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Objective: To investigate the feasibility of cine three-dimensional (3D) balanced steady-state free precession (b-SSFP) 
imaging combined with a non-local means (NLM) algorithm for image denoising in evaluating cardiac function in children 
with repaired tetralogy of Fallot (rTOF).
Materials and Methods: Thirty-five patients with rTOF (mean age, 12 years; range, 7–18 years) were enrolled to undergo 
cardiac cine image acquisition, including two-dimensional (2D) b-SSFP, 3D b-SSFP, and 3D b-SSFP combined with NLM. 
End-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV), and ejection fraction (EF) of the two ventricles 
were measured and indexed by body surface index. Acquisition time and image quality were recorded and compared among 
the three imaging sequences. 
Results: 3D b-SSFP with denoising vs. 2D b-SSFP had high correlation coefficients for EDV, ESV, SV, and EF of the left (0.959–
0.991; p < 0.001) as well as right (0.755–0.965; p < 0.001) ventricular metrics. The image acquisition time ± standard 
deviation (SD) was 25.1 ± 2.4 seconds for 3D b-SSFP compared with 277.6 ± 0.7 seconds for 2D b-SSFP, indicating a significantly 
shorter time with the 3D than the 2D sequence (p < 0.001). Image quality score was better with 3D b-SSFP combined with 
denoising than with 3D b-SSFP (mean ± SD, 3.8 ± 0.6 vs. 3.5 ± 0.6; p = 0.005). Signal-to-noise ratios for blood and 
myocardium as well as contrast between blood and myocardium were higher for 3D b-SSFP combined with denoising than for 
3D b-SSFP (p < 0.05 for all but septal myocardium).
Conclusion: The 3D b-SSFP sequence can significantly reduce acquisition time compared to the 2D b-SSFP sequence for cine 
imaging in the evaluation of ventricular function in children with rTOF, and its quality can be further improved by combining 
it with an NLM denoising method.
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INTRODUCTION

Cardiac magnetic resonance (CMR) imaging is regarded 
as the gold standard for noninvasive assessment of cardiac 
morphology and function after surgery for congenital 
heart diseases (CHD) such as tetralogy of Fallot (TOF) [1]. 
Cine two-dimensional (2D) balanced steady-state free 
precession (b-SSFP) is a popular imaging method because it 
is relatively time-efficient and has good spatial resolution 
and high blood-to-myocardium contrast, especially at 1.5T 
[2,3]. Due to the long acquisition time of whole-heart 
CMR, it is difficult to encourage cooperation in young 
children; thus, sedation and anesthesia may be required. 
Fast acquisition technology can be used to circumvent 
this issue. A cine three-dimensional (3D) b-SSFP with a 
k-adaptive-t auto-calibrating reconstruction (kat ARC) for 
the Cartesian sampling acceleration method was used to 
reduce the acquisition time by approximately 20 times. With 
this method, whole-heart acquisition can be completed 
in one breath hold [4]. To acquire whole-heart data and 
evaluate cardiac function, multiple cardiac imaging planes 
have to be obtained using conventional cine 2D b-SSFP, 
while 3D images can be reformatted into multiple planes 
and the time required to acquire different planes of cardiac 
images can be saved. However, with whole-heart volumetric 
imaging acquisition, cine 3D b-SSFP intrinsically suffers 
from reduced in-flow blood enhancement; thus, its lower 
contrast is apparent between the myocardium and the 
blood pool when compared with cine 2D b-SSFP [5]. Image 
denoising techniques increase image contrast by removing 

image noise and retaining important features, such as the 
image contrast of cardiac edges and image texture [6]. 
The purpose of this study was to evaluate the feasibility 
of cine 3D b-SSFP combined with a non-local means (NLM) 
denoising method for assessing cardiac function in patients 
with repaired TOF (rTOF).

MATERIALS AND METHODS

This study was conducted according to the principles 
of the Declaration of Helsinki and was approved 
by the Institutional Ethics Committee (IRB No. 
SCMCIRB-K2016051). All patients (or their legal guardians) 
provided informed consent for participation.

Study Population
Thirty-five subjects with rTOF (mean age, 12 years; range, 

7–18 years) were prospectively recruited from August 2018 
to February 2019. The exclusion criteria were as follows: 1) 
contraindications to MRI scanning, 2) severe arrhythmia, or 
3) claustrophobia. Demographic information was collected 
from each patient on the day of the CMR examination.

MRI Protocol 
All imaging examinations were performed using a 

commercial 3T MRI scanner (MR750, GE Healthcare). All 
patients underwent cine 2D b-SSFP and cine 3D b-SSFP. Cine 
2D b-SSFP was used to image the left and right ventricular 
outflow tracts in three-chamber, four-chamber, and short-
axis views. The contrast agent used was gadodiamide 

Table 1. Imaging Parameters of 2D Cine Sequences and 3D Cine Sequences
Parameters 2D Cine 3D Cine

TR, ms 3.3–3.6 2.8–3.2
TE, ms 1.6–1.8 1.1–1.3
Flip angle, ° 45 45
FOV, mm 300 x 400 300 x 400
Matrix 160 x 160 192 x 212
Acquired voxel size, mm 1.8–2.5 x 1.8–2.5 x 6–8 1.6–2.1 x 1.4–1.9 x 6–8
Reconstructed voxel size, mm 1.1–1.5 x 1.1–1.5 x 6–8 1.1–1.5 x 1.1–1.5 x 6–8
Parallel acquisition acceleration factor 2 8–9
Temporal resolution, ms 46–60 64–77
Slice thickness, mm 5–8 5–8
Bandwidth, Hz/pixel 83.53–125 125
Slice number 12–16 12–16
NEX 1 (breathold), 4–6 (free breathing) 1 (breathhold), 10 (free breathing)
Reconstructed cardiac phase 25–30 25–30

FOV = field of view, NEX = number of excitation, TE = echo time, TR = repetition time
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(Omniscan, General Electric Pharmaceutical Co., Ltd.) at 
a dose of 0.2–0.4 mL/kg body weight at a rate of 0.8–2 
mL/sec. The imaging parameters are presented in Table 1. 
Breath holds were acquired if the patients could cooperate. 
Respiration of the patient who underwent sedation was not 
suspended during image acquisition. The acquisition times 
for the two sequences were recorded.

Denoising Algorithm
NLM is an algorithm used in image processing for image 

denoising [7,8]. A detailed description of the denoising 
technique is provided in the Supplement. A flowchart of the 
denoising process is shown in Figure 1.

Image Quality
Subjective image quality evaluation was performed by 

five-year and eight-year experienced radiologists based on 
the mid-ventricular short-axis plane of cine datasets among 
2D b-SSFP and 3D b-SSSP with and without denoising. 
The evaluation was based on a five-point scale [9-11] 
(Supplement). The artifacts of cine 3D images without 
denoising can be seen in the Supplementary Movie 1.

The signal-to-noise ratio (SNR) of the blood pool of the 
left ventricle and right ventricle, septal myocardium SNR, 
and blood-to-myocardium contrast-to-noise ratio (CNR) 
were determined as objective criteria of image quality for 
the three sequences. Signal intensity (SI) was assessed 
in 20 randomly selected patients. SNRs were determined 
as SI blood or myocardium/SI air. The contrast between 
the blood and myocardium was defined as the SI blood/SI 
myocardium.

Biventricular Function Analysis
Image analysis was performed offline using commercial 

software (CVI42, Circle Cardiovascular Imaging Inc.). The 
following parameters were calculated: biventricular end-
diastolic volume (EDV), end-systolic volume (ESV), stroke 
volume (SV) and ejection fraction (EF). Each cine 2D 
b-SSFP image, cine 3D b-SSFP image, and cine 3D b-SSFP 
image with denoising was anonymized and randomized for 
two radiologists (with 20 years and 25 years’ experience 
in cardiac image diagnosis) to independently perform 
segmentation. To test intra-observer variability, the 
functional analysis was repeated by the radiologist with 
20 years’ experience in a subset of 10 randomly selected 
participants eight weeks later. Inter-observer variability was 
tested in the same subset of participants by the radiologist 
with 25 years’ experience. 

Statistical Analysis
All statistical analyses were performed using SPSS 

software (version 24.0; IBM Corp.). The mean ± standard 
deviation (SD) was calculated for all the parameters. 
Comparisons among the three groups were made using one-
way analysis of variance (ANOVA) for normally distributed 
data and the Kruskal-Wallis test for non-normally 
distributed continuous variables. Pearson’s correlation 
coefficient or Spearman’s rank coefficient was used to 
assess the correlation between the functional parameters 
assessed in the three different groups. Kappa analysis was 
used to evaluate the consistency of image scoring by the 
two radiologists. A kappa value of > 0.6 represented good 
consistency. Intra- and inter-observer variabilities were 
assessed using a one-way intraclass correlation coefficient 
(ICC) and its 95% confidence interval (CI). Statistical 
significance was set at p < 0.05. 

RESULTS

Demographics
In 35 patients, cine 2D b-SSFP and cine 3D b-SSFP were 

successfully performed. Two patients were sedated. Twenty-
one patients were able to cooperate with breath holding. 
Fourteen patients underwent free breathing. No subjects 
were excluded because of insufficient image quality. The 
mean heart rate ± SD was 84.2 ± 14.7 bpm (range, 59–134 
bpm). The complete demographic data are summarized in 
Table 2. The mean image acquisition time ± SD of cine 2D 
b-SSFP and cine 3D b-SSFP was 277.6 ± 0.7 seconds and 

Step 1: cardiac cine images are pre-filtered using a conventional NLM 
algorithm with a fixed search window

Step 4: the final denoised cardiac images are obtained by using fixed 
and adaptive search window sizes for each pixel

Step 2: the GLD image is obtained by calculating the GLD of each pixel 
in the image based on a search window with adaptive size

Step 3: the appropriate thresholds defined using the average and 
standard deviation of GLD images and the best search window for each 
pixel in the image are acquired

Fig. 1. Flowchart for denoising. GLD = gray level difference, NLM = 
non-local means
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25.1 ± 2.4 seconds, respectively. The image acquisition 
times of the 3D sequences were significantly shorter than 
those of the 2D sequences (p < 0.001).

Image Quality 
The comparison of cine 2D b-SSFP and cine 3D b-SSFP 

images in different planes is shown in Figure 2. The image 
quality of cine 2D b-SSFP, cine 3D b-SSFP, and cine 3D 
b-SSFP with denoising was sufficient for contour detection 
in 35 patients (Figs. 3, 4). The 3D cine images had fewer 
respiratory registration artifacts than the 2D cine images. 
The mean image quality score ± SD of cine 2D b-SSFP (4.5 ± 
0.5) was greater than that of cine 3D b-SSFP (3.5 ± 0.6); 
this difference was statistically significant (p < 0.001). The 
image quality score of 3D b-SSFP with denoising was better 
than that of cine 3D b-SSFP (3.8 ± 0.6 vs. 3.5 ± 0.6); this 
difference was also statistically significant (p = 0.005). 
The kappa value of the cine 2D b-SSFP images between the 
two radiologists was 0.805, while the kappa value of cine 
3D b-SSFP images was 0.615 and that of cine 3D b-SSFP 
denoising images was 0.763.

The comparisons of SNR of the blood pool of the left 
ventricle and right ventricle, septal myocardium SNR, 
and blood-to-myocardium CNR among the three groups 
were significantly different (p < 0.05), except for septal 
myocardium SNR (p > 0.05). The SNR for blood of the left 
and right ventricles of cine 3D b-SSFP with denoising was 
more than two-fold higher than that of cine 3D b-SSFP (p < 
0.001). The CNR of cine 3D b-SSFP with denoising was also 
larger than that of cine 3D b-SSFP (p < 0.001) (Table 3).

Biventricular Volume Quantifycation
Ventricular metrics measured using cine 2D b-SSFP, cine 

3D b-SSFP, and cine 3D b-SSFP denoising imaging and 
correlation coefficients are shown in Tables 4, 5, and 6, 
respectively. The analyses of ventricular measurements 

for images acquired with breath hold or free breathing 
are shown in the Supplement (Supplementary Tables 1, 
2). There were no statistically significant differences in 
the measurements of biventricular volumes between cine 
2D b-SSFP and cine 3D b-SSFP irrespective of denoising. 
There was a stronger correlation (p < 0.001) between 
3D denoising images and cine 2D b-SSFP images for 
quantification of biventricular measurements than cine 
3D b-SSFP and cine 2D b-SSFP sequences except for left 
ventricular cardiac output. There were no statistically 
significant differences in the measurements of biventricular 
volumes among the three groups irrespective of breath 
conditions during the image acquisition process.

Intra- and Inter-Observation Agreements
The intra-observer and inter-observer ICCs are shown in 

Table 7. Bland-Altman plots for left ventricular and right 
ventricular metrics measured by the same viewer at different 
times and by different viewers are shown in the Supplement 
(Supplementary Figs. 1, 2). The largely overlapping EFs 
illustrate that there were no significant differences in intra- 
and inter-observer variability with cine 2D b-SSFP, cine 3D 
b-SSFP, and cine 3D b-SSFP denoising imaging, and the 
derived left ventricular and right ventricular metrics.

DISCUSSION

CMR is the gold standard for quantifying cardiac 
function [12]. Routine CMR follow-up is necessary for 
asymptomatic patients with rTOF, and EDV is an important 
parameter for guiding the optimal timing of pulmonary 
valve replacement [13-15]. However, it is more difficult 
to encourage young children to cooperate with CMR 
examinations because of their limited tolerance; thus, 
sedation and anesthesia are typically required. Barton 
et al. [16] revealed that early exposure to anesthesia 
causes permanent structural and functional changes in the 
central nervous system of laboratory animals. Tucker et 
al. [17] demonstrated a link between anesthetic exposure 
and negative neurodevelopmental or cognitive outcomes. 
McCann et al. [18] reported that exposure of just under an 
hour to sevoflurane-based general anesthesia in infancy 
does not increase the risk of adverse neurodevelopmental 
outcomes at two years of age. Ing et al. [19] found that 
there was an increase risk of language and cognitive deficit 
was identified in children exposed under age 3, but not in 
those exposed over age 3. Overall, definitive evidence of 

Table 2. Subject Characteristics
Patients (n = 35)

Age, year 12 (7–18)
Sex, male (%) 27 (77)
BSA, m2 1.2 (0.7–1.8)
Heart rate, bpm 84.2 (59–134)
Height, m 146.0 (79.5–176)
Weight, kg 39.1 (15–70)
Duration after surgery, year 10.3 (1–15)

Data are mean (range) unless specified otherwise. BSA = body 
surface area
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toxicity was mostly found in various animal models, while 
anesthesia-induced neurotoxicity in the developing human 
brain remains unclear. One way to reduce any potential 
adverse effects is by reducing the time required for image 
acquisition. Therefore, shortening the scanning time of CMR 
is a consideration of researchers in the context of MRI.

To obtain data about cardiac function, several cardiac 
imaging planes should be performed with relatively long 
acquisition times using conventional cine 2D b-SSFP, which 
includes four-chamber, three-chamber, two-chamber, and 
short-axis views of both the right and left ventricles. The 
recently developed cine 3D b-SSFP fast image acquisition 

Fig. 2. Comparison of cine 2D b-SSFP and cine 3D b-SSFP images in different planes. 
Figure A-H images acquired using 2D b-SSFP (A-D) and 3D b-SSFP (E-H) with free breathing in short axis, RVOT, 4CH, and LV 2CH respectively. 
Figure I-P images acquired using 2D b-SSFP (I-L) and 3D b-SSFP (M-P) with breath hold in short axis, RVOT, 4CH, and LV 2CH respectively. Cine 
3D b-SSFP is a non-isotropic sequence; however, the RVOT orientation is similar to the short axis, such that, the image quality of the reformatted 
image is acceptable but will suffer in 4CH or 2CH orientations. b-SSFP = balanced steady-state free precession, D = dimensional, LV = left 
ventricle, RVOT = right ventricular outflow tract, 2CH = 2-chamber, 4CH = 4-chamber
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sequence covers the entirety of ventricles and can complete 
the scan in a single breath hold. The acquired 3D images 
can be reformatted in multiple appropriate planes such as 
two-chamber, four-chamber, and short-axis views [5,20], 
and the time of image acquisition is shortened by seconds. 
The CNR and SNR between the 2D and 3D sequences have 
little difference. The main advantage of the 2D b-SSFP 
sequence is its relatively better SNR and CNR than the 3D 
b-SSFP sequence. The pitfall of 2D b-SSFP includes multiple 
prolonged breath holds, which increases examination time 
and may cause patient restlessness and slice misregistration. 
In addition, the 2D sequence is more sensitive to the 
b0 and b1 field inhomogeneity than the 3D sequence. 
Comparatively, for 3D b-SSFP, the time of data acquisition is 
significantly reduced, the misregistration between adjacent 
slices is eliminated, and the accuracy of ventricular volume 
and mass assessment is improved [3,21-23].

According to our study, the 3D images of patients with 
rTOF can be acquired in 25.1 ± 2.4 seconds (approximately 

30 seconds) as opposed to 277.6 ± 0.7 seconds (almost 
7 minutes) for 2D images. The image acquisition time of 
the 3D sequence was significantly shorter than that of the 
2D sequence (p < 0.05), which is similar to the results 
reported by Jeong et al. [4] who used the same acquisition 
technique (1.5T). Jeong et al. [4] reported results using 
the cine 3D b-SSFP sequence and showed that it can greatly 
shorten the average acquisition time compared with the 
traditional cine 2D sequence (0.4 minutes vs. 8.5 ± 2.3 
minutes; p = 0.002). 

Respiratory and cardiac ghosts are caused by respiratory 
or cardiac motion occurring during imaging acquisition, 
especially in children. This is because heart rate and 
respiratory rate are comparatively faster in children than 
in adults, and children are often incapable of cooperating 
during breath hold procedures. Compared with short-axis 
cine 2D b-SSFP images, the reformatted cine 3D b-SSFP 
images, irrespective of denoising, had worse subjective 
and objective image quality scores. Despite this, our study 

Fig. 3. A 7-year-old boy with repaired tetralogy of Fallot. 
Cine cardiac magnetic resonance under free breathing scanning. Matching the mid-ventricular short-axis slice acquired using 2D b-SSFP (A, D), 
3D b-SSFP (B, E), and 3D denoising (C, F). The representative end-systolic and end-diastolic period figures are A, B, C and D, E, F, respectively. 
b-SSFP = balanced steady-state free precession, D = dimensional
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demonstrated that the image quality of cine 3D b-SSFP 
with or without denoising is feasible for use in improving 
diagnosis and analysis in the clinical setting. There was 
good consistency in image quality scoring among the three 
methods between the two radiologists. 

Cine 3D MRI demonstrates slight blurring, some loss of 
signals, and reduced intensity contrast; the blurring and 
loss of signals are likely to be a result of acceleration 
[22]. For kat ARC, Lai et al. [24,25] reported that k-space 
data were acquired with time-shifted sampling, and 
missing k-space data were recovered using a k-t synthesis 
kernel with a temporal window selection adapted to the 
local cardiac motion at each cardiac phase. The reduced 
intensity contrast was due to volumetric acquisition, signal 
saturation in the cardiac blood pool, and shorter repetition 
time [26-28]. Several strategies can be used to optimize 
the sequence and improve image quality. Previous studies 
have shown that variable flip angle cine 3D b-SSFP using 
k-space acquisition, which is not synchronized with the 

cardiac cycle, produced higher contrast in cardiac imaging 
[29]. Another study demonstrated that a lack of intrinsic 
contrast can be overcome using a T1 shortening agent 
[30]. Myocardial blood pool contrast could be improved by 
injecting a contrast agent (cine 3D b-SSFP was performed 
after contrast agent injection). Other studies have revealed 
that the 32-channel dedicated cardiac phased array coil 
can simultaneously improve the SNR and image acquisition 
efficiency of 3D images [15,16]. Noise in MRI reduces image 
contrast; hence, the denoising technique can improve image 
contrast [6,20]. Therefore, at our center, three strategies 
were used: adjustment of the flip angle (small flip angle), 
post-contrast injection scanning, and image denoising 
techniques. 

To overcome the deficiencies of so-called acquisition-
based noise reduction, increasing the acquisition time or 
decreasing the spatial resolution through post-processing 
noise reduction methods were proposed. Image denoising 
preserves important features (e.g., the original edges and 

Fig. 4. A 15-year-old girl with repaired tetralogy of Fallot. 
Cine cardiac magnetic resonance under breath hold scanning. Matching the mid-ventricular short-axis slice acquired using 2D b-SSFP (A, D), 3D 
b-SSFP (B, E), and 3D denoising (C, F). The representative end-systolic and end-diastolic period figures are A, B, C and D, E, F, respectively. 
b-SSFP = balanced steady-state free precession, D = dimensional
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Table 3. Signal-to Noise and BM Contrast-to-Noise

Parameter 2D b-SSFP 3D b-SSFP 3D b-SSFP Denoised
P

2D b-SSFP vs. 
3D b-SSFP

2D b-SSFP vs. 
3D b-SSFP Denoised

3D b-SSFP vs. 
3D b-SSFP Denoised

LV SNR 127.1 ± 33.4 120.6 ± 61.6 297.2 ± 120.4 0.003 < 0.001 < 0.001
RV SNR 130.2 ± 33.7 135.2 ± 77.6 316.3 ± 119.5 0.004 < 0.001 < 0.001
SM SNR 40.4 ± 11.6 50.3 ± 22.3 140.7 ± 75.2 0.435 0.998 0.400
BM CNR 3.3 ± 0.5 2.5 ± 0.5 2.3 ± 0.5 < 0.001 0.030 < 0.001

Data are mean ± standard deviation. b-SSFP = balanced steady-state free precession, BM = blood-to myocardium, CNR = contrast-to-noise 
ratio, D = dimensional, LV = left ventricular, RV = right ventricular, SM = septal myocardium, SNR = signal-to-noise ratio 

Table 4. Ventricular Metrics Measured Using Cine 2D b-SSFP, Cine 3D b-SSFP and Cine 3D b-SSFP Denoising Imaging

Parameters 2D b-SSFP 3D b-SSFP 3D b-SSFP Denoised
P

2D b-SSFP vs. 
3D b-SSFP

2D b-SSFP vs. 
3D b-SSFP Denoised

3D b-SSFP vs. 
3D b-SSFP Denoised

EDV, mL
LV 97.8 ± 24.8 100.4 ± 25.3 100.1 ± 25.6 0.662 0.704 0.955
RV 159.4 ± 64.5 153.6 ± 61.7 155.4 ± 66.3 0.708 0.795 0.908

ESV, mL
LV 42.7 ± 12.9 44.0 ± 13.3 44.3 ± 13.2 0.690 0.621 0.923
RV 85.0 ± 40.3 87.1 ± 42.0 84.7 ± 43.0 0.839 0.972 0.812

SV, mL
LV 55.1 ± 14.8 56.4 ± 14.2 55.5 ± 15.1 0.710 0.908 0.797
RV 74.4 ± 31.4 69.4 ± 24.4 70.7 ± 29.0 0.468 0.593 0.849

EF, %
LV 56.5 ± 6.6 56.3 ± 5.3 56.1 ± 6.7 0.903 0.786 0.881
RV 47.8 ± 10.5 45.8 ± 7.3 47.2 ± 9.7 0.369 0.789 0.527

Data are mean ± standard deviation. b-SSFP = balanced steady-state free precession, D = dimensional, EDV = end-diastolic volume, EF = 
ejection fraction, ESV = end-systolic volume, LV = left ventricular, RV = right ventricular, SV = stroke volume

Table 5. Ventricular Metrics Measured Using Cine 2D b-SSFP, 
Cine 3D b-SSFP and Cine 3D b-SSFP Denoising Imaging, 
Indexed for Body Surface Area

Parameters 2D b-SSFP 3D b-SSFP 
3D b-SSFP 
Denoised

EDV, mL/m2

LV 79.5 ± 10.2 81.2 ± 9.6 81.4 ± 9.8
RV 128.8 ± 41.1 125.1 ± 40.6 125.2 ± 27.5

ESV, mL/m2

LV 34.5 ± 6.5 35.7 ± 6.3 35.5 ± 6.1
RV 69.2 ± 29.9 67.6 ± 29.8 69.9 ± 27.5

SV, mL/m2

LV 45.0 ± 7.4 45.3 ± 7.5 46.0 ± 6.4
RV 60.4 ± 19.7 57.5 ± 17.9 57.5 ± 19.1

EF, %/m2

LV 49.2 ± 15.8 48.8 ± 15.8 48.9 ± 15.4
RV 41.4 ± 15.2 41.4 ± 16.4 40.3 ± 15.14

Data are mean ± standard deviation. b-SSFP = balanced steady-
state free precession, D = dimensional, EDV = end-diastolic 
volume, EF = ejection fraction, ESV = end-systolic volume, LV = left 
ventricular, RV = right ventricular, SV = stroke volume

Table 6. Comparison of Correlations between Cine 2D b-SSFP, 
Cine 3D b-SSFP and Cine 3D b-SSFP Denoising Imaging in 
Cardiac Function of Repaired Tetralogy of Fallot

Parameters
2D b-SSFP vs. 

3D b-SSFP
2D b-SSFP vs. 

3D b-SSFP Denoised
r P r P

EDV, mL/m2

LV 0.980 < 0.001 0.991 < 0.001
RV 0.948 < 0.001 0.965 < 0.001

ESV, mL/m2

LV 0.937 < 0.001 0.979 < 0.001
RV 0.922 < 0.001 0.936 < 0.001

SV, mL/m2

LV 0.943 < 0.001 0.975 < 0.001
RV 0.821 < 0.001 0.829 < 0.001

EF, %/m2

LV 0.853 < 0.001 0.959 < 0.001
RV 0.256 0.137 0.758 < 0.001

b-SSFP = balanced steady-state free precession, D = dimensional, 
EDV = end-diastolic volume, EF = ejection fraction, ESV = end-
systolic volume, LV = left ventricular, RV = right ventricular, SV = 
stroke volume
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texture of the image) while removing image noise. Many 
image denoising methods have been explored, including 
approaches based on anisotropic diffusion filters, the NLM 
algorithm, and the wavelet transform. NLM filters have 
been used for feature-preserved MRI denoising [31,32]. 
NLM algorithms with an adaptive isotropic search window 
size are used to increase the adaptive isotropic search 
window size based on the traditional NLM algorithm, 
which can avoid denoising performance degradation as 
noise variance increases. This method effectively preserves 
image details (e.g., edges and textures) at higher noise 
levels. One study demonstrated that denoising methods, 
such as convolutional neural network-based methods, have 
shown promising results in computed tomography [33]. 
In our study, images acquired using the cine 3D b-SSFP 
sequence had motion artifacts and low contrast between 
the myocardium and the blood pool. Therefore, the NLM 
algorithm with an adaptive isotropic search window size 
was used to denoise the cardiac image, preserve the 
ventricular contour, and increase the contrast between the 
myocardium and the blood pool. 

Accurate measurement of ventricular volume is paramount 
from a clinical point of view. The 3D image data from 
computed tomography or MRI may provide highly accurate 
and reproducible ventricular and SVs [34]. In our study, 
the functional parameters of the three groups were not 
significantly different (p > 0.05). Cardiac function data 
obtained using cine 3D b-SSFP with denoising were more 
similar to those obtained using cine 2D imaging because 
cine 3D b-SSFP with denoising demonstrated a higher signal 
and contrast between the blood and the myocardium. 
According to the breath holding and free breathing 
subgroups, the biventricular functional measurements of 
the three different groups showed no significant statistical 
differences (p > 0.05), which excluded the influence of 
breath on acquiring accurate ventricular function.

Correlation analysis of biventricular EDV, ESV, SV, and 
EF in cine 2D b-SSFP vs. cine 3D b-SSFP with or without 
denoising was performed in our group. Cine 3D b-SSFP 
with denoising vs. cine 2D b-SSFP had a better correlation 
coefficient than cine 3D b-SSFP vs. cine 2D b-SSFP for EDV, 
ESV, SV, and EF of the left (0.959–0.991; p < 0.001), as 
well as right ventricular (0.755–0.965; p < 0.001) metrics. 
The correlation coefficients (0.853–0.980) for the four left 
ventricular measurements with cine 3D b-SSFP vs. cine 2D 
b-SSFP were significant (p < 0.001 for all).

For the cine 2D b-SSFP sequence, the ICC was similar to Ta
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previously published data [24], with right ventricular data 
having greater variability compared with left ventricular 
data. This was expected because of the greater difficulty 
in segmenting the more trabeculated and complex-shaped 
right ventricle. Importantly, the intra-observer and inter-
observer variabilities of cine 3D b-SSFP with or without 
denoising were similar to those observed with cine 2D 
b-SSFP. This is an important finding, as demonstrating 
reliability is vital for clinical translation. With regards to 
the Bland-Altman analysis, our results using cine 3D b-SSFP 
with denoising revealed less statistical variance in the 
parameters assessed in the biventricular analysis compared 
with cine 3D b-SSFP, except for left ventricular SV in intra- 
and inter-observer variability.

The present study has several limitations. First, the 
acquisition time of cine 3D b-SSFP was not short enough 
(average 25 seconds) because it was challenging to 
encourage children to complete image acquisition in 
a breath hold. Second, the sample size was limited. 
The number of children of different ages and genders 
was unevenly distributed. It was impossible to conduct 
a stratified analysis on all age groups, and gender 
stratification analysis could not be conducted. The sample 
size should be increased in future studies. 

In conclusion, the 3D b-SSFP sequence can significantly 
reduce acquisition time compared to the 2D b-SSFP 
sequence for cine imaging in the evaluation of ventricular 
function in children with rTOF, and its quality can be further 
improved by combining it with an NLM denoising method. 

Supplement

The Supplement is available with this article at  
https://doi.org/10.3348/kjr.2020.0850.

Supplementary Movie Legend

Movie 1. Patent 1: a 7-year-old boy with rTOF. Artifacts 
of cine 3D b-SSFP CMR under free breathing scanning. 
Patient 2: a 15-year-old girl with rTOF. Artifacts of cine 3D 
b-SSFP CMR under breath hold scanning.
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