
© AME Publishing Company.   Quant Imaging Med Surg 2024;14(10):7291-7305 | https://dx.doi.org/10.21037/qims-24-118

Original Article

Comparison of single shot and multishot diffusion-weighted 
imaging in 5-T magnetic resonance imaging for brain disease 
diagnosis 

Hao Chen1^, Runyu Tang2, Xiaopeng Song2, Ran Zong1, Jie Liu1, Chuyue Jin1, Kexue Deng1

1Department of Radiology, the First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University of Science and Technology of 

China, Hefei, China; 2Central Research Institute, United Imaging Healthcare, Shanghai, China

Contributions: (I) Conception and design: K Deng, H Chen, X Song; (II) Administrative support: K Deng; (III) Provision of study materials or 

patients: H Chen, K Deng; (IV) Collection and assembly of data: C Jin, R Zong, J Liu; (V) Data analysis and interpretation: All authors; (VI) 

Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Kexue Deng, MS. Department of Radiology, the First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, 

University of Science and Technology of China, No. 17 Lujiang Road, Luyang District, Hefei 230001, China. Email: dengkexue-anhui@163.com.

Background: Diffusion-weighted imaging (DWI) with single-shot echo-planar imaging (ssEPI) is a 
valuable tool for detecting acute brain lesions but does suffer from image distortions. Multishot echo-planar 
imaging (msEPI) is a technique for reducing such distortions. This study aimed to compare the image quality 
and diagnostic efficacy of ssEPI- and msEPI-DWI at 5.0 T for brain disease detection.
Methods: This study retrospectively reviewed images of 107 consecutive patients with suspected brain 
diseases who underwent ssEPI- and msEPI-DWI at 5.0 T at the First Affiliated Hospital of University of 
Science and Technology of China from August 2023 to September 2023. Two radiologists independently 
graded image quality and measured the image distortion. Signal-to-noise ratio, contrast-to-noise ratio, 
and apparent diffusion coefficient (ADC) were calculated and compared between ssEPI- and msEPI-DWI. 
Image quality scores were compared using the Wilcoxon test and other continuous variables by the paired 
t-test. The diagnostic accuracy of ADC values in distinguishing lesions from normal-appearing tissues was 
measured with the area under the curve (AUC).
Results: Image quality evaluation and distortion analysis revealed that msEPI-DWI significantly 
outperformed ssEPI-DWI (two-sided P<0.001). No significant difference was observed in signal-to-
noise ratio, contrast-to-noise ratio, or ADC values between msEPI- and ssEPI-DWI (two-sided P≥0.601). 
The ADC values of msEPI- and ssEPI-DWI showed strong correlations for both lesions (r=0.97) and 
contralateral normal tissues (r=0.91) (two-sided P<0.001). Compared to those of the contralateral white 
matter, ADC values of low-grade gliomas (LGGs) were significantly higher [ssEPI-DWI: 1,119.9±273.1 vs. 
805.1±73.9; msEPI-DWI: 1,196.2±355.6 vs. 757.3±98.0 (unit: ×10−6 mm2/s)], while the ADC values of acute 
cerebral infarction (ACI) lesions were significantly lower [ssEPI-DWI: 603.9±273.2 vs. 888.9±212.0; msEPI-
DWI: 538.0±281.2 vs. 905.0±188.9 (unit: ×10−6 mm2/s)] (two-sided P≤0.003). The AUCs for detecting LGGs 
were excellent for both ssEPI-DWI [AUC =0.934; 95% confidence interval (CI): 0.84–1.00] and msEPI-
DWI (AUC =0.944; 95% CI: 0.86–1.00) (two-sided P<0.001; two-sided DeLong test: P=0.833).
Conclusions: As compared to ssEPI-DWI, msEPI-DWI, when performed at 5.0 T, demonstrated superior 
image quality and less anatomical distortion in a wide spectrum of brain diseases and showed promising 
diagnostic performance for LGGs and ACI. In the future, msEPI-DWI at 5.0 T could become clinically 
routine in the diagnosis and grading of brain disorders.

7305

	
^ ORCID: 0000-0002-6650-8240.

https://crossmark.crossref.org/dialog/?doi=10.21037/qims-24-118


Chen et al. Brain multishot DWI in 5-T MRI7292

© AME Publishing Company.   Quant Imaging Med Surg 2024;14(10):7291-7305 | https://dx.doi.org/10.21037/qims-24-118

Introduction

Brain diseases are one of the most common causes of 
death in humans, and cerebrovascular disease ranks the 
third leading cause of death among Chinese residents (1). 
Other brain diseases, such as intracranial tumors, brain 
abscesses, leukoencephalopathy, brain infectious lesions, 
can also cause serious damage to the brain. Early diagnosis 
of these diseases has a substantial impact on prognosis 
and treatment. Magnetic resonance imaging (MRI) is a 
noninvasive technique that can provide detailed information 
of brain anatomy and functions. Distinct from conventional 
structural MRI, diffusion-weighted imaging (DWI) plays 
an important role in the early detection of a variety of 
brain diseases, such as acute cerebral infarction (ACI), 
brain abscess, and intracranial tumors (2,3). Moreover, 
DWI can obtain critical quantitative measurements such as 
apparent diffusion coefficient (ADC) in various other brain 
pathologies, which can help to establish a specific diagnosis 
and management approach for central nervous system 
disorders (4). Based on the mechanism of the random 
Brownian motion of water molecules, DWI provides 
qualitative and quantitative information of the water in 
biological tissues (5). In traditional methods, DWI uses a 
single-shot echo-planar imaging (ssEPI) sequence for data 
collection. In an ssEPI sequence, all lines of the k-space are 
acquired within one excitation, which has a high sampling 
efficacy and is insensitive to motion. However, ssEPI is 
susceptible to B0 inhomogeneity and eddy currents, which 
can cause severe distortions and susceptibility artifacts (6). 
Furthermore, due to the long echo train, the signal intensity 
across the readout direction of the k-space varies greatly and 
is weaker at the beginning and the end; thus, images suffer 
from T2* blurring (7,8). Multishot echo-planar imaging 
(msEPI) has been designed to address the shortcomings of 
ssEPI (9). The msEPI technique collects k-space data in 
multiple excitations, which reduces distortion and blurring 
due to the short effective echo spacing and echo train 
length. The msEPI technique is sensitive to patient motion 
during the implementation of diffusion encoding gradients 
between shots, resulting in phase errors that can lead to 

severe artifacts (10,11). To mitigate these motion effects, 
an additional navigator is typically added at the end of data 
acquisition in the msEPI sequence.

Previous studies have shown that at 3 T, the image 
distortion is greatly improved by msEPI DWI as compared 
to ssEPI DWI (12-14). With the emergence of ultrahigh 
magnetic field strength MRI systems, the image quality 
of DWI has been further improved. A comparative study 
was conducted on breast DWI at 7 and 3 T, and it found 
that using higher spatial resolution in msEPI DWI at 7 T 
is feasible (15). Another study reported that compared to 
ssEPI at 7 T, msEPI reduced image blurring and distortions 
while improving the subjective image quality (16). Other 
research has demonstrated that an msEPI sequence with 
two-dimensional (2D) navigator correction at 7 T—whether 
it is readout- or phase-segmented—can provide substantial 
improvement in image quality in terms through reducing 
distortions and artifacts (17,18). However, the application 
of 7-T MRI in clinical settings is still limited due to field 
inhomogeneity in body scans and the high cost of scanners. 
Moreover, under ultrahigh magnetic field strength, the 
specific absorption rate (SAR) in the body increases (19),  
which may cause physical discomfort. Recently, the 
ability of 5-T MRI to provide neuroanatomical details 
with similar image quality to that of 7-T MRI has been  
demonstrated (20). Furthermore, 5-T MRI produces less 
radio frequency inhomogeneity than does 7 T (21). Under 
an intermediate field strength, a 5-T scanner can be used 
to image the entire body with good visualization and 
maintain a clinically acceptable SAR. Although a few studies 
have been conducted regarding the advantages of msEPI 
DWI at 3 T and 7 T, its performance at 5 T has not been 
investigated thus far.

This study thus compared the subjective image quality 
and quantitative indices of ssEPI DWI and msEPI DWI 
in a wide spectrum of brain lesions at 5 T and assessed 
the feasibility of msEPI in detecting specific diffusion 
abnormalities. We present this article in accordance with 
the STARD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-118/rc).
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Methods

Participants

This study retrospectively reviewed the records of 
consecutive patients with suspected brain diseases who 
underwent 5-T magnetic resonance examination at the First 
Affiliated Hospital of University of Science and Technology 
of China from August 2023 to September 2023. The 
inclusion criteria were completion of (I) T2-weighted fluid-
attenuated inversion recovery (T2-FLAIR), ssEPI, and 
msEPI DWI scans in the same session and (II) no history 
of cranial surgery. Meanwhile, the exclusion criterion was 
severe motion artifacts in the scanned image. Ultimately, 
107 patients (49.1±16.7 years; 55 males and 52 females) 
were enrolled, with a total of 43 obvious lesions being 
observed on MRI among 42 of these patients (Figure S1). 
Brain lesions were subsequently diagnosed by histological 
biopsy or MRI findings with reference to clinical history, 
with the distribution of diagnoses being as follows: 8 ACI 
lesions, 5 chronic cerebral infarction lesions, 12 low-grade 
gliomas (LGGs), 5 high-grade gliomas, 5 meningiomas, 
2 brain abscesses, 2 cases of metastases, 1 central nervous 
system cell tumor, 1 case of intracranial infection, 1 solitary 
fibroma, and 1 case of hematoma resorption. The remaining 
65 patients had no obvious lesions on brain MRI. This 
study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013) and was approved by the 
Ethics Review Committee of the First Affiliated Hospital of 
University of Science and Technology of China (approval 
No. 2023-RE-319). All patients were compliant with the 
MRI scans and signed an informed consent form prior to 
examination.

Data acquisition and sequence details

All head MRI examinations were performed on a 5-T 
scanner (uMR Jupiter, United Imaging Healthcare, 
Shanghai, China) with a maximum gradient strength of 
120 mT/m and gradient slew rate of 200 T/m/s. For signal 
reception, a commercial dual-channel transmission and 
48-channel receive head volume coil (United Imaging 
Healthcare) were applied. Scan sequences included axial 
T2-FLAIR, conventional ssEPI DWI, and msEPI DWI 
(number of excitations =5). For both DWI sequences, 
two b values were applied (0 and 1,000 s/mm2), and the 
ADC map was automatically generated on the workstation 
(uWS-MR, United Imaging Healthcare). The scanning 
parameters are shown in Table 1. It should be noted that 

the same bandwidth in the phase-encoding direction was 
applied for ssEPI and msEPI DWI. However, in msEPI, as 
each segment is sampled with a uniform sampling interval, 
Δky, in the phase-encoding direction in an interleaved 
manner, the effective Δky should be divided by the number 
of shots. Therefore, the effective bandwidth in the phase-
encoding direction of msEPI is five times that of ssEPI, and 
thus the effective echo spacing is shorter in msEPI. As the 
echo spacing is larger than the dwell time, the distortion is 
particularly severe along the phase-encoding direction (22). 
When the effective echo spacing decreases, the distortion is 
reduced.

In this study, we used a phase-segmented msEPI sequence 
with a 2D navigator echo for the shot-to-shot motion 
correction. The k-space was divided into five segments 
along the phase-encoding direction in an interleaved 
manner, and each segment was sampled following an 
excitation. The diffusion preparation was composed of 
three gradients, with two applied in opposite directions 
on one side of the 180° pulse, and a third applied on the 
other side (Figure 1). In this manner, the rephasing gradient 
was split into two lobes, and thus the duration of the third 
diffusion gradient was reduced to yield shorter echo times 
(TEs) for high-resolution imaging. Moreover, the duration 
of the diffusion gradients could be adjusted to null the eddy 
current (23). After the diffusion preparation, the imaging 
data were collected, and an additional 2D navigator echo 
recorded the varying phase. The image field of view (FOV) 
of the navigator was identical to the image FOV for imaging 
while the navigator covered the k-space center with a matrix 
size of 32×32. For each shot, navigator data were zero-
padded in the k-space to the same size as imaging matrix 
and Fourier-transformed to the image domain. For the 
imaging data, a parallel imaging (PI) technique was applied 
to reconstruct the image. Subsequently, the image from each 
shot was phase-corrected with the built-in algorithm in the 
scanner, which was similar to that described previously (24).  
After phase correction, images from each shot were 
transformed to the frequency domain, combined to form 
a fully sampled k-space, and reconstructed to artifact-free 
diffusion-weighted images. 

Image analysis

Qualitative analysis
Two observers (associate chief physicians with 6- and 5-year 
work experience in MRI, respectively) who were blind 
to patients’ information and diagnosis graded ssEPI and 

https://cdn.amegroups.cn/static/public/QIMS-24-118-Supplementary.pdf
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Table 1 Scanning parameters for ssEPI DWI, msEPI DWI, and T2-FLAIR sequences 

MRI parameter ssEPI DWI msEPI DWI T2-FLAIR

FOV (phase × readout) (mm2) 220×230 220×230 220×230

Number of slices 20 20 20

Slice thickness/gap (mm) 5/1.5 5/1.5 5/1.5

TR/TE (ms) 3,609/75.6 3,700/73.0 9,000/134.6

Matrix size 245×256 245×256 245×256

Acquired voxel size (mm3) 0.9×0.9×5 0.9×0.9×5 0.9×0.9×5

Reconstruction voxel size (mm3) 0.45×0.45×5 0.45×0.45×5 0.45×0.45×5

Number of shots 1 5 n.a.

Echo train length 92 49 37

PI acceleration factor 2 1 2

Partial Fourier factor 75% 100% 100%

B values [averages] (s/mm2) 0 [4], 1,000 [10] 0 [1], 1,000 [2] n.a.

Number of diffusion directions 3 3 n.a.

Bandwidth in the phase-encoding direction (Hz/pixel) 1,500 1,500 260

2D navigator TE (ms) n.a. 137.5 n.a.

2D navigator FOV (mm2) n.a. 220×230 n.a.

2D navigator resolution (mm2) n.a. 6.9×7.2 n.a.

2D navigator matrix (for k-space center sampling) n.a. 32×32 n.a.

Acquisition time 2 min 18 s 2 min 26 s 1 min 48 s

ssEPI, single-shot echo-planar imaging; DWI, diffusion-weighted imaging; msEPI, multishot echo-planar imaging; T2-FLAIR, T2-weighted 
fluid-attenuated inversion recovery; MRI, magnetic resonance imaging; FOV, field of view; TR, repetition time; TE, echo time; PI, parallel 
imaging; 2D, two-dimensional; n.a., not applicable.

16.84 ms

11.55 ms

6.06 ms

10.46 ms Data 
acquisition

180°

90°

RF

Diffusion
gradients

Figure 1 Diagram of the diffusion preparation. For each shot of msEPI and ssEPI sequences, the diffusion preparation is composed of three 
gradients, with two applied in opposite directions on one side of the 180° pulse and the third on the other side. RF, radiofrequency; msEPI, 
multishot echo-planar imaging; ssEPI, single-shot echo-planar imaging. 
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Table 2 The four-point grading scale of image quality

Score Anatomical distortion Edge clarity Susceptibility artifact Overall image quality

1 Serious Very poor Serious Bad

2 Moderate Poor Moderate Fair

3 Mild Moderate Mild Good

4 None Good None Excellent

msEPI DWI image quality according to a four-point scale 
(Table 2) (25). Each observer assessed the whole image set 
including all slices and both b-0 and b-1,000 s/mm2 images 
for each patient. The two observers were blind to the type 
of DWI sequence, and ssEPI and msEPI DWI images 
were organized in a random order. A total of four aspects 
were evaluated: anatomical distortion, edge sharpness, 
susceptibility artifact, and overall image quality.

Quantitative analysis
All quantitative analyses were conducted on a workstation 
(uMR-WS) by two radiologists (associate chief physicians 
with 6 and 5 years of work experience in MRI, respectively) 
who reached a consensus.

(I)	 For each enrolled patient, T2-FLAIR image was 
considered the gold standard for brain structural 
reference. We used the same matrix size, voxel size, 
and FOV for both DWI sequences and T2-FLAIR. 
During the examination, the T2-FLAIR was scanned 
first, and the location of the FOV of T2-FLAIR 
was copied to and applied for both DWI sequences. 
Distortions were quantified through measurement of 
the displacement between DWI b-1,000 s/mm2 and 
T2-FLAIR at specific brain regions and assessment 
of brainstem diameter differences (25,26). In EPI 
images, distortions are caused by magnetic field 
inhomogeneity (22). At air-tissue interfaces, magnetic 
field inhomogeneity is more prevalent and introduces 
heavier geometric distortions. Thus, we examined 
the peak distortion displacement in the prefrontal 
lobe, anterior temporal lobe, posterior temporal lobe, 
brain diameter, and brainstem diameter (Figure 2). A 
line aligned with the brain structure was drawn as the 
reference line on the T2-FLAIR image and copied to 
the same site on the DWI image; next, on the DWI 
image, the peak displacement between the distorted 
brain structure and the reference line was measured. 
Brain parenchyma and brainstem diameters along 
the anterior-posterior direction were measured, and 

the differences between DWI and T2-FLAIR were 
calculated. 

(II)	 For the 42 patients (43 lesions) diagnosed with 
brain disease, signal-to-noise ratio (SNR) of the 
lesion, SNR of the normal tissue, and contrast-to-
noise ratio (CNR) were calculated. Ellipse-shaped 
regions of interest (ROIs) with areas of 5–10 mm2 
were placed on the lesion and contralateral healthy 
white matter and drawn synchronously on DWI 
b-1,000 s/mm2 images and ADC maps (Figure 3). 
The mean signal intensity, the standard deviation 
(SD) of the signal, and the mean ADC value of 
the ROI were quantified automatically on the 
workstation. 

The SNR and CNR were calculated by the 
following formulas (27):

lesion
lesion

normal

SISNR
SD

= 	 [1]

normal
normal

normal

SISNR
SD

= 	 [2]

2 2

lesion normal

lesion normal

SI SI
CNR

SD SD

−
=

+ 	
[3]

(III)	 To further evaluate the diagnostic performance of 
ssEPI and msEPI, patients with LGG (n=12) and 
patients with ACI (n=8) were examined. The ability 
of ADC values derived from ssEPI and msEPI 
to distinguish lesions from contralateral normal 
tissues was evaluated.

(IV)	 To further evaluate the SNR and ADC at different 
brain regions, 20 participants were randomly 
selected for measurement. On ssEPI and msEPI 
DWI b-1,000 s/mm2 images and ADC maps, ellipse-
shaped ROIs with as large as possible areas were 
placed at the thalamus and corpus callosum. The 
SNR was calculated according to Eq. [2], and the 
mean ADC values within the ROI were recorded. 
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Figure 2 The measurement of distortion displacement between DWI sequences and T2-FLAIR in the (a1-a3) prefrontal lobe, (b1-b3) 
anterior temporal lobe, (c1-c3) posterior temporal lobe, (d1-d3) brain diameter, and (e1-e3) brainstem diameter. Reference lines (solid lines) 
were first drawn on T2-FLAIR and copied to the same site on DWI images, and then the displacement between DWI and T2-FLAIR 
(dashed lines) was measured. In the image in d1-d3 and e1-e3, the diameters were marked by solid lines, and the difference of measurements 
between DWI and T2-FLAIR was calculated. ssEPI, single-shot echo-planar imaging; msEPI, multishot echo-planar imaging; T2-FLAIR, 
T2-weighted fluid-attenuated inversion recovery; DWI, diffusion-weighted imaging.

Figure 3 ROI placement for measuring signal intensity and ADC values of brain lesions and contralateral white matter. Diffusion-weighted 
images (b=1,000 s/mm2) of (a1) ssEPI and (b1) msEPI are displayed on the upper row. ADC maps of (a2) ssEPI and (b2) msEPI are displayed 
on the bottom row. The red circles represent the ROI placement. Mean signal intensity, standard deviation of the signal intensity, and mean 
ADC values in the ROI were calculated automatically on a workstation. ssEPI, single-shot echo-planar imaging; msEPI, multishot echo-
planar imaging; ADC, apparent diffusion coefficient; ROI, region of interest.
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Table 3 Qualitative scores of ssEPI DWI and msEPI DWI for all enrolled patients

Grading index Anatomical distortion Susceptibility artifact Edge clarity Overall image quality

Image quality score comparison

Reader 1

ssEPI 1.94±0.30 2.50±0.50 2.06±0.23 2.02±0.14

msEPI 3.36±0.48 3.00±0.00 3.42±0.50 3.48±0.50

Z −9.241 −7.28 −9.119 −9.276

P value <0.001 <0.001 <0.001 <0.001

Reader 2

ssEPI 1.90±0.36 2.38±0.51 2.02±0.14 2.01±0.10

msEPI 3.37±0.49 3.00±0.00 3.42±0.50 3.46±0.50

Z −9.214 −8.004 −9.201 −9.279

P value <0.001 <0.001 <0.001 <0.001

Interobserver agreement

ssEPI

ICC 0.478 0.882 0.662 0.798

P value <0.001 <0.001 <0.001 <0.001

msEPI

ICC 0.947 1.000 0.960 0.961

P value <0.001 n.a. <0.001 <0.001

Data are presented as the mean ± SD. ssEPI, single-shot echo-planar imaging; DWI, diffusion-weighted imaging; msEPI, multishot echo-
planar imaging; ICC, interclass correlation coefficient; n.a., not applicable because the rating scores were 3 for all the participants for both 
readers; SD, standard deviation. 

Statistical analysis

A normality distribution test was performed on image 
quality scores (Table S1). The Wilcoxon test was used to 
compare image quality scores, and the interclass correlation 
coefficient (ICC) was used to assess the consistency of 
the scores between the two readers (ICC <0.20 indicates 
poor consistency; 0.20–0.39, fair consistency; 0.40–0.59, 
moderate consistency; 0.60–0.79, strong consistency; and 
0.80–1.0, very strong consistency) (28). The paired t-test 
was used to compare the differences in distortion length, 
SNR, CNR, and ADC values between ssEPI and msEPI as 
well as the ADC values between lesions and contralateral 
healthy white matter. Pearson correlation coefficients and 
Bland-Altman analysis were used to assess the correlation 
of ADC values from the two DWI sequences. The receiver 
operating characteristic (ROC) curve was plotted and the 
area under the curve (AUC) was calculated to analyze the 
diagnostic efficacy of the ADC value in differentiating 

LGGs from their contralateral normal tissues. The DeLong 
test was performed to compare the AUCs of ssEPI and 
msEPI DWI. A two-sided P value <0.05 was considered 
statistically significant. 

Results

Qualitative analysis

Image quality scores of msEPI were significantly higher 
than those of ssEPI in terms of anatomical distortion, edge 
clarity, susceptibility artifacts, and overall image quality for 
both readers (two-sided P<0.001) (Table 3). Representative 
DWI images of typical patients are displayed in Figures 4-6. 
The image quality evaluations from the two readers were 
found to have moderate-to-strong consistency for ssEPI 
(ICCs ranging from 0.478 to 0.882; two-sided P<0.001) and 
very strong consistency for msEPI (ICCs ranging from 0.947 
to 1; two-sided P<0.001) (Table 3).

https://cdn.amegroups.cn/static/public/QIMS-24-118-Supplementary.pdf
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ssEPI b1,000 msEPI b1,000 T2-FLAIRA B C

ssEPI b1,000 msEPI b1,000 T2-FLAIRA B C

Figure 5 A 34-year-old male patient with high-grade glioma. (A) The glioma lesion (red arrow) on ssEPI DWI. (B) The meningioma lesion 
(red arrow) on msEPI DWI. (C) The meningioma lesion (red arrow) on T2-FLAIR. The glioma lesion appeared less distorted and had a 
clearer internal structure on msEPI DWI than on ssEPI DWI. ssEPI, single-shot echo-planar imaging; b1,000, b=1,000 s/mm2; msEPI, 
multishot echo-planar imaging; T2-FLAIR, T2-weighted fluid-attenuated inversion recovery; DWI, diffusion-weighted imaging.

Figure 4 A 49-year-old female patient with meningioma. (A) The meningioma lesion (red arrow) on ssEPI DWI. (B) The meningioma 
lesion (red arrow) on msEPI DWI. (C) The meningioma lesion (red arrow) on T2-FLAIR. The meningioma lesion appeared less distorted 
on msEPI DWI than on ssEPI DWI. ssEPI, single-shot echo-planar imaging; b1,000, b=1,000 s/mm2; msEPI, multishot echo-planar 
imaging; T2-FLAIR, T2-weighted fluid-attenuated inversion recovery; DWI, diffusion-weighted imaging.

ssEPI b1,000 msEPI b1,000 T2-FLAIRA B C

Figure 6 A 55-year-old female patient with meningioma. (A) The meningioma lesion (red arrow) on ssEPI DWI. (B) The meningioma 
lesion (red arrow) on msEPI DWI. (C) The meningioma lesion (red arrow) on T2-FLAIR. The meningioma lesion appeared less distorted 
and had a clearer internal structure on msEPI DWI than on ssEPI DWI. ssEPI, single-shot echo-planar imaging; b1,000, b=1,000 s/mm2; 
msEPI, multishot echo-planar imaging; T2-FLAIR, T2-weighted fluid-attenuated inversion recovery; DWI, diffusion-weighted imaging.
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Table 4 Comparison of the distortion displacement (mm) in ssEPI 
DWI and msEPI DWI for all enrolled patients 

Brain lobes ssEPI msEPI P value

Frontal lobe 15.4±2.3 6.1±1.3 <0.001

Anterior temporal lobe 7.2±1.9 4.2±0.9 <0.001

Posterior temporal lobe 8.4±2.1 4.9±1.5 <0.001

Brain diameter 12.6±3.3 4.2±1.5 <0.001

Brainstem diameter 1.9±1.5 0.8±0.6 <0.001

Data are presented as means ± SD. ssEPI, single-shot echo-
planar imaging; DWI, diffusion-weighted imaging; msEPI, 
multishot echo-planar imaging; SD, standard deviation. 

Table 5 Comparison between ADC values of ssEPI and msEPI 
DWI in patients with brain lesions 

Tissue type ssEPI msEPI P value

Lesion ADC  
(×10−6 mm2/s)

1,036.9±542.0 1,066.6±602.2 0.216

Normal tissue ADC  
(×10−6 mm2/s)

877.3±216.7 898.8±340.0 0.408

Data are presented as the mean ± SD. ADC, apparent diffusion 
coefficient; ssEPI, single-shot echo-planar imaging; msEPI, 
multishot echo-planar imaging; DWI, diffusion-weighted 
imaging; SD, standard deviation.
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Distortion displacement

The peak distortion displacements of msEPI in the 
prefrontal lobe, anterior temporal lobe, posterior temporal 
lobe, brain diameter, and brainstem diameter were 
significantly lower than those of ssEPI (two-sided P values 
<0.001) (Table 4).

Comparisons of SNR and CNR

In the analysis of 43 lesions in 42 patients with a wide 
spectrum of brain diseases, there were no significant 
differences between msEPI and ssEPI in terms of lesion 

SNR (two-sided P=0.848), normal-appearing white matter 
SNR (two-sided P=0.601), or CNR (two-sided P=0.638) 
(Figure 7, Table S2).

Comparison of ADC values

There was no significant difference in ADC values between 
ssEPI and msEPI in lesions (two-sided P=0.216) or normal 
white tissues (two-sided P=0.408) (Table 5). A strong 
correlation was found between ADC results from ssEPI and 
msEPI for both lesions (r=0.97; two-sided P<0.001) and 
contralateral normal tissues (r=0.91; two-sided P<0.001) 
(Figure 8). In the Bland-Altman plots, most data lay within 
the mean difference ±1.96 SD (Figure 9).

https://cdn.amegroups.cn/static/public/QIMS-24-118-Supplementary.pdf
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Diagnostic performance

In the analysis of 12 LGG and 8 ACI lesions, the ADC 
values of LGGs were significantly higher than those of 
contralateral normal tissues (ssEPI: two-sided P=0.003; 
msEPI: two-sided P=0.001), while there was a significant 
ADC decrease for ACI lesions as compared to contralateral 
white matter for both ssEPI and msEPI (ssEPI: two-sided 
P<0.001; msEPI: two-sided P<0.001) (Table 6).

In the ROC analysis for the 12 LGG lesions, the 
AUC was 0.934 for ssEPI [95% confidence interval (CI): 
0.84–1.00; two-sided P<0.001] and 0.944 for msEPI 

(95% CI 0.86–1.00; two-sided P<0.001) (Figure 10). The 
DeLong test showed there was no significant difference 
in the AUCs between ssEPI and msEPI DWI (two-sided 
P=0.833). The ADC cutoff with highest Youden index in 
ssEPI was 841.9×10−6 mm2/s, with a sensitivity of 91.7% 
and a specificity of 83.3%, while the ADC cutoff in msEPI 
was 819.0×10−6 mm2/s, with a sensitivity of 91.7% and a 
specificity of 91.7%.

SNR and ADC values of thalamus and corpus callosum

In the analysis of 20 randomly selected participants, there 



Quantitative Imaging in Medicine and Surgery, Vol 14, No 10 October 2024 7301

© AME Publishing Company.   Quant Imaging Med Surg 2024;14(10):7291-7305 | https://dx.doi.org/10.21037/qims-24-118

was no significant difference between ssEPI and msEPI DWI 
in terms of SNR for the thalamus (two-sided P=0.329) and 
corpus callosum (two-sided P=0.532) (Table S3). There was 
also no significant difference between ssEPI and msEPI DWI 
in terms of ADC values for the thalamus (two-sided P=0.590) 
and corpus callosum (two-sided P=0.922) (Table S4). 

Discussion

In this study, we analyzed brain images of 107 patients 
obtained with a 5-T ultra-high magnetic field using ssEPI 
and msEPI sequences. In the qualitative assessment, 

our study showed that subjective scores for msEPI were 
significantly higher than those of ssEPI in terms of 
anatomical distortion, edge clarity, susceptibility artifacts, 
and overall image quality. Moreover, the quantitative 
evaluation results showed that the msEPI significantly 
improved image distortion. msEPI reduced image distortion 
and allowed higher spatial resolution compared to ssEPI 
sequences, which is consistent with previous studies of MRI 
of the brain at 3 T (12,14,29,30). 

Due to ssEPI typically producing large echo spacing in 
the phase-encoding direction, the distortion of images with 
EPI acquisition is inevitable. Geometric distortions may 
occur with extreme susceptibility variations along the phase-
encoding direction at locations such as tissue-air interfaces. 
In addition, ssEPI has a longer readout duration compared 
to that of free induction decay, inducing image blurring and 
limiting spatial resolution (11,31). In our study, we used a 
phase-segmented msEPI sequence that collects k-space data 
with multiple excitations, which decreases effective echo 
spacing and echo train length. Thus, the accumulation of 
signals along the phase-encoding direction, distortions, and 
blurring are reduced. To overcome the motion-induced 
phase errors from shot to shot, an additional navigator is 
commonly used in msEPI (32,33). In our study, the 2D 
navigator acquired a second echo train after the acquisition 
of the image data, minimizing artifacts and thus improving 
image quality. 

The diagnosis, progression management, and treatment 
of brain diseases benefit from early detection and accurate 
segmentation of diffusion abnormalities. With the 
development of deep learning (DL), several neural network 
models have emerged for brain segmentation such as 
VoxResNet, RAAGR2-Net, M-net, Bu-net, Mindcontrol, 
and Transbts (34-38). Theses automated segmentation 
models are more efficient than are manual segmentation 
and well-adapted to large-scale studies. Nevertheless, 
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Figure 10 ROC plot of ADC values for differentiating LGG 
lesions from contralateral healthy tissues. ssEPI, single-shot 
echo-planar imaging; AUC, area under the curve; CI, confidence 
interval; msEPI, multishot echo-planar imaging; ROC, receiver 
operating characteristic curve; ADC, apparent diffusion coefficient; 
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Table 6 ADC values of low-grade gliomas (n=12), acute cerebral infarction lesions (n=8), and their contralateral healthy tissues measured in ssEPI 
and msEPI DWI 

Sequence

Low-grade glioma Acute cerebral infarction

Lesion ADC  
(×10−6 mm2/s)

Normal tissue ADC  
(×10−6 mm2/s)

P value
Lesion ADC  

(×10−6 mm2/s)
Normal tissue ADC  

(×10−6 mm2/s)
P value

ssEPI 1,119.9±273.1 805.1±73.9 0.003 603.9±273.2 888.9±212.0 <0.001

msEPI 1,196.2±355.6 757.3±98.0 0.001 538.0±281.2 905.0±188.9 <0.001

Data are presented as the mean ± SD. ADC, apparent diffusion coefficient; ssEPI, single-shot echo-planar imaging; msEPI, multishot 
echo-planar imaging; DWI, diffusion-weighted imaging; SD, standard deviation. 
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segmenting DWI images still faces certain challenges. 
Conventional ssEPI DWI is affected by image distortions 
due to field inhomogeneity, which introduces segmentation 
errors. Our study found that distortions were alleviated in 
msEPI DWI as compared to ssEPI DWI, which suggests 
msEPI is a promising tool for facilitating the segmentation 
of diffusion abnormalities with DL networks.

In addition to msEPI, which acquires different subsets 
of k-space data in a consistent phase-encoding direction, 
other acquisition techniques are also helpful for distortion 
correction. For example, blip-up blip-down acquisition (39) 
is a widely used technique both in ssEPI and msEPI DWI. 
The blip-up and blip-down method applies two acquisitions 
with opposite phase-encoding directions and estimates the 
field inhomogeneity through an iterative algorithm. In the 
joint reconstruction of two acquisitions, the field map is 
translated into the displacement map, and the displacement 
map is used to correct images. The differences between 
two images are calculated to estimate a more accurate field 
map until the sum of squared differences between two 
acquisitions reaches a minimum. This method achieves 
distortion-free imaging without substantially extending 
the scanning time. Therefore, the combination of msEPI 
and the blip-up blip-down acquisition technique may help 
further reduce image distortions in DWI.

In the analyses of SNR and CNR, considering the lesion 
heterogeneity, we used the SD of the signal intensity in 
the normal-appearing tissue ROI to represent the noise. 
To avoid including different tissues (e.g., white matter and 
gray matter), we used small-size ROIs (26,40). If large-
size ROIs had been applied, different tissues would have 
introduced higher signal intensity variance and might have 
affected the accuracy of the calculation of SNR. There 
was no significant difference in SNR and CNR between 
the msEPI and ssEPI sequences. In previous studies, the 
SNR comparison results between msEPI and ssEPI images 
were not consistent. For instance, Morelli et al. compared 
ssEPI and msEPI in brain DWI and found that the SNR 
of msEPI was lower than that of ssEPI (41). However, 
the results obtained by Byeon et al. showed no significant 
difference between ssEPI and msEPI DWI (42). This may 
because there are many parameters that affect the SNR, 
such as the reconstruction filters applied, the TE and 
repetition time (TR), patient movement, partial volume 
effects, and magnetic field strength. The scanning scheme 
under which both the ssEPI and msEPI sequences were 
acquired with a clinically durable time (about 2 min 20 sec) 
in this study, parameters were fine-tuned and optimized 

based on the clinical performance. The same resolution 
and k-space filter, along with similar TR/TE and scanning 
durations, was applied to ssEPI and msEPI DWI, while the 
acceleration and the number of averages were different. In 
ssEPI DWI, PI acceleration and partial Fourier techniques 
were employed, which impaired the SNR and CNR; 
however, the number of averages was higher in ssEPI DWI 
than in msEPI for both b values and could compensate for 
the issues in SNR and CNR. Thus, this may be the possible 
reason that no significant difference between msEPI and 
ssEPI sequences in terms of SNR and CNR was found. 

We further discovered that ADC values derived from 
ssEPI and msEPI were strongly correlated and showed no 
significant difference. The ADC values of LGG lesions 
were significantly higher than those of contralateral 
normal tissues, while the ADC values of ACI lesions 
were significantly lower than those of contralateral 
normal tissues. For ACI, the ADC value decreases due to 
intracranial cytotoxic edema narrowing the intercellular 
space and restricting the movement of water molecules (43). 
However, the necrotic cystic transformation area of the 
LGG is dominated by serous necrosis, and its viscosity is 
relatively reduced, thus increasing the ADC value (44).

msEPI has been applied to the brain with good results 
at lower magnetic fields (13,15). This suggests that msEPI 
DWI is conducive to the diagnosis of craniocerebral 
diseases. In addition, the diagnostic efficacy analysis in this 
study suggests that msEPI has a competitive diagnostic 
performance for LGG detection relative to ssEPI, which 
further confirms that msEPI DWI is a promising alternative 
to ssEPI DWI for the diagnosis of brain tumors especially 
at ultrahigh fields such as 5 T.

There are several limitations to this study that should 
be addressed. First, only a small number of patients for 
each specific brain disease were included, and only patients 
with brain lesions instead of all enrolled participants were 
analyzed in the SNR comparison. Moreover, the ROC 
analysis included only 12 cases of LGG, and the ability 
of ADC values to detect other brain diseases was not 
examined. A greater number patients with different brain 
diseases should be included in future studies to further 
verify the conclusion that msEPI is superior to ssEPI in the 
diagnosis of various brain lesions. Second, the distortion 
analysis was completed manually, and subjective errors were 
inevitable. Distortion is nonuniform across the image plane 
and slices; however, only the peak distortion at specific 
brain regions was measured. An automatic method for 
measuring image distortion in different directions should 
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be implemented in the future for a more objective and 
comprehensive quantification of EPI image qualities. Third, 
different imaging parameters used between ssEPI and 
msEPI might have influenced the assessment of SNR and 
CNR. The application of PI results in SNR loss, and the 
SNR of PI images is calculated by dividing the SNR of the 
unaccelerated image by the square root of the acceleration 
factor and the geometric factor (g factor). The g factor 
represents the spatial nonuniformity of the noise, which 
was difficult to quantify in this study. All participants in 
this study were patients, and the methods for evaluating 
the g factor, as discussed by Breuer et al., are not clinically 
practical due to extra noise-only scanning (45). The purpose 
of the SNR analysis in this study was to compare the SNR 
between ssEPI and msEPI at the same anatomical location. 
Therefore, we attempted to minimize the influence of the 
spatially nonuniform noise by placing ROIs at the same 
locations for both DWI sequences. In future research, 
phantoms or healthy volunteers should be involved 
to estimate the noise nonuniformity of the PI image. 
Additionally, the PI acceleration factor is two in ssEPI (vs. 
one in msEPI) and impairs SNR and CNR by a factor of 

2 , while the number of averages is higher in ssEPI and 
improves SNR and CNR. Moreover, there were slight 
variations in TR, TE, and the scanning duration between 
ssEPI and msEPI. Consistent imaging parameters should be 
used for ssEPI and msEPI in subsequent studies to enhance 
the credibility of the findings.

Conclusions

This is the first study to compare performance of ssEPI 
and msEPI in terms of image quality at 5 T. msEPI DWI 
significantly reduced image distortion as compared to ssEPI 
while producing relatively similar ADC values across a wide 
spectrum of brain diseases. These results indicate that msEPI 
is a valuable alternative to ssEPI DWI in the diagnosis of 
various brain diseases in an ultrahigh magnetic field.
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