
UC Davis
UC Davis Previously Published Works

Title
High-Spatial-Resolution Multishot Multiplexed Sensitivity-encoding Diffusion-weighted 
Imaging for Improved Quality of Breast Images and Differentiation of Breast Lesions: A 
Feasibility Study.

Permalink
https://escholarship.org/uc/item/1r97m92t

Journal
Radiology: Imaging Cancer, 2(3)

Authors
Larowin, Toni
Fung, Maggie
Guidon, Arnaud
et al.

Publication Date
2020-05-01

DOI
10.1148/rycan.2020190076
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1r97m92t
https://escholarship.org/uc/item/1r97m92t#author
https://escholarship.org
http://www.cdlib.org/


TECHNICAL DEVELOPMENT

Diffusion-weighted imaging (DWI) is increasingly used 
for breast tumor detection and characterization in 

clinical practice (1), with single-shot DWI echo-planar 
imaging routinely used as the main DWI sequence. How-
ever, single-shot DWI lacks high spatial resolution and is 
sensitive to patient motion and magnetic field inhomo-
geneities, which leads to imaging artifacts (eg, distortion, 
ghosting, aliasing), often preventing adequate delineation 
of small lesions (1,2).

Multishot DWI echo-planar imaging techniques of-
fer higher spatial resolution but are susceptible to mo-
tion-induced phase errors since each individual shot may 
have a different diffusion-encoding direction. This results 
in ghosting artifacts, pixel misregistration, and low im-
age resolution with poor diffusion contrast on the re-
constructed images (3). Moreover, apparent diffusion 

coefficient (ADC) values may be altered, yielding inexact 
measures that may affect diagnosis (4). Techniques such as 
interleaved echo-planar imaging (5) or periodically rotated 
overlapping parallel lines with enhanced reconstruction 
(known as PROPELLER) (6,7) have been introduced to 
reduce geometric distortion in multishot DWI; however, 
they require prolonged scan times that limit their clinical 
applicability (8).

Navigator-based acquisition may be useful to prevent 
artifacts by estimating phase-encoding variations between 
interleaves, but motion can occur between the interleaf and 
navigator acquisition, restricting clinical applicability (9,10). 
While phase correction strategies without the use of naviga-
tor echoes have also been investigated with iterative com-
putational algorithms (11), these may not be sufficient to 
resolve nonlinear phase errors resulting from local motion in 
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Purpose:  To compare multiplexed sensitivity-encoding (MUSE) diffusion-weighted imaging (DWI) and single-shot DWI for lesion 
visibility and differentiation of malignant and benign lesions within the breast.

Materials and Methods:  In this prospective institutional review board–approved study, both MUSE DWI and single-shot DWI sequences 
were first optimized in breast phantoms and then performed in a group of patients. Thirty women (mean age, 51.1 years ± 10.1 [stan-
dard deviation]; age range, 27–70 years) with 37 lesions were included in this study and underwent scanning using both techniques. 
Visual qualitative analysis of diffusion-weighted images was accomplished by two independent readers; images were assessed for lesion 
visibility, adequate fat suppression, and the presence of artifacts. Quantitative analysis was performed by calculating apparent diffusion 
coefficient (ADC) values and image quality parameters (signal-to-noise ratio [SNR] for lesions and fibroglandular tissue; contrast-to-
noise ratio) by manually drawing regions of interest within the phantoms and breast tumor tissue. Interreader variability was deter-
mined using the Cohen k coefficient, and quantitative differences between MUSE DWI and single-shot DWI were assessed using the 
Mann-Whitney U test; significance was defined at P < .05.

Results:  MUSE DWI yielded significantly improved image quality compared with single-shot DWI in phantoms (SNR, P = .001) 
and participants (lesion SNR, P = .009; fibroglandular tissue SNR, P = .05; contrast-to-noise ratio, P = .008). MUSE DWI ADC 
values showed a significant difference between malignant and benign lesions (P < .001). No significant differences were found between 
MUSE DWI and single-shot DWI in the mean, maximum, and minimum ADC values (P = .96, P = .28, and P = .49, respectively). 
Visual qualitative analysis resulted in better lesion visibility for MUSE DWI over single-shot DWI (k = 0.70).

Conclusion:  MUSE DWI is a promising high-spatial-resolution technique that may enhance breast MRI protocols without the need for 
contrast material administration in breast screening.

Supplemental material is available for this article.
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tor, two) after a full breast MRI diagnostic protocol. Technical 
details are shown in Table E1 (supplement). All women provided 
written informed consent. There was no participant overlap with 
other studies. For this project, of the 72 women, 30 (mean age, 
51.1 years ± 10.1[standard deviation]; age range, 27–70 years) 
with a total of 37 solid mass lesions (mean size, 15.4 mm ± 13; 
size range, 5–56 mm) categorized as Breast Imaging Reporting 
and Data System (BI-RADS) category 2 to 5 at dynamic con-
trast material–enhanced MRI were included for lesion visibility 

multishot DWI. Reconstruction strategies without phase estima-
tion may be helpful, such as through using locally low-rank regu-
larization to amend shot-to-shot phase mismatches (12).

One of the most promising techniques to amend motion-in-
duced phase errors is multiplexed sensitivity-encoding (MUSE) 
diffusion-weighted imaging (DWI) (13). MUSE DWI inte-
grates a sensitivity-encoding (14) parallel imaging method and 
achieves a better signal-to-noise ratio (SNR) given its improved 
matrix inversion conditioning. MUSE DWI may reduce ghost-
ing artifacts and geometric distortions, enabling acquisition of 
high-spatial-resolution images within a clinically feasible acqui-
sition time and alleviating the need for navigator echoes or any 
pulse sequence modification.

The aim of our study was to optimize MUSE DWI using 
breast phantoms to achieve the highest spatial resolution with 
minimal artifacts compared with single-shot DWI, evaluate the 
feasibility of optimized MUSE DWI in patients for breast lesion 
detection, and qualitatively and quantitatively compare MUSE 
DWI with single-shot DWI. We show through multiple analyses 
that MUSE DWI sequences provide optimal imaging resolution 
and quality over single-shot DWI and have differential ADC val-
ues for malignant and benign lesions. Together, our results sug-
gest that MUSE DWI could be translated into a routine breast 
MRI protocol yielding high-quality images and enhanced detec-
tion of malignant lesions.

Materials and Methods

Study Design
This prospective study was approved by an institutional review 
board at Memorial Sloan Kettering Cancer Center and was con-
ducted in compliance with the Health Insurance Portability and 
Accountability Act. From March to May 2019, 72 women un-
derwent MUSE DWI protocol D (two shots; acceleration fac-

Abbreviations
ADC = apparent diffusion coefficient, CNR = contrast-to-noise 
ratio, DWI = diffusion-weighted imaging, MUSE = multiplexed 
sensitivity encoding, SNR = signal-to-noise ratio

Summary
Multishot multiplexed sensitivity-encoding diffusion-weighted 
imaging is a feasible and easily implementable routine breast MRI 
protocol that yields high-quality diffusion-weighted breast images.

Key Points
	n Multishot multiplexed sensitivity-encoding (MUSE) diffusion-

weighted imaging (DWI) for breast tumors is a feasible technique 
that yields high-quality breast diffusion-weighted images and 
outperforms single-shot DWI for artifact correction and quality of 
breast images.

	n Mean, maximum, and minimum apparent diffusion coefficient 
values from MUSE DWI and single-shot DWI were comparable, 
with no significant differences (P = .96, P = .28, and P = .49, re-
spectively).

	n Apparent diffusion coefficient values calculated from MUSE DWI 
were significantly lower in malignant lesions than in benign breast 
lesions (P < .001).

Table 1: Clinicopathologic Characteristics of 37 Breast 
Lesions in 30 Women

Characteristic Value

Age (y)
  Mean 51.1 ± 10.1
  Median 52
  Range 27–70
Menopausal status (30 patients)
  Premenopausal 12 (40)
  Postmenopausal 18 (60)
Standard of reference for lesions (37 

lesions)
  Histopathology 31 (83.7)
  Follow-up (2 years) 3 (8.1)
  None 3 (8.1)
Benign lesions (15 lesions)
  Fibroadenoma 2 (13.3)
  Papilloma 1 (6.7)
  Sclerosing adenosis 3 (20)
  Benign breast parenchyma 5 (33.3)
  Fibromatosis 1 (6.7)
  Stable lesions in follow-up 3 (20)
Malignant lesions (19 lesions)
  IDC 17 (89.5)
  IDC with DCIS 2 (10.5)
Subgroup of 22 participants with 28  

lesions with confirmed disease or 
follow-up for lesion differentiation

  Malignant lesions (15 lesions)
    IDC 13 (86.7)
    IDC with DCIS 2 (13.3)
  Benign lesions (13 lesions)
    Fibroadenoma 1 (7.7)
    Papilloma 1 (7,7)
    Sclerosing adenosis 3 (23.1)
    Benign breast parenchyma 4 (30.8)
    Fibromatosis 1 (7.7)
    Stable lesions in follow-up 3 (23.1)

Note.—Unless stated otherwise, data in parentheses are percent-
ages. Percentages may not add up to 100 because of round-
ing. DCIS = ductal carcinoma in situ, IDC = invasive ductal 
carcinoma.

http://radiology-ai.rsna.org
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matrix size is desired to maintain resolution over a large cov-
erage, as in breast imaging, phase errors accumulate, result-
ing in spatial encoding inconsistencies that lead to distortion. 
MUSE splits the single-shot echo-planar imaging acquisition 
into multiple shots to reduce this distortion at the expense of 
increased scan time. The MUSE k-space trajectory is gener-
ated by starting with the k-space pattern needed for an accel-
erated single-shot DWI undersampled in the phase-encoding 
direction. The pattern is then successively shifted along the 
phase-encoding direction for subsequent shots. As shown in 
Figure E1 (supplement), which illustrates a four-shot acquisi-
tion, the k-space trajectory for the first shot is identical to 
single-shot DWI with an acceleration factor of four.

MUSE reconstruction algorithm.—MUSE reconstruction is 
intended to mitigate random shot-to-shot phase errors that 
arise from patient motion occurring while the diffusion-
sensitizing gradients are turned on. As such, the algorithm 
proceeds in two steps (Fig E2 [supplement]). First, phase 
maps are estimated for each shot using a parallel imaging 
reconstruction method (eg, array coil spatial sensitivity en-
coding) (15). The phase maps from all shots are then com-
bined with the coil sensitivities obtained during a routine 
calibration scan to create pseudo sensitivities, as illustrated. 
In the second step, a pseudo sensitivity inverse matrix is 
computed, and the final images are created by solving for 
the unaliased images.

MUSE DWI Protocol Optimization on Breast Phantoms
MUSE DWI was first optimized using breast phantoms 
(Quantitative Imaging Biomarkers Alliance breast phantom 
model 131; High Precision Devices, Boulder, Colo). DWI was 
performed, consisting of one axial two-dimensional single-
shot DWI acquisition followed by six two-dimensional MUSE 
DWI acquisitions (protocols A–F) (Table E1 [supplement]). 
Phantom studies were repeated six times across different days to 
enable repeatability and reproducibility assessment. All phan-
tom images were visually evaluated. Two radiologists (I.D.N. 
and K.P., with 4 and 14 years of experience) assessed the images 
for overall image quality and the presence of artifacts.

Readers (I.D.N. and R.L.G., each with 4 years of experi-
ence) chose the optimal protocol (yielding the best image qual-
ity within clinically acceptable scan times) for the participant 
study in consensus. ADC parametric maps were calculated for 
both sequences using two b values (0 and 800 sec/mm2) using 
the READY View application on the Advantage Workstation 
(GE Healthcare, Milwaukee, Wis). SNR values were calcu-
lated using OsiriX software (version 6.0; OsiriX Foundation, 
Geneva, Switzerland) according to the literature (16). Quan-
titative parameters were compared between MUSE DWI and 
single-shot DWI.

Qualitative comparison assessment of single-shot DWI and 
MUSE DWI.—Two breast imaging radiologists (I.D.N. and 
R.G.L., each with 4 years of experience) evaluated the images 
independently while being blinded to the clinical diagnosis. 

and qualitative assessment. Histologic findings revealed 15 be-
nign lesions and 19 invasive ductal carcinomas, of which two 
had associated ductal carcinoma in situ. The average lesion size 
was 9.4 mm ± 4 (range, 5–21 mm) for benign lesions and 21.6 
mm ± 15 (range, 6–56 mm) for malignant lesions. Three lesions 
lacked either histologic findings or follow-up data. Participant 
characteristics and tumor histopathologic features are summa-
rized in Table 1.

After qualitative assessment, six lesions were not visible on 
diffusion-weighted images, resulting in a total of 31 lesions used 
for the quantitative comparison of single-shot DWI and MUSE 
DWI (Fig 1). The three lesions without histologic findings or 
follow-up were not eligible for lesion differentiation; thus, they 
were excluded, resulting in 28 lesions (15 malignant, 13 benign) 
in 22 participants.

Twenty-five lesions were biopsied, and only three lesions were 
classified as BI-RADS category 2 at MRI after remaining un-
changed at follow-up (2 years).

MRI Examinations
All MRI examinations were performed using a 3-T system (Dis-
covery MR750; GE Healthcare, Milwaukee, Wis) with a dedi-
cated 16-channel phased-array breast coil (Vanguard, Sentinelle 
Medical, Toronto, Ontario, Canada) as the receiver. Parameters 
for DWI sequences are found in Table E2 (supplement).

Technical Descriptions

MUSE pulse sequence.—Conventional single-shot DWI col-
lects all the data for a single slice in one shot. When a higher 

Figure 1:  Flowchart for patient selection. ADC = apparent diffusion coefficient, 
DCE-MRI = dynamic contrast-enhanced MRI, DWI = diffusion-weighted image, n = 
number of patients.

http://radiology-ai.rsna.org
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as contrast-to-noise ratio (CNR), were calculated for each of 
the 31 lesions (17). Region of interest size was 1 cm2 for the le-
sion and for the fibroglandular tissue, which was placed in the 
healthy contralateral breast within the same slice of the lesion 
(Fig 2).

Statistical Analysis
Interreader agreement and differences for the qualitative pa-
rameters evaluated with single-shot DWI and MUSE DWI 
were assessed using the Cohen k coefficient. Differences in 
quantitative values between phantoms and participants for 
single-shot DWI and MUSE DWI and tumor differentiation 
were assessed using the Mann-Whitney U test. Statistical soft-
ware (SPSS for IBM, version 24.0; SPSS, Chicago, Ill) was 
used for the statistical analysis. P < .05 was considered indica-
tive of a significant difference.

Results

MUSE DWI Protocol Optimization on Breast Phantoms
To determine an optimal MUSE DWI protocol, a total of 
six protocols (protocols A–F, described in Table E2 [supple-
ment]) were tested with varying parameters (number of shots, 
total acceleration, and time of scan). Protocols D through F 
had the best overall image quality. Protocol D was selected as 
the best protocol, enabling good image quality within a clini-

The lesions were identified on contrast-enhanced images, and 
the slice location was recorded to match diffusion-weighted 
images at a b value of 800 sec/mm2 for both single-shot DWI 
and MUSE DWI using the OsiriX viewer. The qualitative pa-
rameters were evaluated using a numeric scale for each item: 
adequate fat suppression (1, failure in suppression; 2, regional 
fat-water failures but still interpretable; 3, minimal failures 
in image periphery; 4, perfect fat-water separation), presence 
of artifact or artifacts (1, nondiagnostic; 2, artifacts but diag-
nostic; 3, no artifact), lesion visibility (1, yes; 2, no), and im-
age quality (1, better quality than single-shot DWI; 2, same 
quality as single-shot DWI; 3, worse quality than single-shot 
DWI), based on the definition of the margins for each lesion. 
Interreader agreement was calculated for the two readers.

Region of interest selection and quantitative parameters 
for the comparison of single-shot DWI and MUSE DWI.— 
Analysis of quantitative parameters was performed using the 
Advantage Workstation and the aforementioned OsiriX soft-
ware. All regions of interest were manually drawn by a radi-
ologist (I.D.N.) on the area with the lowest ADC values of 
the enhancing lesions (mean, 50 mm2 ± 10). Thereafter, the 
mean, maximum, and minimum ADC (ADCmean, ADCmax, 
and ADCmin, respectively) were recorded in the same slice for 
both the lesion and fibroglandular tissue in the contralateral 
healthy breast. SNR for lesion and fibroglandular tissue, as well 

Figure 2:  Axial images in a 59-year-old woman with a 50-mm invasive ductal carcinoma in the right breast. A, T2-weighted im-
age without fat saturation shows a necrotic mass in the right breast and a normal contralateral breast. B, Multiplexed sensitivity-encod-
ing (MUSE) diffusion-weighted image (b value, 800 sec/mm2) in the same slice as A depicting region of interest (ROI) positioning for 
quality parameters. C, D, Apparent diffusion coefficient (ADC) color maps derived from multishot MUSE diffusion-weighted imaging 
shows ROI placement. Note the ROI placement within the “darkest” part of the solid component of this necrotic mass in, C. The ROI 
of the healthy fibroglandular tissue is delineated in, D. The color bar in, C, and, D, indicates the ADC value range in × 10−6 mm2/sec. 
ADC values obtained from the ROI in, B: mean, 912.8 × 10−6 mm2/sec; minimum, 92 × 10−6 mm2/sec; maximum, 1846 × 10−6 mm2/
sec; ROI area, 59.37 mm2. The ROI values in, C: mean, 2043 × 10−6 mm2/sec; minimum, 1133 × 10−6 mm2/sec; maximum, 2868 × 
10−6 mm2/sec; ROI area, 52.5 mm2.

http://radiology-ai.rsna.org
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cally feasible acquisition time and with re-
duced distortions compared with single-shot 
DWI (Table E2 [supplement]) (Fig 3). MUSE 
DWI protocol D and single-shot DWI were 
both performed on breast phantoms. The 
mean SNR values were 460.2 ± 193.9 for 
MUSE DWI and 200.2 ± 73.5 for single-shot 
DWI (P = .001). Additionally, no significant 
differences in ADC values were found for this 
protocol compared with single-shot DWI (P 
= .13). Mean ADC values were 1.64 × 10-3 
mm2/sec ± 0.01 for MUSE DWI and 1.63 × 
10-3 mm2/sec ± 0.058 for single-shot DWI.

MUSE DWI Performs Better than Single-
Shot DWI for Breast Lesion Visualization for 
Qualitative Parameters
Imaging using MUSE DWI (protocol D) and 
single-shot DWI was performed on the 37 mass 
lesions. Two radiologists (I.D.N., R.L.G.) com-
pared MUSE DWI and single-shot diffusion-
weighted images for their image quality and then 
assessed fat suppression, artifacts, and lesion 
visibility for all MUSE DWI and single-shot 
diffusion-weighted images. The qualitative as-
sessment results, as well as the interreader agree-
ment for each qualitative parameter, are shown 
in Table 2 and Figure 4. In regard to lesion vis-
ibility, six lesions were not visualized with either 
MUSE DWI or single-shot DWI (31 visible 
cases). In one case, the lesion was included in the 
slice gap on diffusion-weighted images, whereas 
in the remaining five cases insufficient image 
quality made the lesion undetectable with both 
techniques. Readers rated MUSE diffusion-
weighted images as having better overall quality 
compared with single-shot diffusion-weighted 
images in 20 and 18 (k= 0.70) out of 31 cases. 
In regard to fat suppression, most of the MUSE 
DWI cases showed better fat suppression com-
pared with single-shot DWI cases (Fig 4). Only 
four MUSE DWI cases failed in fat suppression, 
two of them in more than 75% of the breast. 
Ghosting and distortion were the main artifacts 
found with both techniques. Fewer artifacts 
were detected with MUSE DWI, although 
among the cases with artifacts, two were consid-
ered nondiagnostic. Representative images ob-
tained with MUSE DWI and single-shot DWI 
in patients with benign and malignant lesions, 
respectively, are shown in Figures 5 and 6.

MUSE DWI Yields Higher Quality Images of 
Breast Lesions than Does Single-Shot DWI
To assess the performance of MUSE DWI, we 
measured SNR, CNR, lesion ADC values, and 

Figure 3:  Axial images from phantom testing. T2-weighted image (top panel), single-shot diffusion-
weighted image (ss-DWI) (middle panel), and high-spatial-resolution multiplexed sensitivity-encoding 
diffusion weighted image (MUSE-DWI) with protocol D (bottom panel) are shown. The region of interest 
is placed to show the presence of geometric distortion artifact on diffusion-weighted images, which is 
partially corrected with MUSE DWI.

Table 2: Reader Results for Lesion Visibility and Overall Image Quality

Characteristic Reader 1 Reader 2

Single-
Shot 
DWI

MUSE 
DWI

Lesion visibility*
  Yes 31 31 30 31 … …
  No 6 6 7 6 … …
Interreader agreement … … … … 0.92 0.90
Overall quality of image
  3-Worse quality than single-

shot DWI
4 7 …

  2-Same quality 7 6 …
  1-Better quality than single-

shot DWI
20 18 …

Total no. of lesions assessed 31 31 …
Interreader agreement … … 0.70

Note.—DWI = diffusion-weighted imaging, MUSE = multiplexed sensitivity-
encoding.  
* Acquisition of 34 axial slices was necessary to cover the entire breast.

http://radiology-ai.rsna.org
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fibroglandular ADC values from both 
MUSE DWI and single-shot diffusion-
weighted images. MUSE DWI outper-
formed single-shot DWI for all quanti-
tative image quality parameters. Lesion 
SNR was 602.4 ± 393.4 for MUSE DWI 
and 357.1 ± 264.8 for single-shot DWI 
(P = .009). Fibroglandular tissue SNR 
was 314.6 ± 247.1 for MUSE DWI and 
205.7 ± 155.7 for single-shot DWI (P = 
.05). CNR was 330.8 ± 282 for MUSE 
DWI and 151.3 ± 155.8 for single-shot 
DWI (P = .008).

We next assessed ADC values from ac-
quired breast images. Representative im-
ages of MUSE DWI and single-shot DWI 
and their corresponding ADC maps from 
patients with benign and malignant le-
sions are shown in Figure 7. Lesion ADC 
values showed no significant differences 
between MUSE DWI and single-shot 
DWI (P = .96, P = .28, and P = .49 for ADCmean, ADCmax, and 
ADCmin, respectively) (Table 3).

Next, we found that fibroglandular tissue ADC values, AD-
Cmean and ADCmin, were not significantly different for MUSE 
DWI and single-shot DWI (P = .81 and P = .19, respectively). 
For MUSE DWI, average ADCmean was 1.6 × 10-3 mm2/sec ± 0.33 
and average ADCmin was 0.82 × 10-3 mm2/sec ± 0.41. For sin-
gle-shot DWI, average ADCmean was 1.59 × 10-3 mm2/sec ± 0.28 
and average ADCmin was 0.94 × 10-3 mm2/sec ± 0.42. Significant 
differences were found in ADCmax values (P = .03) when compar-
ing MUSE DWI (2.35 × 10-3 mm2/sec ± 0.56) and single-shot 
DWI (2.12 × 10-3 mm2/sec ± 0.38). Values for ADC, SNR, and 
CNR are summarized in Table 3.

When using MUSE DWI for lesion differentiation in a sub-
group of 28 lesions with histopathology or follow-up, ADCmean 
was significantly different between malignant and benign le-
sions (P < .001). Average ADCmean value was 1.09 × 10-3 mm2/
sec ± 0.12 for malignant lesions and 1.39 × 10-3 mm2/sec ± 
0.14 for benign lesions. Taken together, MUSE DWI provides 
higher breast lesion imaging quality than does single-shot DWI 
and could additionally be used to differentiate between malig-
nant and benign lesions.

Discussion
We investigated the qualitative and quantitative performance 
of MUSE DWI in the breast compared with single-shot DWI 
to allow high spatial resolution and alleviate image distortions. 
We hypothesized that breast lesions could be visualized with 
higher image quality using MUSE DWI. Our results demon-
strated that MUSE DWI significantly outperformed single-
shot DWI for quantitative image quality parameters in phan-
toms and participants. ADC values from MUSE DWI did 
not differ from those of single-shot DWI; thus, MUSE DWI 
can differentiate malignant lesions from benign lesions with 
a significant difference. MUSE DWI improved image quality 

(ie, enhanced lesion conspicuity) with a substantial interreader 
agreement in the visual qualitative analysis.

MUSE DWI was designed to minimize artifacts by incor-
porating the sensitivity-encoding conventional parallel imaging 
technique to correct random motion-induced phase variations 
across echo-planar imaging segments (13). Compared with sen-
sitivity encoding alone, MUSE DWI has a better SNR, given its 
improved matrix inversion conditioning, and has shown high 
spatial resolution in previous investigations (13,18,19). MUSE 
DWI has also been extended to account for macroscopic pixel 
misregistration as well as motion-induced phase errors in a tech-
nique called augmented MUSE DWI (20). In accordance with 
these previous investigations, our preliminary study in the breast 
found that the quality of the image with MUSE DWI was osten-
sibly better, resulting in improved lesion delineation compared 
with single-shot DWI. Additionally, MUSE DWI achieved 
reasonably improved fat suppression and showed better artifact 
correction compared with single-shot DWI in the qualitative as-
sessment of the images from patients. This is clinically relevant, 
since DWI distortions around areas of field inhomogeneity are 
problematic (eg, around the nipple or inframammary crease). 
Two MUSE DWI cases with artifacts resulted in nondiagnos-
tic images according to the subjective evaluation of one of the 
readers in our study. This may be related to the fact that MUSE 
DWI was performed at the end of the scan in all cases, during 
which motion is more likely to occur due to patient discomfort. 
Although there were no differences in fat suppression acquisition 
parameters between the two sequences, readers agreed in a bet-
ter perceived fat suppression, which may be due to an improved 
overall image quality.

Currently, the diagnostic DWI clinical protocol in our in-
stitution uses a 3.9-mm slice thickness with four averages as 
the standard of care. The slice thickness limitation was from 
the spatial spectral water selective excitation pulse for better fat 
suppression. We can further increase the spatial resolution or 
reduce the slice thickness based on available gradient systems 

Figure 4:  Plot 1 shows the improvement in fat suppression for multishot multiplexed sensitivity-encoding dif-
fusion-weighted imaging (MUSE-DWI) compared with single-shot DWI (ss-DWI) in 37 patients for reader 1. 
The numbers on the y-axis represent categories as follows: 1, failure in suppression; 2, regional fat-water failures 
but still interpretable; 3, minimal failures in image periphery; 4, perfect fat-water separation. In nine cases, MUSE 
DWI improved fat suppression; MUSE DWI performed worse than single-shot DWI in only three cases. This 
represents a 21% increase in fat suppression quality. Similar findings were found with reader 2. Plot 2 shows an 
improvement of 5% in image artifacts for MUSE DWI compared with single-shot DWI in 37 patients for reader 
1. The numbers in the y-axis represent categories as follows: 1, nondiagnostic; 2, artifacts but diagnostic; 3, no 
artifacts. In six cases, MUSE DWI presented fewer artifacts. Reader 2 did not find an improvement compared with 
reader 1. * = numbers shown of a total of 37 breast lesions assessed. 
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within different clinical scanners. In this study, we selected the 
same slice thickness and averages with MUSE DWI to evalu-
ate the feasibility of the MUSE DWI sequence in patients. 

For a two-shot MUSE acquisition, we would normally expect 
a doubling in scan time. However, since we observed higher 
SNR and CNR with minimum artifacts in MUSE DWI, it is 

Figure 5:  Axial images from two patients with benign lesions. Left: Patient 1, a 43-year-old woman with a 5-mm enhancing focus 
in the outer right breast in which stability was verified after 2-year follow-up (arrow). Right: Patient 2, a 47-year-old woman with an en-
hancing 7-mm nodule in the lower inner left quadrant (arrow). Biopsy results revealed fibroadenoma. Multiplexed sensitivity-encoding 
diffusion-weighted imaging (MUSE-DWI) yielded a sharper delineation of the breast parenchyma, and lesion contours appear to be 
more defined than in single-shot DWI (b value, 800 sec/mm2) (ss-DWI). These two examples were categorized as 1 (better overall 
image quality with MUSE DWI than with single-shot DWI) by both readers. DCE-MRI = dynamic contrast-enhanced MRI.

Figure 6:  Axial images from two patients with biopsy-proven invasive ductal carcinoma. Left: Patient 1, a 36-year-old woman 
with a 9-mm mass in the upper outer quadrant of the right breast (arrow). Right: Patient 2, a 57-year-old woman with a 36-mm ne-
crotic mass in the right upper breast (arrow). Both readers assigned category 1 (better overall image quality with multishot multiplexed 
sensitivity-encoding diffusion-weighted imaging [MUSE-DWI] than with single-shot DWI [ss-DWI]) for overall image quality since 
MUSE DWI (b value, 800 sec/mm2) showed better lesion delineation compared with single-shot DWI (b value, 800 sec/mm2). 
Note also that artifact seen with single-shot DWI is partially corrected at MUSE DWI in patient 1. 
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possible to reduce the number of averages to decrease scan time 
impact while maintaining satisfactory image quality. Addition-
ally, shorter readout duration of MUSE DWI compared with 
single-shot DWI results in less image blurring and, therefore, an 
improved resolution.

Because navigator echoes are not necessary for MUSE DWI, 
the scan time can be reduced. Even faster acquisition times have 
been described using a three-dimensional multiband MUSE ap-
proach in the brain; this approach yielded a high spatial resolu-
tion and SNR but unfortunately did not correct motion artifacts 
properly (21). Other high-spatial-resolution DWI sequences 
using gradient-echo imaging, such as the double-echo steady-
state sequence, have also been investigated for their potential in 
breast lesion detection with short scan times, fewer artifacts, and 

reduced distortion relative to single-shot DWI echo-planar im-
aging (22,23).

Quantitative MUSE DWI ADC values were comparable 
to those obtained with single-shot DWI. However, further re-
search is needed with multishot DWI in this regard, as Zhang 
et al (24) showed multishot DWI yielded high-quality images 
with sufficient reproducibility in ADC values while Deng et 
al (25) reported that ADC values were greater for multishot 
DWI with PROPELLER than for single-shot DWI in liver 
tissues and in phantoms. Previous work using 3-T magnets 
conducted by Bogner et al (26,27) reported optimal b values 
around 850 sec/mm2 and an ADC cutoff of 1.25 × 10-3 mm2/
sec for lesion differentiation. The ADC values in these studies 
are in agreement with our results, which are also consistent 

Figure 7:  Axial single-shot diffusion-weighted images (ss-DWI), images from multiplexed sensitivity-encoding DWI (MUSE-DWI), 
apparent diffusion coefficient (ADC) maps, and dynamic contrast-enhanced MRI (DCE-MRI) images from two patients with lesions 
(white arrows). A, Images in a 27-year-old woman with a 25-mm irregular heterogeneously enhancing mass in the left breast. A satel-
lite nodule is evident anterior to the main lesion. At biopsy, the lesion was identified as invasive ductal carcinoma. Readers considered 
the overall image quality for this case to be worse (category 3) with MUSE DWI than with single-shot DWI. B, A 55-year-old woman 
with a history of right breast cancer after right lumpectomy. A 6-mm enhancing lesion is seen in the posterior third of the left breast 
(arrow), which was unchanged for the previous 2 years. Both readers scored a better overall image quality (category 1) with MUSE 
DWI for this case. ADC values are measured in × 10−6 mm2/sec for both images. ADC values obtained from the region of interest 
(ROI) in, A: mean, 793.7 × 10−6 mm2/sec; minimum, 13 × 10–6 mm2/sec; maximum, 1431 × 10–6 mm2/sec; region of interest area, 
57.4 mm2. ADC values obtained from the ROI in, B: mean, 2200 × 10–6 mm2/sec; minimum, 1368 × 10−6 mm2/sec; maximum, 2928 
× 10−6 mm2/sec; region of interest area, 41.2 mm2. Blue indicates lower ADC value, red indicates higher ADC value. Note that the 
minimum ADC threshold value in the color bar for lesion A is 0 ,whereas in the color bar for lesion B it is 1062 to enhance visibility of 
this benign lesion.
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with previously reported ADC values for normal fibroglan-
dular tissue (28).

A limitation of this preliminary study was the relatively 
small number of patients with small lesions; therefore, the full 
potential of the high-spatial-resolution MUSE DWI sequence 
in breast lesion detection has not been explored and will be 
addressed in future studies. Other groups have investigated the 
potential of multishot DWI sequences in the breast (27,29,30). 
A comparison of MUSE DWI with these techniques would 
be desirable and could be addressed in future studies. Further 
research is needed to optimize MUSE DWI protocols and to 

compare this sequence with other multishot DWI sequences to 
appreciate the full gain of this technique in the breast.

In conclusion, this study demonstrates that high-spatial-
resolution MUSE DWI of breast tumors is feasible and can 
be easily implemented with a routine breast MRI protocol. It 
significantly outperforms single-shot DWI for breast image 
quality and is at least as good as the latter in distinguishing 
malignant and benign lesions.
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