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Abstract
Simultaneous multi-slice (SMS) 
acquisition significantly reduces  
scan times in clinical MRI. Readout-
segmented echo planar imaging 
(RESOLVE) is a recently developed 
sequence which produces sharp  
diffusion-weighted images with  
high spatial resolution. In this article,  
we describe our early experience 
with SMS RESOLVE1 for optimized  
diffusion-weighted imaging of the 
breast. SMS RESOLVE combines the 
advantages of high image quality  
and greatly reduced scan times. 

Introduction
Diffusion-weighted imaging improves 
diagnostic accuracy of breast MRI [1-3] 
and may be used for predicting treat-
ment outcome in breast cancer [4, 5]. 
Traditionally, diffusion-weighted 
imaging is based on single-shot echo 
planar imaging (EPI). With this tech-
nique, the entire k-space is filled dur-
ing a single T2* decay, which makes 
imaging prone to signal blurring and 
susceptibility artifacts. These techni-
cal obstacles can be overcome with 
readout-segmented EPI (RESOLVE), 
which divides the k-space trajectory 
into separate segments along the 
readout direction and allows short 
echo times [6]. Because the resulting 
images are very sharp and of high 

spatial resolution, RESOLVE has supe-
rior diagnostic performance compared 
to single-shot EPI in breast imaging [7].

Since every readout segment in the 
k-space is preceded by a separate 
radiofrequency pulse, RESOLVE is  
limited by relatively long acquisition 
times. An interesting method to  
compensate for this is simultaneous 
multi-slice (SMS) imaging, which is  
a three-dimensional parallel imaging 
method. In brief, SMS utilizes the  
different elements of a phased-array 
coil to acquire signal from multiple 
slices at once, thereby enabling accel-
erated image acquisition. The concept 
of SMS has been elucidated in detail  
in the MAGNETOM Flash (63) 3/2015 
edition. That edition also includes an 

1 �The product is still under development and not 
commercially available yet. Its future availability 
cannot be ensured.

SMS RESOLVE sequence diagram for a complete acquisition (1A) and for a single readout segment (1B).  
SMS modifications are colored green.
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article by Frost et al., who developed 
SMS RESOLVE in 2014 [8]. Here, we 
present our initial experience with this 
novel pulse sequence for optimized dif-
fusion-weighted imaging of the breast.

Image acquisition
We routinely perform breast MRI on  
a clinical 3 Tesla scanner (MAGNETOM 
Skyra with TimTX TrueShape) using  
an 18-channel breast coil (Siemens 
Healthcare). We can acquire SMS 
RESOLVE images of the breast with  
a dedicated work-in-progress package 
running on the syngo MR VE11A  
platform. The sequence applies a  
conventional phase-encoding direction 
blip for EPI readouts along with an 
additional blip in the slice direction 
(“blipped CAIPIRINHA”) [9]. Further-
more, like the conventional RESOLVE 
sequence, it contains two-dimensional 
navigator correction [6] (Fig. 1).

Comparison between 
RESOLVE and SMS RESOLVE
In a recently published study, we  
compared the image quality of con-
ventional RESOLVE with SMS RESOLVE 
(with twofold and threefold slice accel-
eration) for axial diffusion-weighted 
imaging of the breast [10]. All imaging 
parameters were kept constant except 
for the slice acceleration factor and 
resulting adjustments of repetition 
time (lowest possible value as deter-
mined by the scanner console)  

Example 3T diffusion-weighted images from a 26-year-old healthy volunteer with corresponding ADC maps. The in-plane 
resolution is 1.2 x 1.2 mm2. There is almost no visible difference between RESOLVE and 2-fold accelerated SMS RESOLVE. With 
3-fold acceleration, the image is still sharp and most parts of the breast can be depicted very well, whereas the prepectoral  
region is slightly affected by shading.
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Parameter RESOLVE
(no slice 
acceleration)
4 min 21 sec

SMS RESOLVE
(2-fold 
acceleration)
2 min 35 sec

SMS RESOLVE
(3-fold 
acceleration)
1 min 44 sec

Repetition time [ms] 5410 2250 1450

Echo time [ms] 56 55 55

Slices 28 28 27  
(28 not possible)

Distance factor 20%

Voxel size [mm3] 1.2 x 1.2 x 5.0

Readout segments 5

Readout partial Fourier 5/8

Field-of-view [mm2] 340 x 136

Bandwidth [Hz/Pixel] 829

Echo spacing [ms] 0.38

iPAT (GRAPPA) factor 2

Averages b=50 (1), b=800 (4)

Table 1: Imaging parameters of conventional RESOLVE and SMS RESOLVE at our institution.

and echo time. Details of imaging 
parameters are provided in Table 1.

With twofold and threefold slice  
acceleration, we found a slight 
decline in signal-to-noise ratio com-
pared to conventional RESOLVE, 
which however was not statistically 
significant (p = 0.83). In other words, 
SMS RESOLVE offers a substantial 
gain in signal-to-noise ratio per  
unit of time. Mean ADC values in 
fibroglandular breast tissue were 
1.62 ± 0.29 x 10-3 mm2/s, with almost 
no differences found among the 

sequences (p = 0.99) (Figs. 2, 3). 
Image quality was rated similarly 
high between RESOLVE and twofold 
accelerated SMS RESOLVE. With 
threefold accelerated SMS RESOLVE, 
we perceived more shading in the 
prepectoral region, which may be 
reduced by changing over from 5/8 to 
6/8 readout partial Fourier acquisition 
in the future. The results of our study 
suggest that SMS can be applied  
to RESOLVE for optimized breast 
imaging, with an optimal slice accel-
eration factor of 2 or potentially 3.
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Discussion
In a recent study, RESOLVE showed 
many advantages over single-shot EPI 
for diffusion-weighted imaging of 
the breast. These included reduced 
blurring, reduced geometric distor-
tions, better depiction of breast 
lesions, and improved discrimination 
between benign and malignant 
lesions [7]. SMS RESOLVE drives this 
image optimization one step forward: 
It reduces the acquisition time while 
maintaining similar image quality and 
ADC accuracy compared to conven-
tional RESOLVE as long as a moderate 
acceleration factor is applied.

With regard to SMS RESOLVE of the 
breast, the main advantage of SMS 
acquisition lies in the reduction of 
acquisition time. Alternatively, 
depending on the application or body 
region, the gain in SNR efficiency 
offered by SMS may be reinvested in 
extended slice coverage or to increase 
spatial resolution while keeping the 
acquisition time constant.

Example diffusion-weighted images from a 38-year-old healthy volunteer with large breasts. Except for the prepectoral shading 
artifact at 3-fold acceleration, there is almost no visible difference between the sequences despite substantial differences regarding 
acquisition time.
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In conclusion, SMS RESOLVE enables 
the acquisition of high-quality  
diffusion-weighted images at greatly 
reduced scan times. Our initial  
experience with SMS RESOLVE for 
breast imaging is very promising  
for the future.
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