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Introduction

Single-shot echo-planar imaging 

Diffusion-weighted imaging is an 

important tool in both clinical imag-

ing and neuroscience research. Its 

widespread use is due to the advent 

of the single-shot echo-planar imag-

ing (ss-EPI) sequence [1], which is 

relatively immune to motion-related 

diffusion-encoding artifacts because 

all the required data for each image 

are acquired in a single ‘shot’ after 

the diffusion encoding. This insensi-

tivity to motion, particularly cardiac-

related brain pulsation, and the  

ability to rapidly acquire a multi-slice 

volume are the reasons why, 25 years 

after it was first introduced [2],  

spin echo ss-EPI remains the most 

commonly-used diffusion imaging 

sequence for the assessment of acute 

stroke [3] and white matter anisot-

ropy [4]. However, ss-EPI suffers from 

the well-known geometric distortion 

artifact as well as the more subtle 

blurring due to T2* decay of the sig-

nal. These issues limit the achievable 

spatial resolution, particlularly at 

high field strengths where increased 

artifact levels directly undermine the 

goal of improved spatial resolution. 

RESOLVE  

One approach to overcoming these 

limitations is to use diffusion-

weighted, readout-segmented EPI 

(RESOLVE) [5] which is becoming 

established as an alternative to ss-EPI 

that provides improved image quality 

in a wide range of clinical applica-

tions throughout the body [6-14].

RESOLVE belongs to a family of 

sequences that have addressed the 

ghosting and blurring artifacts that 

arise in multi-shot diffusion imaging 

due to phase inconsistencies between 

the shots. RESOLVE measures the 

motion-related phase caused by the 

diffusion encoding in a so-called  

‘navigator’ echo acquired at the centre 

of k-space (see Fig. 1A). The navigator 

phase information is acquired after 

every shot of the multi-shot image  

and is used to correct motion-induced 

phase errors to generate an artifact-

free image [15, 16]. 

A particular advantage of the readout-

segmented approach to multi-shot 

image acquisition [17] (shown in  

Fig. 1B) is that an efficient 2D non- 

linear navigator phase correction [18] 

(1A) Schematic diagram of the RESOLVE sequence.  

SMS modifications are colored blue.  

(1B) A schematic diagram of the RESOLVE k-space  

acquisition for five readout-segments. 
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can be used because the k-space data 

sampling fulfils the Nyquist condition, 

which avoids the confounding effects 

of aliased signal contributions. A 

related feature of RESOLVE that is  

necessary for robust diffusion imag-

ing, is a navigator-based selective  

reacquisition that identifies shots with 

particularly severe motion-induced 

phase corruption and reacquires them 

[19, 20].

The possibility of multi-shot acquisi-

tion with RESOLVE reduces sensitivity 

to distortion and T2* blurring artifacts 

in comparison to ss-EPI. Images are 

less distorted because the phase evo-

lution time between adjacent k-space 

lines (echo-spacing) is shorter and  

T2* blurring is reduced because the 

total duration of each shot is shorter. 

Both features are consequences of 

acquiring sub-sets of k-space in multi-

ple shots or repetition times (TRs) 

rather than encoding the whole of 

k-space in a single shot. This makes  

it possible to acquire high-spatial- 

resolution diffusion-weighted images 

because the sequence avoids the 

severe limitations seen with ss-EPI, 

where there is a trade-off between  

resolution and the level of geometric 

distortion and blurring.

RESOLVE can also be combined with 

GRAPPA [21] to further reduce the 

effective echo-spacing and readout 

duration [22]. The reduced duration  

of the EPI readout with RESOLVE  

compared to ss-EPI also results in a 

shorter echo time (TE), which reduces 

signal loss due to T2 decay; this is  

particularly significant at ultra-high 

field strengths, such as 7T, due to  

the shorter T2 decay times.

Simultaneous multi-slice RESOLVE  

Acquiring multiple shots to form each 

image increases the RESOLVE scan 

time compared to ss-EPI. Techniques 

to accelerate the sequence are there-

fore important for routine clinical use 

and to increase the number of diffu-

sion-weighted directions for diffusion 

tensor imaging (DTI) or tractography. 

Two advances that reduce RESOLVE 

scan times have recently been dem-

onstrated: 1) readout partial Fourier 

(PF) acquisition [23] and 2) simulta-

neous multi-slice (SMS) acceleration 

[24, 25]. These two techniques are 

compatible and can, in combination, 

deliver substantial reductions in the 

RESOLVE scan time, thereby making 

whole-brain studies with multiple  

diffusion directions feasible. 

At 7T, radiofrequency (RF) heating 

constraints often lead to extended 

scan times and this is exacerbated 

when acquiring multiple slices simul-

taneously with SMS acceleration, 

which, in itself, increases the specific 

absorption rate (SAR). These effects 

can be mitigated by using low-SAR 

‘Power Independent of Number of 

Slices’ (PINS) RF pulses [26], which 

make SMS acceleration possible at 

7T. The PINS technique has therefore 

been combined with SMS RESOLVE to 

enable 1 mm isotropic DTI at ultra-

high field [27]. 

The recent work described in this 

article demonstrates how time-effi-

cient, high-resolution SMS RESOLVE1 

images have important advantages 

over ss-EPI for clinical stroke imaging 

and for DTI. In addition, the article 

shows how the combination of  

PINS and SMS RESOLVE makes it  

possible to acquire high-resolution, 

whole-brain DTI at ultra-high field.

SMS RESOLVE

SMS acquires data from multiple 

slices together and extracts the  

slice-specific information using a  

parallel imaging reconstruction [28]. 

As fewer slice excitations are required 

to cover the volume, the TR can be 

reduced, thereby accelerating the 

scan and increasing the SNR effi-

ciency. A crucial feature of EPI-based 

SMS is the blipped-CAIPIRINHA  

modification that improves SNR by 

reducing the g-factor [29] of the 

reconstruction, which is achieved by 

imparting differential in-plane shifts 

of adjacent slices using slice gradi-

ents during the EPI readout [30-33]. 

The SMS modifications to RESOLVE 

[24, 25] are shown in Figure 1A (col-

ored blue). Data were acquired on a 

MAGNETOM Verio 3T and an actively-

shielded MAGNETOM 7T2. Figure 2 

shows examples of SMS RESOLVE 

images with 26 slices acquired at 3T 

in 2:14 min with a nominal pixel size 

of 1 × 1 × 5 mm, an SMS acceleration 

factor (Rslice) of 2 and an in-plane 

GRAPPA acceleration factor (RPE) of 2; 

single-shot EPI images acquired  

in 55 s are provided for comparison. 

SMS 

RESOLVE

ss-EPI

2
Comparison of  

nominal 1 × 1 × 5 mm 

resolution trace-

weighted images 

between SMS RESOLVE 

(top row) and ss-EPI 

(bottom row) acquired 

at 3T with 26 slices.

2

1 The product is still under development  

 and not commercially available yet.  

 Its future availability cannot be ensured. 
2 MAGNETOM 7T is ongoing research.  

 All data shown are acquired using a non- 

 commercial system under institutional  

 review board permission. MAGNETOM 7T  

 is still under development and not  

 commercially available yet. Its future  

 availability cannot be ensured.
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The SMS RESOLVE images show a  

significant reduction in distortions 

and T2* blurring compared to the  

ss-EPI images. 

The single-shot EPI images acquired 

in this study used a routine clinical 

protocol with a partial Fourier (PF) 

factor of 6/8 in the phase-encode 

direction to reduce the echo time 

(TE) and thereby boost SNR. The 

images were reconstructed in  

the standard way using zero-filling 

(ZF) which creates additional blurring 

in the phase-encode direction. 

Despite this blurring, it is standard 

practice to use ZF with diffusion-

weighted ss-EPI because it is more 

robust than other PF reconstruction 

algorithms in the presence of 

motion-induced phase imparted  

during the diffusion preparation 

[34]. 

Comparisons with standard ss-EPI  

in this study did not use SMS to 

accelerate the ss-EPI scans. SMS 

would reduce the scan times and 

increase the SNR efficiency of  

the ss-EPI acquisitions, but the  

image quality, which is the focus  

of the comparisons, would not  

be affected.

Clinical stroke imaging  
with SMS RESOLVE

SMS RESOLVE scans can be a viable 

clinical alternative to standard ss-EPI 

DWI for stroke diagnosis, which is 

typically acquired using an isotropic 

resolution of around 2 mm. SMS 

RESOLVE with Rslice = 2 and RPE = 2  

can reliably acquire high-quality  

data at higher resolution with 

reduced distortion and blurring arti-

facts. Figure 3 demonstrates the 

improved image quality provided  

by SMS RESOLVE with a 1.5 mm iso-

tropic resolution (78 slices) compared 

to typically-acquired lower-resolution 

ss-EPI images with RPE = 2 and a nom-

inal pixel size of 1.8 × 1.8 × 2 mm 

with 0.6 mm slice gap (50 slices). 

The following comparisons (Figs. 

4-6) show matched 3:20 min scan 

times and 1.5 mm isotropic resolu-

tion (78 slices) for SMS RESOLVE  

versus ss-EPI (3 averages) and indi-

cate further potential advantages of 

using SMS RESOLVE. 

Reduced distortion artifact  

confounds  

SMS RESOLVE has fewer confounding 

‘signal pile-up’ artifacts caused by  

distortion, in the posterior fossa, 

brainstem and in proximity to the 

sinuses, especially the frontal sinus. 

The improvements are especially 

apparent in Figures 4 and 5, which 

show the similarity in appearance of 

infarcts and signal pile-up artifact in 

the ss-EPI images. Suppressing these 

artifacts in the SMS RESOLVE images 

improves the recognition of regions 

of true restricted diffusion.

Improved quantification of  

infarct volume  

Previous clinical imaging studies in 

stroke [10] and of pelvic tumors in 

radiotherapy planning applications 

[12] have confirmed that RESOLVE 

provides an improved geometric dis-

tortion performance when compared 

to ss-EPI; similar benefits are to be 

expected when SMS RESOLVE images 

are used to estimate infarct volume 

in acute stroke. The importance of 

accurately tracking infarct volume in 

acute stroke imaging has recently 

been identified in the Acute Stroke 

Imaging Research Roadmap II [35]. 

However, the accuracy of quantifying 

infarct volume from standard ss-EPI 

images is limited by the substantial 

distortion and blurring artifacts. In 

particular, subtle injuries depicted in 

Figure 6 are better defined in the SMS 

RESOLVE images. 

7T DTI with  
PINS SMS RESOLVE

RESOLVE DWI becomes more  

advantageous at higher resolution 

because the corresponding ss-EPI 

acquisitions require an increase in 

both the echo-spacing and the number 

of echoes to increase resolution along 

the readout and phase-encoding axes 

respectively; this results in a substan-

tial increase in the level of distortion 

and T2* blurring. These effects 

become particularly significant at 7T 

due to amplification of susceptibility 

and reduced relaxation times. In the 

case of RESOLVE, the higher resolution 

in the readout direction is achieved by 

increasing the number of readout seg-

ments, or shots, without a change in 

echo spacing and only the number of 

echoes is increased; in this case, there 

is no increase in distortion at higher 

resolution and T2* blurring is substan-

tially less than in the ss-EPI case.

However, the technical capability to 

perform DWI with small voxel sizes and 

Comparison of 1.5 mm isotropic SMS RESOLVE (top row) and 1.8 × 1.8 × 2 mm 

with 0.6 mm slice gap ss-EPI images (bottom row) acquired at 3T. The images 

show a right subcortical infarct. The SMS RESOLVE and ss-EPI scans acquired  

78 and 50 slices, respectively.

3

SMS 

RESOLVE

ss-EPI

3
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Comparison of  

1.5 mm isotropic  

SMS RESOLVE (top 

row) and ss-EPI 

images (bottom row) 

acquired at 3T 

highlighting the 

reduction of signal 

pile up artifact 

caused by geometric 

distortions.  

Panel (4A) shows a 

right lenticulostriate 

artery infarct and 

panel (4B) shows a 

right occipital infarct.  

78 slices were 

acquired in both 

scans.

4

Comparison of  

1.5 mm isotropic  

SMS RESOLVE (top 

row) and ss-EPI 

images (bottom row) 

acquired at 3T 

highlighting the 

reduction of 

geometric distortion 

in proximity to the 

frontal sinuses.  

The images show a 

left lacunar infarct. 

78 slices were 

acquired in both 

scans.
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Comparison of  

1.5 mm isotropic  

SMS RESOLVE (top 

row) and ss-EPI 

images (bottom row) 

acquired at 3T 

highlighting the 

improved depiction  

of subtle injuries  

with SMS RESOLVE. 

Confounding signal 

pile-up artifacts in 

the ss-EPI images  

are also reduced  

with SMS RESOLVE. 

Panel (6A) shows a 

left middle cerebral 

artery territory 

subcortical infarct 

and panel (6B) shows 

left middle cerebral 

artery territory 

cortical infarcts.  

78 slices were 

acquired in both 

scans.

6

a low level of T2* blurring is  

compromised by the corresponding 

reduction in SNR, which is already 

inherently low in DWI due to signal 

attenuation at high b-value. For  

isotropic resolution with a small  

slice thickness, SNR efficiency is  

further reduced by the requirement 

to use long TR times to accommodate 

the increased number of slices.  

Strategies for increasing SNR and 

maximising acceleration therefore 

have an important role to play when 

using RESOLVE to perform high- 

resolution DTI.

One way to meet these goals is to 

perform imaging studies at higher  

B0 field strength, where there is 

increased SNR and improved perfor-

mance of parallel imaging because 

the coil sensitivities are more distinct 

[36]. There are however a number of 

additional challenges at 7T, including 

B0 and RF inhomogeneity, SAR con-

straints and shorter T2 values than  

at lower field strengths. The combi-

nation of PINS and SMS RESOLVE  

has the potential to meet these  

challenges and provide a technique 

that can exploit the potential benefits 

of diffusion-weighted imaging at 7T.  

In particular, the shortened readout 

time reduces distortion, T2* blurring 

and the effects of signal loss due to 

T2 decay, and the low-SAR PINS RF 

pulses allow high slice-acceleration 

factors to be used with low TR,  

resulting in high SNR efficiency.

SMS RESOLVE at 7T  

As shown previously in studies without 

SMS, the RESOLVE acquisition scheme  

is inherently less sensitive to the very 

high level of B0 distortion and T2*  

blurring that affects ss-EPI at 7T [37].  

Figure 7 demonstrates how these  

benefits can also be seen when the  

technique is combined with slice acceler-

ation to reduce scan time; the figure 

compares 1.2 mm isotropic SMS RESOLVE 

images using Rslice = 3 and RPE = 2 with 

standard ss-EPI images (also with RPE = 2). 

The SMS RESOLVE scan with 99 slices  

was acquired with 6 segments (6/7 read-

out PF), 0.32 ms echo-spacing,  

32 b = 1000 s/mm2 diffusion directions, 

and with 4 interspersed low-b-value 

images in 35 min. A consequence of the 

SMS 

RESOLVE

SMS 

RESOLVE

ss-EPI

ss-EPI

6A

6B
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SMS 

RESOLVE

SMS 

RESOLVE

ss-EPI

ss-EPI

7T DTI results comparing 

blurring and distortion  

in 1.2 mm isotropic  

SMS RESOLVE and ss-EPI 

acquisitions with 99 slices. 

Color-coded maps of  

the principal diffusion 

direction weighted by the 

fractional anisotropy are 

shown. The SMS RESOLVE 

data show the anterior 

commissure (white circle 

and arrows), which is not 

present in the ss-EPI data. 

SMS RESOLVE also exhibits 

reduced blurring and 

distortion in the cingulum 

(yellow arrow).  

Color code:  

green, anterior–posterior;  

blue, superior–inferior; 

red, left–right.

8

Comparison of 1.2 mm 

isotropic SMS RESOLVE 

(top row) and ss-EPI 

images (bottom row) 

acquired at 7T (99 slices) 

highlighting the 

reduction of geometric 

distortion and blurring 

with SMS RESOLVE.

7
T2-weighted

Sagittal Coronal Axial

b = 1000 s/mm2

1.2 mm isotropic PINS SMS RESOLVE images (99 slices) acquired at  

7T with b = 800 s/mm2. The mean of 80 diffusion directions (top row) and  

a single diffusion direction are shown (bottom row).

9

1.2 mm, 

mean  

(N=80)

1.2 mm, 

single 

volume

9

artifact reduction is highlighted in the 

color-coded principal diffusion direction 

(PDD) maps weighted by the fractional 

anisotropy (FA) of Figure 8. The thin 

anterior commissure tract is missing in 

the ss-EPI data (in both the matched  

slice and the surrounding slices) because 

it is in a region of high distortion but it  

is clearly visualised in the SMS RESOLVE 

images. However, in this first proof of 

principle, the SMS RESOLVE data utilized 

standard (non-PINS) RF pulses, which 

resulted in SAR limitations that necessi-

tated an increased TR, and, as such, the 

ideal 3-fold scan time reduction could  

not be achieved.

PINS SMS RESOLVE at 7T  

PINS RF pulses directly address the SAR 

restriction that otherwise limits the SMS 

8

7
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scan-time reduction that can be  

realized at 7T. Figure 9 shows  

1.2 mm isotropic images with  

99 slices acquired using PINS SMS 

RESOLVE [27] with 80 diffusion- 

gradient directions and 12 averages 

with low b-value in a scan time of  

38 minutes; the data were acquired 

without readout partial Fourier using 

Rslice = 3, RPE = 2, five readout seg-

ments, an echo-spacing of 0.38 ms 

and b = 800 s/mm2; the figure shows 

the mean of all the diffusion-

weighted images and data from a 

single diffusion direction. The color-

coded PDD FA map in Figure 10  

highlights the fine tract resolution 

and good contrast of these data.

Figure 11 shows data from a PINS 

SMS RESOLVE scan with 1 mm isotro-

7T DTI results comparing 1.2 mm and 1 mm isotropic PINS SMS RESOLVE acquisitions. The thin transverse pontocerebellar  

fibers are more clearly resolved in the 1 mm isotropic images (in a different healthy volunteer). The transverse pontocerebellar 

fibers (running right-left, colored red) interdigitate with the cerebrospinal fasciculi (running superior-inferior, colored blue).  

The 1.2 mm and 1 mm acquisitions acquired 99 and 117 slices, respectively. Color-coded maps of the principal diffusion direction 

weighted by the fractional anisotropy are shown. Color code: green, anterior–posterior; blue, superior–inferior; red, left–right.  

The anatomical drawings are adaped from Gray’s Anatomy (1918).

11

1.2 mm iso

1 mm iso

7T DTI results of a 1.2 mm isotropic PINS SMS RESOLVE acquisition (99 slices)  

demonstrating fine resolution and good contrast of the anisotropy. Color-coded maps 

of the principal diffusion direction weighted by the fractional anisotropy are shown. 

Color code: green, anterior–posterior; blue, superior–inferior; red, left–right. 
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7T tractography generated  

from 1 mm isotropic PINS SMS 

RESOLVE data with 117 slices. 

Color code: green, anterior–

posterior; blue, superior–inferior; 

red, left–right.

12

pic resolution and 117 slices in a  

scan time of 45 minutes; the images 

were acquired with Rslice = 3, RPE = 2 

using 3 readout segments (3/5 readout 

PF), an echo spacing of 0.40 ms,  

60 scans at b = 580 s/mm2, 60 scans  

at b = 1160 s/mm2 and 13 scans with 

low b-value. This, in comparison with 

the 1.2 mm isotropic data suggests 

potential advantages of high-resolu-

tion DTI by showing improved depic-

tion (in a different subject) of the 

transverse pontocerebellar fibers (run-

ning right-left) that interdigitate with 

the cerebrospinal fasciculi (running 

superior-inferior). An example of whole- 

brain tractography with the 1 mm  

isotropic data is shown in Figure 12.  

This image was generated using the 

Diffusion Toolkit and TrackVis [38].

In summary, PINS RF pulses make it 

possible to acquire high-resolution 

RESOLVE at 7T with a slice-acceleration 

factor of three; this enables acquisition 

protocols with a large number of diffu-

sion directions and multiple b-value 

shells with acquisition times that are 

acceptable for neuroscientific applica-

tions. Data sets of this type provide 

valuable input for advanced tractogra-

phy analyses that probe secondary 

fiber populations. The preliminary 

results acquired with the technique 

suggest that the SMS RESOLVE 

sequence could become a powerful 

tool for in vivo tractography of fine 

structure. 

Other applications of  
SMS RESOLVE

In addition to the brain imaging 

applications reported in this paper, 

preliminary work reported elsewhere 

has shown that SMS RESOLVE can 

provide data for combined tractogra-

phy studies of the brain and cervical 

spine [39]. Studies of this type are 

not possible with ss-EPI due to the 

high level of susceptibility-based dis-

tortion around the spinal cord. The 

SMS RESOLVE technique has also 

been applied to diffusion-weighted 

breast imaging of healthy volunteers, 

demonstrating acquisitions with 

reduced acquisition times with 

potential application in clinical stud-

ies of breast tumors [40], where  

the standard RESOLVE technique has 

been shown to provide a clinical  

benefit [8].

As an alternative to the SMS RESOLVE 

technique described in this paper, a 

simultaneous, multi-slab acquisition 

method has also been proposed, in 

which a 3D-encoded version of the 

RESOLVE sequence [41] is used to 

simultaneously encode data in multi-

ple slabs [42].

Conclusion

The results shown in this paper dem-

onstrate that SMS RESOLVE makes  

it possible to perform diffusion-

weighted imaging of the whole brain 

with isotropic resolution and short-

ened scan times that are suitable for 

clinical stroke protocols. The improved 

image quality compared to ss-EPI pro-

vides a clearer depiction of infarcts 

with fewer confounding susceptibility 

artifacts and the reduction in geo-

metrical distortion is expected to pro-

vide a more accurate quantification 

of lesion volume.

This paper has also shown how the 

SMS RESOLVE technique can be com-

bined with PINS RF pulses to exploit 

slice-acceleration at 7T without the 

constraints of high SAR, making it 

possible to acquire high-quality data 

sets for advanced tractography stud-

ies which require a large number of 

diffusion-gradient directions. The 

technique also promises to enhance 

clinical diffusion-weighted imaging 

at 7T, for which preliminary studies 

with the standard RESOLVE technique 

are producing promising results [43].

SMS RESOLVE is an appealing alterna-

tive to standard ss-EPI DWI with 

potential benefits for clinical and sci-

entific applications in the brain and 

other organs. The clinical benefit of 

the standard RESOLVE technique  

has been established in a large num-

ber of studies, but there is typically 

an acquisition-time penalty relative 

to lower-quality image acquisitions 

with ss-EPI. This limitation is much 

less prohibitive when RESOLVE is 

combined with SMS and readout  

PF to accelerate the scans and this 

combination increases the potential 

of the technique to substantially 

improve the quality of diffusion-

weighted imaging in a wide variety 

of applications.
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