friendship Hospital were consecutively enrolled
in this study and underwent CMR between April 2022 and
March 2023. The CMR examination has to be discontinued
in 18 patients for the following reasons: claustrophobia
(n=6), severe dyspnea in the supine position (n=5), the
presence of a cardiac implantable electronic device (n=3),
a hearing impairment causing an inability to respond to
breath-hold commands (n=3), and an urge to urinate (n=1).
In total, 224 patients successfully completed the imaging
using both methods and were included in the subsequent
analysis.

The study cohort comprised 149 men and 75 women
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Table 1 Clinical characteristics of patients

Variables

Value (n=224)

Age (years)

Gender
Men
Women

BMI (kg/m?)

Heart rate (bpm)

Clinical diagnosis
Coronary artery disease
Occasional arrhythmias
Cardiac symptoms without organic disease
Hypertrophic cardiomyopathy
Heart failure
Myocarditis
Dilated cardiomyopathy
Valvular heart disease
Hypertensive heart disease

Cardiac tumor

56.2+15.1

149 (66.5)
75 (33.5)
25.35+3.42
68.8+15.1

128 (57.1)
39 (17.4)
22 (9.8)
12 (5.4)
9 (4.0)
6 (2.7)
3(1.3)
2(0.9)
2(0.9)
1(0.4)

Results are shown as mean + SD or number (%). BMI, body

mass index; SD, standard deviation.

Table 2 Parameters for conventional and CS cine imaging

Parameters SegBH RTCSCineFB
Echo spacing (ms) 3.32 3.21
Echo time (ms) 1.46 1.41
Flip angle (°) 50-70 45-60
Spatial resolution (mm? 1.5%x1.5 1.8x1.8
Temporal resolution (ms) 39.84 38.52
FOV (mm?) 340x320 340x320
Matrix 224x210 192x180
Bandwidth (Hz/pixel) 962 920
Slice thickness/gap (mm) 8/0 8/0
Cardiac phases (n) 25 25
Acceleration factor 3 11
ECG mode Retrospective Adaptive
gating triggering

CS, compressed sensing; SegBH, breath-hold segmented cine;
RTCSCineFB, real-time compressed sensing cine with free
breathing; FOV, field of view; ECG, electrocardiogram.

© AME Publishing Company.

with a mean age of 56.2£15.1 years, and a mean heart
rate of 68.8+15.1 beats/min. The clinical diagnoses were
coronary artery disease (n=128), occasional arrhythmias
(n=39), cardiac symptoms without organic disease (n=22),
hypertrophic cardiomyopathy (n=12), heart failure
(n=9), myocarditis (n=6), dilated cardiomyopathy (n=3),
hypertensive heart disease (n=2), valvular heart disease
(n=2), and cardiac tumor (n=1) (Table 1). All the participants
were scheduled to undergo imaging using both SegBH
(the reference method) and RT'CSCineFB. All participants
provided written informed consent to participate in the
study. The Ethics Committee of the Beijing Friendship
Hospital (No. 2021-P2-418-01) approved the study
protocol. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Imaging protocol

MR imaging was performed on a 3-T scanner (Siemens
Healthineers, Erlangen, Germany) using an 18-channel
phased-array surface coil. All patients underwent imaging
with SegBH as the conventional reference method. Images
were collected during breath holds using a generalized
autocalibration partial parallel acquisition acceleration
technique. Real-time CS cine with FB (RTCSCineFB) was
performed with the patients breathing freely. The images
for each patient were sequentially acquired using SegBH
and RTCSCineFB prior to the administration of the
contrast agent. The imaging range covered the entire LV
from the base to the apex. Long-axis cine images included
two-, three-, and four-chamber views; short-axis cine images
comprised short-axis views. The slices were equidistant and
parallel to each other. The number of slices ranged from
eight to 14; the number was adjusted based on the heart
size and clinical indications for each patient in accordance
with system standards. For post-processing, all cine images
were acquired in 25 cardiac phases. The total scan time was
recorded for each technique. The imaging parameters were
similar for both methods (Tuble 2).

The FB adaptive ECG-triggered RTCSCineFB scans
were performed immediately after the conventional SegBH
scans. RTCSCineFB data acquisition used a real-time
cardiac cine sequence with sparse, incoherent Cartesian
K-space sampling, and balanced steady-state free precession
readout. This readout format was achieved with a random
distribution of readouts on the Cartesian grid in K-space
(11,12). In this protocol, acquisition was triggered by the R
peak on the ECG. Adaptive triggering was implemented to
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capture the complete cardiac cycle. The “real” number of
cardiac phases depended on each patient’s heart rate, which
led to between-slice variation in the number of cardiac phases
acquired. RT'CSCineFB used data from one R-R interval
to reconstruct whole image phases for each slice. Image
reconstruction was performed using a non-linear, iterative
SENSE-type approach that implemented spatiotemporal
regularization via redundant Haar wavelets (13). The
corresponding cost function was solved by Fast Iterative
Shrinkage-Threshold Algorithm optimization that consisted
of a gradient descent step for the quadratic terms, and an
evaluation of the proximal operator. All reconstructions
were performed in real time, and images were directly
transmitted to workstations for subsequent analysis.

Image quality assessment

Two experienced radiologists, blinded to the imaging
method (SegBH vs. RTCSCineFB), assessed the overall
image quality. If a difference of opinion arose between the
two radiologists, a third, more senior radiologist analyzed
or scored the image. Artifact presence and endocardial
border clarity were evaluated using a 5-point rating scale
on which 1 represented no diagnostic value, 2 represented
poor quality with some acceptable artifacts, 3 represented
good quality with minimal and non-impacting artifacts, 4
represented excellent quality without significant artifacts,
and 5 represented outstanding quality with clear blood pool
contrast and no artifacts (8). An image quality score >3 was
considered diagnostically significant, and images with a
score >3 were included in the subsequent analyses. Image
quality was evaluated in the subgroup analyses according
to the presence or absence of arrhythmia. The arrhythmia
group was further divided into patients with clinically
diagnosed arrhythmia and patients exhibiting irregular
heartbeats during image acquisition defined as an R-R
interval standard deviation (SD) greater than 10% of the
R-R interval (7).

Because the CS reconstruction process continuously
eliminates noise, the conventional signal-to-noise ratio
measurement cannot be applied (14,15). Therefore, blood-
to-myocardial contrast (BMC) was used to assess image
contrast in the short-axis cine images for both cohorts. The
signal intensity values for the blood pool and myocardium
were acquired from the short-axis images at the mid-
ventricular level during end diastole (ED). The region
of interest, covering approximately two-thirds of the
ventricular septum width, represented myocardial pixel
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density. A similarly sized region of interest (radius >2 mm)
was placed at the center of the LV cavity, excluding papillary
muscles and chordae tendineae, to accurately measure the
blood pool signal. BMC was calculated as the signal ratio
between these two regions of interest (8).

The edge sharpness of the endocardial blood pool
boundary was evaluated in the acquired images as follows.
A line perpendicular to the middle of the interventricular
septum was drawn, extending from the septum to the LV
blood pool boundary, crossing both the myocardium and
the blood pool. Using MATLAB 2023 software the signal
intensity distribution along this line was measured, and
the local maximum and minimum intensity values (I,
and I;,) were observed, corresponding to the blood pool
and myocardial pixel intensities, respectively. The points
corresponding to 20% and 80% of the difference between
the I, and I, were then identified. The distance between
these two points was regarded as d, and edge sharpness was
defined as the reciprocal of d (g, mm™") (16,17).

Scan time assessment

Scan time assessment comprised the calculation of the total
scan duration, including the breath commands, breath-
holding time, breath-hold intervals, imaging time, and
reconstruction time.

Assessment of cardiac morphology

Cardiac function in all short-axis cine images was quantified
on a CVI42 workstation (Circle Imaging Systems, Calgary,
Canada) by an experienced CMR physician under the
supervision of a senior physician. Basal and apical slices
were automatically identified by artificial intelligence;
the LV endocardium and epicardium were automatically
traced at ED and end systole (ES). The automatic results
were manually adjusted with careful consideration of the
following principles: ED was defined as the phase with the
largest blood pool area at the mid-ventricular level; ES
was defined as the phase with the smallest blood pool area.
During the establishment of the basal slice, interactive
reference to long-axis images enabled the tracking of
changes in blood pool size and myocardial thickness (from
ED to ES). Ventricular volume included the outflow tract,
intracardiac papillary muscles, and myocardial trabeculae.
LV volume was calculated using Simpson’s rule to derive
the following morphological and functional parameters: LV
end-diastolic volume (LVEDV); LV end-systolic volume

Quant Imaging Med Surg 2024;14(12):8785-8797 | https://dx.doi.org/10.21037/qims-24-980



Quantitative Imaging in Medicine and Surgery, Vol 14, No 12 December 2024 8789

(LVESV); LV stroke volume (LVSV); and LVEF. To
determine the myocardial LV mass (LVM), the myocardial
density (1.05 g/cm’) was multiplied by the volume enclosed
between the LV endocardium and epicardium (18).

Assessment of EF grading

The EF values obtained from both methods were
categorized into the following three grades: grade 1 (EF
<40%); grade 2 (40%< EF <50%); and grade 3 (EF >50%).
To determine the accuracy of each method, the EF values
of the two methods were grouped into different intervals to
investigate whether the EF classifications were consistent
between the methods, and whether there were any changes
in classifications.

Statistical analysis

SPSS 23 and MedCalc 20 software were used for the
statistical analysis. The results for all continuous variables
of cardiac function (LVEDV, LVESV, LVSV, LVEF, and
LVM) and their differences are expressed as the mean and
SD. Data normality was visually assessed through histogram
and Q-Q plot analyses. No significant deviations from
normality were observed; therefore, paired 7-tests were
used to determine statistical significance. P values <0.05
were considered statistically significant. Pearson correlation
coefficients (r) were used to assess the associations between
individual parameter values obtained from each method.
Bland-Altman plots were generated to evaluate the
consistency between the two methods. In accordance with
the method of Zange er al. (19), the equivalence boundary
was defined as the 95% tolerance interval for intra-observer
differences within the same method, with 95% coverage.
If the discrepancies between two methods fell within the
range of deviations observed by the same observer using
the same method for measurement, they were considered
equivalent. An equivalence limit for LV was established as
follows: using SegBH short-axis data from 224 patients,
discrepancies in the quantified parameters between the
observers were computed and graphically depicted by the
same assessor on two separate occasions with an interval
of >2 months. If the differences exhibited a sufficiently
normal distribution, the equivalence limit was regarded
as £1.96 times the maximum within-observer SD of the
two methods. If the 95% confidence intervals (CIs) of the
differences between the two methods fell completely within
the 95% tolerance interval, cardiac function measurement
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was considered equivalent for both methods. The #-test
was used to compare the image quality scores, BMC, edge
sharpness, and imaging time variables between the two
methods. The Kappa test was used to examine consistency
in EF grading between the methods. The patients were
divided into two groups for the subgroup analysis based on
the presence of arrhythmia. The subgroup which analysis
the image quality scores, BMC and edge sharpness was
conducted in the same statistical method as non-subgroup
analysis described above.

Results
Study population

In total, 224 participants were included in our study
and successfully underwent both types of cine imaging.
Subsequently, based on the presence or absence of
arrhythmia diagnosed clinically or detected during the
MR examination (using the reference standard criteria for
arrhythmia detection), the participants were divided into
two groups; one group comprised those with cardiac rhythm
abnormalities (n=53), and the other group comprised those
without any heart rhythm irregularities (n=171).

Image quality

Image quality scoring, BMC, and edge sharpness
measurements were determined for all 224 patients.
RTCSCineFB had lower overall image quality than SegBH
(with scores of 4.10+0.59 and 4.37+0.92, respectively).
However, the mean image quality scores for both methods
fell within the diagnostically acceptable range. Research
has shown that an image with a quality score of >3 exhibits
sufficient diagnostic quality (20). RTCSCineFB acquired
more diagnostically acceptable images than SegBH [222
(99.11%) vs. 213 (95.09%) images, respectively] (1able 3).
The patients were divided into subgroups for the
subgroup analysis. Of the 224 patients, 53 (23.66%) had
arrhythmia. In the arrhythmia group, RT'CSCineFB had
higher overall image quality than SegBH (4.11+0.72 vs.
3.77+1.15 scores, respectively) (Figure 1). Additionally,
diagnostic quality was achieved in 52 (98.11%) and 44
(83.02%) images acquired by RT'CSCineFB and SegBH,
respectively. Notably, all the acquired data remained
usable because while nine SegBH images failed to meet
the diagnostic standards for quality, the corresponding
RTCSCineFB images met the diagnostic standards. In
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Table 3 Image quality assessment and subgroup analysis in the study population

All patients (n=224) Arrhythmia group (n=53) Non-arrhythmia group (n=171)
Parameters

SegBH RTCSCineFB P SegBH RTCSCineFB P SegBH RTCSCineFB P

Image quality score 4.37+0.92 4.10+0.59 <0.001 3.77+1.15 4.11+0.72 <0.001 4.55+0.75 4.10+0.55 <0.001

Image interpretability 95.09 99.11 - 83.02 98.11 - 98.83 99.42 -
rate (score =3) (213/224) (222/224) (44/53) (52/53) (169/171) (170/171)

BMC 4.05+0.98 2.14+0.48 <0.001 3.99+1.15 2.21+0.60 <0.001 4.07+0.93 2.12+0.43 <0.001
Edge sharpness 0.530+0.223 0.335+0.151 <0.001 0.532+0.199 0.357+0.159 <0.001 0.529+0.231 0.327+0.147 <0.001

Results are shown as mean + SD or % (number/total). SegBH, breath-hold segmented cine; RTCSCineFB, real-time compressed sensing cine
with free breathing; BMC, blood-to-myocardial contrast; SD, standard deviation.

Figure 1 Short-axis and long-axis cine images obtained via the two methods in a patient with cardiac arrhythmia. (A-C) Short-axis base,
middle, and long-axis four-chamber views of the LV obtained by SegBH. (D-F) Corresponding short-axis and long-axis views obtained
by RTCSCineFB. Both methods demonstrated excellent image quality, with a rating of 5 points. SegBH, breath-hold segmented cine;
RTCSCineFB, real-time compressed sensing cine with free breathing.

the non-arrhythmia group, the overall image quality of such that SegBH exhibited higher values (4.05+0.98 pixel™)
RTCSCineFB was lower than that of SegBH (4.55+0.75 wvs. than RTCSCineFB (2.14+0.48 pixel ). In the arrhythmia
4.100.55 for SegBH vs. RT'CSCineFB, respectively) (Tiuble 3). group, SegBH also exhibited higher BMC (3.99£1.15 pixel ')

BMC differed significantly between the two methods, than RTCSCineFB (2.210.60 pixel™). Similarly, in the non-
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Figure 2 Box plots displaying the mean scan duration in seconds
for SegBH and RTCSCineFB images. The upper and lower
bounds of the box plot represent the maximum and minimum
values; lines indicate the 25" percentile, median, and 75"
percentile (in ascending order). SegBH, breath-hold segmented
cine; RTCSCineFB, real-time compressed sensing cine with free

breathing.

arrhythmia group, SegBH had higher BMC (4.070.93 pixel ')
than RTCSCineFB (2.12+0.43 pixel ).

SegBH had a higher edge sharpness coefficient at the
ED (sSegBH: 0.530+0.223 pixel™') than RTCSCineFB
(eERTCSCineFB: 0.335+0.151 pixel™, P<0.001). In the
arrhythmia group, SegBH again had higher edge sharpness
(0.532£0.199 pixel™) than RTCSCineFB (0.357:0.159 pixel™).
"This difference persisted in the non-arrhythmia group, such
that SegBH had higher edge sharpness (0.529+0.231 pixel ')
than RT'CSCineFB (0.327+0.147 pixel ).

Scan time

The total scan time differed significantly between the two
methods for all 224 patients. Specifically, the total time was
significantly shorter for RTCSCineFB (86.44+31.74 s) than
for SegBH (289.81:88.41 s, P<0.001) (Figure 2).

LV function parameters and mass

The cardiac function parameters and myocardial mass
obtained from the RTCSCineFB short-axis images were
compared with those obtained from conventional SegBH.
When quantifying LV function in the short axis, both the
RTCSCineFB and SegBH measurements showed mean
relative error values <5%. Based on Zange’s equivalence test
(Table 4, Figure 3), these two methods appeared comparable.
The LV function parameters and mass (represented by
the black line in Figure 3) fell within their respective 95%
tolerance intervals (indicated by the gray shaded area in
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Figure 3); no clinically significant differences were detected.

The correlation analysis revealed strong correlations
between RT'CSCineFB and SegBH for all cardiac function
parameters (r>0.91, P<0.001) (7able 4, Figure 4). The Bland-
Altman analysis showed strong agreement between LV
parameters obtained by RT'CSCineFB and SegBH (Figure 4).
These differences were clinically acceptable; however,
we observed the following trends: RT'CSCineFB slightly
overestimated LVEDV and LVESV (-3.64+10.41 and
-5.14£8.29 mL, respectively), but slightly underestimated
LVSV, LVEE, and LVM (1.75+9.78 mL, 2.61%x+5.78%, and
3.29+10.88 g, respectively).

EF grading

The results showed that the EF grading diagnoses of the
two methods were consistent for 186 participants (83.04%)
and inconsistent for 38 participants (16.96%). Overall,
the weighted kappa coefficient « of the two methods was
0.759 (95% CI: 0.685-0.834; P<0.001), indicating strong
agreement (Zables 5,6).

Discussion

Our study cohort comprised a diverse group of
consecutively enrolled patients with various cardiovascular
diseases, including arrhythmia, consistent with real-world
clinical practice. When assessing image quality among all
224 patients, the conventional SegBH method performed
better than the RTCSCineFB method in this study. This
difference was even more pronounced in the largest
subgroup (of non-arrhythmic patients). However, in the
arrhythmia group, RTCSCineFB showed superior image
quality compared with the conventional segmented method,
resulting in a higher score in the subgroup analysis. In
all groups, RT'CSCineFB consistently produced a higher
percentage of images that met the diagnostic quality
standards than SegBH. Thus, RT'CSCineFB consistently
achieved stable image quality, especially in patients
with arrhythmias. The equivalence test demonstrated
strong agreement between the conventional method
and RTCSCineFB in terms of quantifying all cardiac
function parameters. Further, both methods showed
strong consistency in EF grading diagnoses. A significant
reduction was also observed in total imaging time by CS
cine compared with conventional segmented cine.
Conventional cardiac function cine imaging requires
multiple breath holds, which can often cause discomfort
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Table 4 LV function parameters and mass
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Cl within 95%

Parameters SegBH RTCSCineFB Difference 95% TI ()" Ti (yes/no) rt P

LVEDV (mL) 8.53 Yes 0.981 <0.001
Mean + SD 136.26+53.93 139.90+51.74 -3.64+10.41
95% ClI 129.16 to 143.36 133.09 to 146.71 -5.01 to -2.27

LVESV (mL) 7.82 Yes 0.984 <0.001
Mean + SD 66.31+46.40 71.73+47.24 -5.14+8.29
95% ClI 60.20 to 72.42 65.51 to0 77.95 -6.51 to -4.32

LVSV (mL) 8.68 Yes 0.913 0.008
Mean + SD 69.93+23.75 68.18+22.82 1.75+9.78
95% ClI 66.80 to 73.06 65.18 to 71.19 0.46 to 3.04

LVEF (%) 5.88 Yes 0.925 <0.001
Mean = SD 54.26+14.64 51.66+15.05 2.61+5.78
95% ClI 52.33 t0 56.19 49.67 to 53.64 1.84 to 3.37

LVM (g) 12.41 Yes 0.958 <0.001
Mean = SD 116.05+£37.74 112.77+37.71 3.29+10.88
95% ClI 111.08 to 121.02 107.80 to 117.73 1.85104.72

T, 95% Tl based on 1.96 times SD. ¥, Pearson’s correlation coefficient. LV, left ventricular; SegBH, breath-hold segmented cine;
RTCSCineFB, real-time compressed sensing cine with free breathing; T, tolerance interval; LVEDV, left ventricular end-diastolic volume;
SD, standard deviation; Cl, confidence interval; LVESV, left ventricular end-systolic volume; LVSV, left ventricular stroke volume; LVEF, left

ventricular ejection fraction; LVM, left ventricular mass.

to patients during CMR examinations. CS technology
overcomes the need for ECG-gated synchronization by
collecting synchronous data using K-space undersampling
and iterative reconstruction techniques, thereby significantly
increasing image acquisition speed, reducing breath-
holding duration, and entirely eliminating the necessity of
breath holding. When conventional methods are used for
arrhythmia patients, artifacts occur; however, the application
of the CS method during FB effectively addresses is
issue, and thus eliminates the need for repeated scans and
additional scanning time. This approach enables high-
quality diagnostic images to be obtained in a single scan,
avoiding the need of repeat scans, and allowing simultaneous
subsequent scans to be acquired during RTCSCineFB
reconstruction. Consequently, it minimizes general delays
during CMR examinations and significantly reduces the
total acquisition time. Our study showed the feasibility of
implementing this method in a busy clinical setting.
Previous studies have shown that the CS method
effectively reduces imaging time and provides reliable

© AME Publishing Company.

quantitative results for cardiac function assessment, although
with slightly lower image quality relative to conventional
segmented cine (14,20,21). These observations are consistent
with our results. The subjective overall image quality score
for the entire population was slightly lower with the CS
method than with the conventional segmented method, but
the mean score remained diagnostically acceptable (=3).
Moreover, a higher percentage of images acquired with the
CS method met diagnostic quality standards, indicating
greater stability in image acquisition, and minimizing
the risk of obtaining non-diagnostic images. In both the
overall population and subgroup analyses, RTCSCineFB
demonstrated superior image stability than the conventional
SegBH method. This superiority was evident in the higher
percentage of patients who had image quality scores >3 with
RTCSCineFB, highlighting its consistent ability to obtain
more stable images. This stability advantage was particularly
pronounced in the arrhythmia group. In fact, the image
quality score for RTCSCineFB slightly surpassed that of
SegBH in the arrhythmia subgroup analysis (4.14+0.69 vs.
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3.78+1.12). Similarly, several other studies (7,22) have also
shown the potential for improved image quality in patients
with arrhythmia. In summary, our results suggest that the
use of RT'CSCineFB would result in more stable image
quality in all cardiac patients. In patients with arrhythmia,
the use of CS methods can further enhance image quality,
which is particularly beneficial when breath holding is
challenging. Such methods can serve as rapid tools for
routine clinical use or regular follow-up examinations.
Quantitative measurement of ventricular function is
essential in clinical practice. CMR is widely recognized as
the most reliable method for evaluating cardiac function
among various imaging modalities (23). Even in patients
with irregular ventricular morphology, CMR using the
Simpson method does not rely on any geometric model,
making it suitable for assessments of cardiac function,
volume, and quality. The findings of the present study
align with previous research that has demonstrated that
CS methods can accurately assess LV function in clinical

© AME Publishing Company.

practice (9,12,15,24). While most studies have reported
strong consistency between CS and traditional cine in
quantitative measurements, some parameters display
persistent disparities. We found that CS cine exhibits
excellent consistency and correlations with conventional
methods in the assessment of LV volume and function
measurements during FB, thereby establishing its reliability
for ventricular function evaluation while significantly
reducing or eliminating the need for breath holding.
Although statistically significant differences were observed
in the LVEDV, LVESV, LVSV, LVEE, and LVM between
the two methods, these discrepancies were minimal and
fell within clinically acceptable limits. We attribute these
measurement variations to intra-observer variability.
Therefore, we conclude that such differences should not
hinder the routine clinical application of either method.
Compared with the conventional breath-hold method, the
CS method tends to lead to increased LVEDV and LVESYV,
as reported by other researchers (8). We hypothesize
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Figure 4 Scatter plots and modified Bland-Altman plots were used to assess the correlation and agreement between the LV function
parameters and mass in both SegBH and RTCSCineFB images. The scatter plots demonstrated strong associations of LVEDV (A), LVESV
(C), LVSV (E), LVEF (G), and LVM (I) obtained via the two methods. Modified Bland-Altman plots were generated to assess the agreement
between the SegBH and RTCSCineFB images for various LV function parameters, including LVEDV (B), LVESV (D), LVSV (F), LVEF
(H), and LVM (J). Mean differences are represented by dashed lines; 95% limits of agreement are indicated by dotted lines. LVEDYV,
left ventricular end-diastolic volume; SegBH, breath-hold segmented cine; RTCSCineFB, real-time compressed sensing cine with free
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left ventricular mass; LV, left ventricular.
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Table 5 Numbers of individuals with corresponding EF grades
between the two methods

RTCSCineFB
Parameters Total
Grade 1 Grade 2 Grade 3
SegBH
Grade 1 33 0 1 34
Grade 2 8 23 6 37
Grade 3 1 22 130 153
Total 42 45 137 224

EF, ejection fraction; RTCSCineFB, real-time compressed
sensing cine with free breathing; SegBH, breath-hold segmented
cine.

Table 6 Kappa coefficients and reliability of EF grading

Parameters SegBH vs. RTCSCineFB
K 0.759

P <0.001

95% ClI 0.685-0.834

EF, ejection fraction; SegBH, breath-hold segmented cine;
RTCSCineFB, real-time compressed sensing cine with free
breathing; Cl, confidence interval.

that this tendency arises from the lack of deep breaths by
patients during the examination, as deep breathing increases
lung volume and slightly reduces LV output, potentially
influencing LVSV and LVEF measurements and leading to
underestimations. However, these differences remain within
clinically acceptable limits. The lower spatial and temporal
resolutions of high-speed cine CMR, compared to standard
cine CMR, may also contribute to overestimation of LVESV,
particularly in patients with elevated heart rates (25).
Further, the use of CS methods for LVM assessment may
underestimate LVM due to image blurring or artifacts
that hinder the accurate identification of endocardial and
epicardial boundaries. Considering the clinical relevance of
transmural pressure changes, ventricular filling, and output
during breath holding, FB CS methods may provide more
physiologically realistic data (26).

Our findings demonstrated robust consistency between
the two methods in evaluating EF, with minimal changes
observed in most cases. This consistency suggests that
the accuracy of RT'CSCineFB in quantitative EF grading
is high, and this method is reliable even for patients with

© AME Publishing Company.

low or high EF values, and thus a suitable alternative for
assessments of cardiac function when conventional imaging
is not feasible. The ability to quantify and classify EF values
strongly contributes to comprehensive cardiac evaluations
and has clinical relevance in diagnostic decision making.

Limitations

This study had some important limitations. First, for
the analysis of BMC, we only used images of the mid-
ventricular level collected at the ED. Future studies should
consider a more comprehensive evaluation of image quality
via CS methods. Second, we solely focused on analyses
of LV function and did not examine right ventricular
function. Third, our study cohort only included patients
with heart disease, and no quantitative analyses of healthy
individuals were conducted. Our patient population also
lacked diversity in terms of cardiac conditions. Fourth,
the accurate delineation of endocardial and epicardial
boundaries in quantitative studies of cardiac function was
not possible for patients with poor image quality. As a
result, cardiac function calculations could not be completed
for these patients, and they were excluded from our study.
These individuals typically experienced excessive motion
artifacts due to their severe illness, which made it difficult
for them to control their body movements. The inclusion
of these cases might have introduced some bias into our
findings. Finally, there were variations in certain parameters
between the two methods studied; these differences may
have a greater impact during the cardiac systolic period (12),
which might have influenced our findings.

Conclusions

Based on our validation analyses using a large number
of consecutive samples from patients with diverse
clinical conditions, the CS methods offer a rapid and
reliable imaging protocol and can be used to acquire
images during FB, resulting in stable image quality
with a significantly shorter scanning time. This stability
advantage is particularly pronounced in individuals with
arrhythmia. RTCSCineFB was found to be accurate in
terms of evaluating LV function and exhibited strong
consistency in EF grading. This scanning technique could
be incorporated into clinical practice to efficiently acquire
cardiac morphology without reducing diagnostic quality or
diminishing data integrity.
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