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Abstract: To investigate the feasibility and effectiveness of high-resolution readout-segmented echo
planar imaging (rs-EPI), diffusion-weighted imaging (DWI) is used simultaneously with multi-
slice (SMS) imaging (SMS rs-EPI) for the differentiation of breast malignant and benign lesions in
comparison to conventional rs-EPI on a 3T MR scanner. A total of 102 patients with 113 breast lesions
underwent bilateral breast MRI using a prototype SMS rs-EPI sequence and a conventional rs-EPI
sequence. Subjective image quality was assessed using a 5-point Likert scale (1 = poor, 5 = excellent).
Signal-to-noise ratio (SNR), lesion contrast-to-noise ratio (CNR) and apparent diffusion coefficients
(ADC) value of the lesion were measured for comparison. Receiver operating characteristic curve
analysis was performed to evaluate the diagnosis performance of ADC, and the corresponding
area under curve (AUC) was calculated. The image quality scores in anatomic distortion, lesion
conspicuity, sharpness of anatomical details and overall image quality of SMS rs-EPI were significantly
higher than those of conventional rs-EPI. CNR was enhanced in the high-resolution SMS rs-EPI
acquisition (6.48 ± 1.71 vs. 4.23 ± 1.49; p < 0.001). The mean ADC value was comparable in SMS
rs-EPI and conventional rs-EPI (benign 1.45 × 10−3 vs. 1.43 × 10−3 mm2/s, p = 0.702; malignant
0.91 × 10−3 vs. 0.89 × 10−3 mm2/s, p = 0.076). The AUC was 0.957 in SMS rs-EPI and 0.983 in
conventional rs-EPI. SMS rs-EPI technique allows for higher spatial resolution and slight reduction of
scan time in comparison to conventional rs-EPI, which has potential for better differentiation between
malignant and benign lesions of the breast.

Keywords: diffusion-weighted imaging; breast; simultaneous multi-slice acceleration; readout-
segmented echo planar imaging

1. Introduction

Breast cancer is one of the most common malignancies among women in the world [1].
Magnetic resonance imaging (MRI) has unique advantages in the diagnosis and evaluation
of breast lesions. It not only performs high accuracy in the detection and diagnosis of
breast cancer, but it is also used to evaluate the treatment response of tumors through
the information of pharmacokinetics, tissue microcirculation, and pathophysiology from
a microscopic point of view [2,3]. Dynamic contrast enhancement magnetic resonance
imaging (DCE-MRI) is the backbone scanning sequence of current breast MR, according to
the American College of Radiology criteria [4]. In DCE-MRI, high resolution morphological
information and semi-quantitative tumor angiogenesis characteristics can be provided
using the dynamic changes of T1 signals after injection of gadolinium-based contrast
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agents [5]. The detection sensitivity of DCE-MRI of the breast on the 3T MRI scanner was
nearly up to 100%, while specificity ranged from 49.1% to 87.5% [6–9]. To overcome the
limitations of specificity, there is increasing interest in exploring the combined application
of other functional parametric maps for differential diagnosis.

Diffusion-weighted imaging (DWI) that is able to detect the diffusion of water molecules
in vivo to extrapolate and analyze tissue structure and internal characteristics has been
proven to be a useful technique for the evaluation of breast cancer [6,10,11]. Previous
studies [12,13] have demonstrated that DWI can provide additional functional informa-
tion to DCE-MRI, and the combination of DCE-MRI with DWI yields a higher specificity
(75–84%) versus DCE-MRI alone (67–72%). Moreover, the apparent diffusion coefficients
(ADC) value derived from DWI can provide information for evaluating the treatment re-
sponse to neoadjuvant chemotherapy [14–16]. For the DWI sequence, the most commonly
used readout method is single-shot echo planar imaging (ss-EPI) in the current clinical
standard because of its low sensitivity to motion-induced phase errors [17]. However,
ss-EPI has limitations of strong susceptibility artifacts, geometric distortions, and poor
spatial resolution due to a shorter T2* relaxation time, especially in the prepectoral region
of the breast [17–19]. Furthermore, spatial resolution is limited by signal blurring in the
phase-encoding direction.

To overcome the above two limitations (distortions and blurring) and improve the
image quality of DWI, readout-segmented echo planar imaging (rs-EPI) that divides k-
space into separate segments in the readout direction is proposed. A previous study [20]
demonstrated that rs-EPI can reduce geometric distortions and blurring arising from T2*
decay in DWI. Recent studies on breast also indicated that rs-EPI reduces geometric distor-
tions and shows better image quality and lesion conspicuity, compared to ss-EPI [17,20,21].
However, rs-EPI requires long acquisition time that may adversely affect its use in clinics.
and the reduction of the acquisition time may have a negative impact on image quality,
particularly in the high-resolution acquisition that is critical to discriminate between het-
erogeneous tumor regions or between tumor and normal tissue. Recently, simultaneous
multi-slice (SMS) acquisition based on the blipped ‘controlled aliasing in parallel imaging
results in higher acceleration’ (blipped CAIPIRINHA) technique, which can be used to
achieve spatial shifts in the phase-encoded direction between simultaneously excited slices,
has been proposed [22,23]. This method could reduce the gap between slices, offering a
substantial decreased scan time, and alternatively, the saved time can be used to improve
spatial resolution [24].

Previous studies on breast DWI have shown that SMS rs-EPI with an acceleration
factor of 2 can markedly reduce scan time while maintaining similar SNR, ADC value and
image quality compared with ss-EPI [25,26]. Nevertheless, the voxel size of DWI above
is still much larger than that in DCE-MRI, and few reports exist concerning applications
of SMS technique in improving spatial resolution. Improving of image resolution could
more accurately characterize the morphology of breast lesions and clearly show the margin
and internal heterogeneity of the lesion, which are important for distinguishing features
of malignant tumors. Thus, the purpose of this work was to evaluate the feasibility of
high-resolution SMS rs-EPI for the assessment of malignant and benign breast lesions.

2. Materials and Methods
2.1. Study Patients

This study was approved by the institutional ethics committee. From August 2019 to
December 2019, a total of 374 patients with suspected breast lesions underwent breast MRI
examinations in our department. After reading the informed consent, patients who did not
wish to undergo SMS rs-EPI DWI sequences were excluded (n = 178); thus, 196 patients
underwent prototype SMS rs-EPI sequence in addition to the standard breast MRI protocol
(including conventional rs-EPI sequence) scans. The patients with no abnormal enhance-
ment or obvious lesion found in the breast (n = 67), breast implants (n = 16) or obvious
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motion artifacts (n = 11) were excluded. Finally, a total of 102 patients with 113 lesions (54
of malignant, 59 of benign) were included in the final analysis.

2.2. MR Protocol

All examinations were performed on a 3T MRI scanner with a dedicated 18-channel
phased-array breast coil (MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany).
The patient was in prone position with head first for the scan.

The standard MR imaging examination consisted of the following protocol: T2 turbo
inversion recovery magnitude (TR 4300 ms, TE 61.0 ms, section thickness 4 mm, FOV
340 × 340 mm); axial 3D fast low angle shot (FLASH) T1 (TR 6.05 ms, TE 2.46 ms, section
thickness 1.3 mm, FOV 340 × 340 mm); T2-weighted turbo spin-echo (TR 4500 ms, TE
79 ms, section thickness 4.0 mm, FOV 340 × 340 mm). DCE imaging was performed with
one pre-contrast and five post-contrast dynamic series using axial 3D FLASH T1 with fat
suppression (TR 4.67 ms, TE 1.66 ms, section thickness 1.3 mm, FOV 360 × 360 mm). A
0.1-mmol/kg bolus of Gadobenate (Multihance, BRACCO, Milano) was injected using high
pressure injector, followed by a 15 mL saline flush.

For DWI sequences, conventional rs-EPI was obtained, and then prototype SMS rs-EPI
DWI sequences were applied. Both DWI sequences were acquired after T2 but prior to
DCE, followed by SMS rs-EPI. We chose the highest resolution that can be achieved in
the acquisition time of 200 s for the experiment, such that the scan time does not increase
beyond what is clinically acceptable. The details of imaging parameters of conventional
rs-EPI and SMS rs-EPI sequence are shown in Table 1.

Table 1. Imaging parameters of SMS rs-EPI sequence and conventional rs-EPI.

Sequence SMS rs-EPI Conventional rs-EPI

orientation transversal transversal
fat suppressed SPAIR SPAIR

TR (ms) 4550 6730
TE (ms) 58 67

voxel size (mm) 1.3 × 1.3 × 3.0 1.5 × 1.5 × 4.0
FOV (mm2) 170 × 280 170 × 280

imaging matrix 131 × 214 114 × 188
bandwidth (Hz/Px) 835 885

slice acceleration factor 2 -
GRAPPA acceleration factor 2 2

b values, s/mm2 50, 1000 50, 1000
acquisition time (s) 200 224
number of images 42 30

SPAIR, spectral attenuated inversion recovery; TR, repetition time; TE, echo time; FOV, field of view; GRAPPA,
generalized autocalibrating partially parallel acquisitions.

2.3. Image Analysis
2.3.1. Image Quality

All imaging datasets were independently assessed by two radiologists (F.Y. and J.T.,
with 26 and 18 years of experience which specialized on breast MR imaging, respectively).
The readers were blinded to the sequence and the histopathology results. During the
reading procedure, the images of two DWI sequences (conventional rs-EPI and SMS rs-EPI)
were evaluated together. Image quality was assessed on the b = 1000 s/mm2 images and
based on a 5-point Likert scale with respect to the following categories [26–28]:

a. Anatomic distortion (1 = very strong, 2 = strong, 3 = medium, 4 = small, 5 = negligible);
b. Lesion conspicuity (1 = not diagnostic, 2 = poor, 3 = moderate, 4 = good, 5 = excellent);
c. Sharpness of anatomical details (1 = not diagnostic, 2 = poor, 3 = moderate, 4 = good,

5 = excellent);
d. Overall image quality (1 = not diagnostic, 2 = poor, 3 = moderate, 4 = good, 5 = excellent).
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2.3.2. Lesion Size

For lesion size, the measurement was performed on DCE sequence (the late phase of
enhancement), the largest long diameter of tumor was measured in long-axis using the
slice on which the lesion appeared largest.

2.3.3. Signal-to-Noise Ratio

For both sequences, a single region of interest (ROIlesion, size 30–50 mm2; Figure 1)
was manually drawn by two radiologists (S.P. and L.C., with 5 and 3 years of experience)
on the slice with the largest cross section of the lesion on the b = 1000 s/mm2 images for the
signal intensity measurement of lesions (SIlesion). In addition, another ROI (size 50 mm2)
was drawn manually in the anterior area outside of the breast to measure background
noise signal intensity (SInoise).
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Figure 1. ROIlesion, ROIfibroglandular on b = 1000 s/mm2 images conventional rs-EPI (A) and SMS
rs-EPI (C); ROIADC on ADC map of conventional rs-EPI (B) and SMS rs-EPI (D).

The signal-to-noise ratio (SNR) was defined as follows [29,30]:

SNR =
SIlesion
SInoise

2.3.4. Lesion Contrast-to-Noise Ratio

The lesion contrast-to-noise ratio (CNR) was defined as follows [30]:

CNR =
SIlesion − SIcontralateral fibroglandular

SDnoise

Here, SIlesion was measured using the same ROIlesion as in the SNR measurements. The
same ROI was copied to normal contralateral fibroglandular tissue for normal breast tissue
signal intensity (SIcontralateral fibroglandular) measurement on the same slice in b = 1000 s/mm2

image (Figure 1). SDnoise is the standard deviation of the background noise signal intensity.

2.3.5. ADC Value

The ADC value was measured using the same ROI of the lesion as in the SNR mea-
surements (Figure 1). The copy-and-paste function of the post-processing software was
used to place the ROI on the corresponding ADC maps.

2.4. Statistics

The data were statistically analyzed using SPSS 21.0 software (IBM Corp, Armonk, NY,
USA). The Likert scales of image quality were compared using the Wilcoxon signed-rank
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test. The paired t test was used for the quantitative evaluation of SNR and CNR. For the
comparison of the ADC value, two-way analysis of variance (ANOVA) was performed. A
p value less than 0.05 was considered statistically significant. Inter-reader agreement of
quantitative measurements (SNR, CNR and ADC value) and qualitative image score were
assessed by calculating respective intraclass correlation coefficients (ICC) and Cohen’s
kappa, respectively [31,32].

The receiver operating characteristic (ROC) curve analysis was performed to
evaluate the diagnostic performance of the ADC value. The cutoff value, sensitivity,
and specificity of ROC curve were determined by using the maximum Youden index
(sensitivity + specificity-1) [33].

3. Results
3.1. Patients and Lesions

Breast MRI was successfully performed in 102 patients (mean age 42.57 ± 12.33 years),
and a total of 113 lesions were identified with 54 malignant lesions (mean age
47.96 ± 11.22 years) and 59 (mean age 37.63 ± 11.24 years) benign lesions. Malignant
lesions confirmed by pathology were composed of 47 invasive ductal carcinomas (IDC),
four ductal carcinomas in situ (DCIS), one invasive lobular carcinoma (ILC) and two muci-
nous carcinomas. Within the benign lesions, 37 of 59 were histopathologically confirmed
by biopsy, including 22 fibroadenomas, seven fibroadenomas with mucinous degenera-
tion, four phyllodes tumor, one fibrocystic change and three adenosis. In the remaining
22 lesions, a biopsy was not available because the lesions were clearly radiologically benign
and was defined as long term imaging and clinical follow up. The largest long diameter
was 17.85 ± 8.27 mm for all malignant lesions and 11.43 ± 5.36 mm for all benign lesions
(p = 0.046).

3.2. Comparison of Image Quality

The image scores between the reviewers in anatomic distortion, lesion conspicuity,
sharpness of anatomical details and overall image quality of SMS rs-EPI were significantly
higher than those of conventional rs-EPI (p < 0.001) (Table 2 and Figure 2). The average
scores of two reviewers for SMS rs-EPI vs. conventional rs-EPI were as follows: anatomic
distortion 3.96 ± 0.56 vs. 3.48 ± 0.56, lesion conspicuity 4.12 ± 0.47 vs. 3.81 ± 0.46,
sharpness of anatomical details 3.73 ± 0.58 vs. 3.27 ± 0.50, and overall image quality
4.00 ± 0.60 vs. 3.42 ± 0.49, p < 0.001.).

Table 2. Subjective image quality assessment of SMS rs-EPI and conventional rs-EPI.

SMS rs-EPI rs-EPI p Value

anatomic distortion
R1 4.01 ± 0.60 3.51 ± 0.58
R2 3.92 ± 0.50 3.44 ± 0.53

R1 + R2 (average) 3.96 ± 0.56 3.48 ± 0.56 <0.001

lesion conspicuity
R1 4.16 ± 0.49 3.80 ± 0.50
R2 4.09 ± 0.45 3.83 ± 0.42

R1 + R2 (average) 4.12 ± 0.47 3.82 ± 0.46 <0.001

sharpness of
anatomical details

R1 3.75 ± 0.59 3.31 ± 0.55
R2 3.71 ± 0.58 3.24 ± 0.45

R1 + R2 (average) 3.73 ± 0.58 3.27 ± 0.50 <0.001

overall image
quality

R1 3.98 ± 0.61 3.43 ± 0.50
R2 4.03 ± 0.59 3.42 ± 0.50

R1 + R2 (average) 4.00 ± 0.60 3.42 ± 0.49 <0.001
R1/R2, reader one and two. p values of less than 0.05 were considered to show statistical significance.
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Figure 2. Histogram of the evaluation of image quality: anatomic distortion (A), lesion conspicuity (B), sharpness of
anatomical details (C) and overall image quality (D) using Likert scoring; mean values and standard deviation of quality
scores (E). Comparison of SMS rs-EPI sequence and rs-EPI sequence.

Compared to conventional rs-EPI, the scan time of SMS rs-EPI sequence with higher
spatial resolution did not increase (200 s vs. 224 s), which is listed in Table 1. SNR and CNR
assessment are shown in Table 3. The SNR was not different between the two sequences
(7.54 ± 2.15 vs. 7.41 ± 2.47; p = 0.352), while CNR was higher in high-resolution SMS rs-EPI
sequence (6.48 ± 1.71 vs. 4.23 ± 1.49; p < 0.001; Figures 3 and 4).

Table 3. Objective image quality assessment of SMS rs-EPI and conventional rs-EPI.

SMS rs-EPI rs-EPI p Value

SNR
R1 7.67 ± 2.24 7.40 ± 2.61
R2 7.42 ± 2.39 7.42 ± 2.39

R1 + R2 (average) 7.54 ± 2.15 7.41 ± 2.47 0.352

CNR
R1 6.31 ± 1.74 4.27 ± 1.68
R2 6.67 ± 2.05 4.18 ± 2.05

R1 + R2 (average) 6.48 ± 1.71 4.23 ± 1.49 <0.001
SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio. p values less than 0.05 were considered to show statisti-
cal significance.
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Figure 3. A 38-year-old woman with fibroadenoma in the right breast. The oval mass with slight lobulation (long white
arrow) shows heterogeneous enhancement with dark internal septation (white arrowhead) on the T1-weighted DCE images
(A) and strong high-signal intensity on the fat-saturated T2-weighted images (B). Compared to the rs-EPI image (D),
the SMS rs-EPI image (C) shows better sharpness of anatomical details, in which the lobulated margin pointed by long
white arrows and internal heterogeneous component pointed by white arrowheads are clearly shown. The lesion is more
conspicuous with a clear margin and less distortion in the ADC map of SMS rs-EPI, although there is no ADC reduction
due to the benign nature of the lesion (E,F).
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Figure 4. A 46-year-old woman with invasive ductal carcinoma in the left breast. The irregular mass with heterogeneous
enhancement and multiple small foci around on the T1-weighted DCE images (A), and equal-to-low signal intensity on the
fat-saturated T2-weighted images (B). The SMS rs-EPI image (C) shows better sharpness of anatomical details (pointed by
long white arrows) and less anatomic distortion than rs-EPI image (D). The ADC signal is obviously decreased in both
sequences (E,F).

The inter-reader agreement for all image scores ranged between fair and excellent
agreement (Cohen’s kappa = 0.558–0.713). The inter-observer agreement was excellent for
SNR (ICC = 0.719 (0.617–0.798) and 0.751 (0.658–0.821)) and good for CNR (ICC = 0.627
(0.499–0.728) and 0.669 (0.553–0.759)) in both sequences.

The figures (Figures 3 and 4) showed representative images of benign and malignant
lesions. A 38-year-old woman with fibroadenoma in the right breast was shown in Figure 3.
A 46-year-old woman with invasive ductal carcinoma in the left breast is shown in Figure 4.
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3.3. Comparison of ADC Value

The measured ADC values for benign and malignant lesions are shown in Figure 5.
The mean ADC of benign lesions in SMS rs-EPI was equal to those in conventional rs-EPI
(1.43 × 10−3 mm2/s vs. 1.43 × 10−3 mm2/s, p = 0.717). The mean ADC of malignant
lesions in SMS rs-EPI was the same as that in conventional rs-EPI (0.91 × 10−3 mm2/s vs.
0.89 × 10−3 mm2/s, p = 0.680). The inter-observer agreement was good for ADC values in
both SMS rs-EPI sequences and conventional rs-EPI sequences (ICC = 0.861 (0.805–0.902)
and 0.718 (0.615–0.797)).

Diagnostics 2021, 11, x FOR PEER REVIEW 8 of 12 
 

 

3.3. Comparison of ADC Value 
The measured ADC values for benign and malignant lesions are shown in Figure 5. 

The mean ADC of benign lesions in SMS rs-EPI was equal to those in conventional rs-EPI 
(1.43 × 10−3 mm2/s vs. 1.43 × 10−3 mm2/s, p = 0.717). The mean ADC of malignant lesions in 
SMS rs-EPI was the same as that in conventional rs-EPI (0.91 × 10−3 mm2/s vs. 0.89 × 10−3 
mm2/s, p = 0.680). The inter-observer agreement was good for ADC values in both SMS rs-
EPI sequences and conventional rs-EPI sequences (ICC = 0.861 (0.805–0.902) and 0.718 
(0.615–0.797)). 

 
Figure 5. Boxplot of the ADC values of malignant and benign lesions for SMS rs-EPI and conven-
tional rs-EPI. 

The ROC curves for differentiation of malignant and benign breast lesions in SMS rs-
EPI and conventional rs-EPI are shown in Figure 6 and its corresponding AUC, cutoff, 
sensitivity and specificity are listed in Table 4. The AUCs of SMS rs-EPI and conventional 
rs-EPI were 0.957 (95%CI, 0.916–0.999; sensitivity, 0.86; specificity, 1.00) and 0.938 (95%CI, 
0.894–0.983; sensitivity, 0.88; specificity, 0.91) (Table 4). The cutoff value of ADC to distin-
guish malignant and benign lesions was 1.22 × 10−3 mm2/s (sensitivity = 0.86; specificity = 
1.00) for SMS rs-EPI and 1.14 × 10−3 mm2/s (sensitivity = 0.88; specificity = 0.91) for rs-EPI 
(Table 4). 

Table 4. Diagnostic efficiency of ADC value in SMS rs-EPI and conventional rs-EPI. 

 AUC (95%CI) Sensitivity Specificity Cutoff Value (×10−3 mm2/s) 
SMS rs-EPI 0.957 (0.916–0.999) 0.86 1.00 1.22 

rs-EPI 0.938 (0.894–0.983) 0.88 0.91 1.14 

Figure 5. Boxplot of the ADC values of malignant and benign lesions for SMS rs-EPI and conventional
rs-EPI.

The ROC curves for differentiation of malignant and benign breast lesions in SMS
rs-EPI and conventional rs-EPI are shown in Figure 6 and its corresponding AUC, cut-
off, sensitivity and specificity are listed in Table 4. The AUCs of SMS rs-EPI and con-
ventional rs-EPI were 0.957 (95%CI, 0.916–0.999; sensitivity, 0.86; specificity, 1.00) and
0.938 (95%CI, 0.894–0.983; sensitivity, 0.88; specificity, 0.91) (Table 4). The cutoff value
of ADC to distinguish malignant and benign lesions was 1.22 × 10−3 mm2/s (sensitiv-
ity = 0.86; specificity = 1.00) for SMS rs-EPI and 1.14 × 10−3 mm2/s (sensitivity = 0.88;
specificity = 0.91) for rs-EPI (Table 4).

Table 4. Diagnostic efficiency of ADC value in SMS rs-EPI and conventional rs-EPI.

AUC (95%CI) Sensitivity Specificity Cutoff Value (×10−3 mm2/s)

SMS rs-EPI 0.957 (0.916–0.999) 0.86 1.00 1.22
rs-EPI 0.938 (0.894–0.983) 0.88 0.91 1.14
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4. Discussion

With the development of the rs-EPI sequence, the sensitivity for detecting breast lesion
was much improved due to its high contrast between tumors and healthy tissues [13,34].
Compared to ss-EPI, rs-EPI based on the segmentation of k-space can shorten the echo
spacing and the echo train duration, thereby reducing phase-encoding distortion arti-
facts and T2* blurring [21,35]. Previous studies demonstrated that the use of rs-EPI se-
quence can significantly improve the overall image quality and lesion conspicuity of breast
DWI [17,21,34,36]; however, compared to ss-EPI, the rs-EPI sequence requires a longer
acquisition time. In this study, the result revealed that the SMS acquisition technique can
not only offer a decreased scan time of rs-EPI sequence but can also display higher image
quality compared with rs-EPI.

Different from the standard parallel imaging, SMS leads to a reduction in acquisition
time of the EPI readout, with no impact on distortion or SNR [22]. Theoretically, slice accel-
eration decreases the SNR because of TR shortening and a growing g-factor penalty [37];
however, a previous study has shown that SNR efficiency is expected to increase with slice
acceleration for shorter TR [23,25]. Thus, in our study, no significant difference in SNR was
observed between two sequences, while the CNR of SMS rs-EPI was significantly higher
than that of conventional rs-EPI. This indicated that the SMS technique may improve
lesion display conspicuity, which can increase the clinical use of rs-EPI DWI for assessing
breast lesion.

A previous study [26] that evaluated the diagnostic value of SMS-EPI in breast lesions
showed that the mean ADC values for benign lesions were 1.86 × 10−3 mm2/s (rs-EPI)
and 1.86 × 10−3 mm2/s (SMS-EPI), and for malignant lesions were 0.90 × 10−3 mm2/s
(rs-EPI) and 0.89 × 10−3 mm2/s (SMS-EPI). Our results showed similar ADC values for
malignant lesions and inferior ADC values for benign lesions. This is possibly because
our study did not include cystic lesions and fibrocystic changes. Moreover, our results
showed that no significant deviations of ADC values were observed between SMS rs-EPI
and conventional rs-EPI in the breast, which is consistent with several recently published
studies [25,26,28,38,39]. The use of SMS technology in our research has no effect on
ADC measurement.

SMS technology in previous studies is mostly used to reduce the acquisition time
of breast DW images based on rs-EPI. The spatial resolution of breast DWI is usually
about 4–15.625 mm3 [25,26,28,39–41], which is much lower than the spatial resolution of
DCE-MRI (less than 1 mm3) [42]. The larger voxel size isotropic sequence of DCE-MRI was
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superior in terms of lesion detection, which can reduce the occurrence of partial volume
effects, clearly showing the margin of the lesion and the detection of tiny lesions [43,44].
However, limited by acquisition time, conventional rs-EPI showed relatively low resolution,
leading to challenges in the evaluation of intra-tumor heterogeneity and differentiation
between tumor and normal glandular tissue. In this study, we used the time saved with
SMS acceleration technique for higher in-plane resolution and slice resolution. Compared
with the conventional rs-EPI, we increased the resolution from 1.5 × 1.5 × 4.0 mm3 to
1.3 × 1.3 × 3.0 mm3 with SMS rs-EPI, and still offered a reduction of overall acquisition
time by 24 s. The high spatial resolution DWI with SMS acceleration can help increase the
conspicuity of lesions and the sharpness of anatomical details and describe the shape and
margins of the breast lesions accurately, which is also the differentiating criteria between
benign and malignant lesions in BI-RADS [4]. We found more small lesions (diameter range
1–3 mm) detected in nine patients when evaluated with the SMS rs-EPI sequence instead
of the conventional rs-EPI sequence, which is of great help to the surgeon in determining
the scope of surgery. These encouraging results demonstrated the feasibility of high spatial
resolution DWI with SMS acceleration in the evaluation of breast lesions and indicated its
potential in routine clinical practice.

This study has several limitations. First, only two-fold SMS acquisition was com-
pared to rs-EPI; the differences among multiple SMS-accelerated factor setups were not
considered. Second, all images were acquired on a 3T MR system; the application of SMS
rs-EPI in different field strengths remains to be explored. Third, the SNR was calculated
by dividing the average signal intensity measurement of lesions by the background noise
signal intensity in this study; however, the background of an accelerated image does not
have a uniform noise distribution; using the background noise signal intensity to calculate
the SNR may cause artificial deviations [45]. Therefore, the method of SNR measurement
should be improved in future research. Finally, compared with malignant lesions, the
diameter of most benign lesions is relatively small, which will cause some deviations in the
measured values.

5. Conclusions

SMS rs-EPI allows for higher spatial resolution and a slight reduction of scan time in
comparison to conventional rs-EPI.
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