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Diffusion has become a critical com-

ponent of almost all neuroradiology 

protocols for the head [1] with 

potential important roles in spine 

and neck now being better defined 

[2, 3]. The most impactful applica-

tion over the past 25 years has been 

that diffusion is essential for the 

diagnosis of acute stroke, a frequent 

indication for MRI in hospitals 

throughout the world. Diffusion MRI 

also helps determine subsequent 

clinical management decisions in this 

stroke population [1]. Tissue diffu-

sion properties can be informative  

for characterizing a variety of other 

neurological conditions such as peri-

operative or drug-related cytotoxic 

edema, specific tumor diagnoses 

(e.g. epidermoid) and tumor grading 

(e.g. lymphoma) [4]. Early mathe-

matical models of diffusion ani- 

sotropy that are widely available  

for clinical use, such as diffusion  

tensor imaging (DTI), can be used  

to indirectly assess white matter 

integrity. DTI can characterize white 

matter pathology not evident or read-

ily detected with other conventional  

MRI sequences (e.g. normal-appearing 

white matter in multiple sclerosis)  

[5]. DTI data can be used to create 

tractography estimations for localizing 

eloquent white matter pathways, such 

as the arcuate fasciculus, for preopera-

tive surgical planning of anatomic  

corridors and extent of resection [6].

Simultaneous multi-slice axial diffusion trace and apparent diffusion coefficient maps in 4 different clinical patients with ischemic 

infarcts – large left middle cerebral artery territory (1A), left anterior inferior cerebellar territory (1B), right thalamus (1C) and  

right peripheral cerebellar hemisphere (1D). Note while there was a small drop in apparent signal-to-noise in the posterior fossa 

using SMS diffusion with a 20-channel head & neck coil, large and small, focal posterior fossa infarcts remain well-delineated 

(panels 1B, D respectively). 
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For current routine clinical imaging, 

diffusion trace and apparent diffusion 

coefficient (ADC) maps have proven 

most efficient and practical – these 

generally only require 3 or 6 diffusion 

encoding directions for sufficient accu-

racy during qualitative clinical inter-

pretation. Such scans can be acquired 

in 2-3 minutes on most modern MRI 

scanners, whereas DTI for tractography 

purposes can require 10+ minute 

acquisitions. More recent acquisition 

strategies and their companion 

advanced data analysis techniques 

developed over the past 15 years pro-

vide more information about the tissue 

environment than diffusion trace or 

DTI-derived parameters, yet remain  

relatively limited to application in  

volunteers and/or selected patient 

populations under carefully controlled 

conditions. Such sophisticated tech-

niques require longer acquisitions  

to increase the number of gradient 

directions, increase spatial resolution, 

and/or to acquire images at multiple 

diffusion-weightings (e.g., b-values of 

1500-4000 s/mm2). These acquisitions 

result in lower signal-to-noise ratio 

(SNR) that also can require more  

signal averages. Scan time for such 

acquisitions is largely affected by 

image geometry (number of slices  

and resolution/matrix size), number  

of averages and diffusion encoding 

directions [7], but quickly approaches 

15-30 minutes, making it impractical 

for use in most sick patients. Thus, 

higher angular resolution diffusion 

acquisition strategies [8, 9], measures 

of non-Gaussian diffusion [10], 

advanced biophysical modeling  

[11, 12, 13] and high spatial resolu-

tion diffusion studies of cortical and 

hippocampal layers [14, 15] have 

shown exciting potential utility for 

studying nervous tissue in disease that 

is thus far unrealized in daily clinical 

practice.

Recently, simultaneous multi-slice 

(SMS) acquisition with a blipped-  

CAIPIRINHA readout has demonstrated 

the potential to reduce scan times for 

2D multislice diffusion EPI [16, 17]. 

This technique relies on exciting multi-

ple slices simultaneously and recon-

structing them individually using the 

slice GRAPPA method. Since multiple 

slices are excited simultaneously, the 

overall repetition time (TR) for a 

desired spatial coverage can be 

reduced. The SMS acceleration 

method is SNR preserving with no 

intrinsic reduction in signal due to 

reduced sampling. The only SNR pen-

alty is due to g-factor related losses 

during slice GRAPPA reconstruction. 

In simple terms for practicing radiolo-

gists like myself, this new SMS tech-

nology allows us to acquire the same 

diffusion data for a variety of clinical 

and translational research applica-

tions using a much shorter TR and 

shortened overall scan time. Alterna-

tively SMS can be used to increase 

slice resolution and/or increase the 

overall volume of coverage in the 

same scan time.

At our institution, we were quick  

to recognize the potential practical 

workflow advantages for SMS diffu-

sion to reduce scan time require-

ments in our patient population. In 

our initial explorations of the SMS 

diffusion application in healthy vol-

unteers, we learned that one must 

pay particular attention to correct fat 

saturation. With single-shot EPI, an 

unsaturdated fat signal affects only  

a single slice. With SMS, there is 

potential for aliasing into all simulta-

neously acquired slices. With TR 

reduction below 2.5 seconds, factors 

such as increased acoustic noise  

may make patients less comfortable. 

We also noted that SMS trace images 

have more T1-weighting than we 

were used to seeing – this ‘T1-shine 

through’ is most evident in the limbic 

cortical regions and in the central 

portions of the cortical spinal tract as 

it descends through the hemispheric 

white matter away from the hand 

knob region. We directly compared 

the axial diffusion sequence for our 

routine MRI head protocol to an SMS 

version with acceleration factor of 2 

and a TR reduced by 50%. Scans were 

performed on a MAGNETOM Skyra 3T 

(Siemens Healthcare, Erlangen,  

Germany) with a Head/Neck 20 coil. 

With the calibration scan required  

for the SMS reconstructions, scan 

time was reduced approximately 40%, 

thereby saving 1 minute per scan. 

Given that a diffusion-weighted 

sequence is present in almost all neu-

roradiology protocols, this 1 minute 

time savings would translate into  

sufficient time for an additional  

2-3 patient scans per day per magnet 

at a busy outpatient practice. Similar 

results are expected for coronal diffu-

sion acquisitions although this is  

not a part of our institution’s routine 

protocols. Further time savings might 

be realized with 3 or 4-fold slice 

acceleration using array coils with 

more receive elements (such as a  

Siemens 64-channel head and neck 

coil). In a blinded side-by-side com-

parison, 3 neuroradiologists univer-

sally agreed that image quality was 

equivalent between the routine and 

SMS-accelerated axial diffusion trace 

sequence and calculated ADC images 

such that the latter was acceptable 

for routine clinical work (see exam-

ples in Fig. 1). 

Next we compared diffusion tensor 

imaging and deterministic tractogra-

phy for presurgical planning cases – 

again, side-by-side comparison of 

data obtained with SMS acceleration 

factor of 2 appeared equivalent and 

appropriate for use in clinical care. 

Tractography results for the cortico-

spinal tract and arcuate fasciculus in 

close proximity to various ipsilateral 

intra-axial neoplasms were equiva-

lent for routine and SMS-based high 

angular resolution diffusion acquisi-

tions (see example in Fig. 2). Our 

referring neurosurgeons have been 

very happy with the resulting data 

and have used SMS-derived tracto-

graphy as part of their routine work-

flow on a weekly basis for surgical 

planning over the past 9 months. 

Thus far, we have scanned over  

1000 patients with MRI head proto-

cols using SMS diffusion without 

problems or patient recalls for diffu-

sion image quality. The initial results 

of these comparisons were reported 

at RSNA last year [18] and a more 

detailed report has been submitted 

for publication. 

Completing routine clinical scans 

faster has many practical advantages 

for patients and radiology adminis-

trators, but what I personally am 

most excited about is the potential 

for SMS-accelerated diffusion to 

enable more translational research  

in patient populations with advanced 

diffusion acquisition and postpro-
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Deterministic diffusion tensor tractography of the arcuate fasciculus based on a simultaneous multi-slice diffusion dataset from a 

left-language dominant patient with a left frontal operculum high-grade glioma (2A: 3D lateral projection of tracts on MPRAGE with 

overlay from fMRI word generation task). Oblique sagittal and axial 2D reformats (2B, C respectively) demonstrate that the tumor 

margin abuts the inferior and medial margins of the tractography-visualized frontal projections of the arcuate fasciculus. Over the 

past year we have consistently obtained excellent tractography results for presurgical planning patients using SMS diffusion acqui-

sition strategies – the accelerated acquisition quickly provides a diffusion dataset with high angular resolution, reduces patient 

motion problems and leaves more available scan time for detailed functional MRI assessment of eloquent cortex.

2

cessing strategies. Frankly, most 

patients, particularly elderly sick 

patients, will not tolerate individual 

scan sequence scan times beyond 

8-10 minutes well. SMS acquisition 

strategies finally may allow us to 

apply advanced diffusion strategies 

reported at research meetings to real 

patients. As an example, over the 

past 6 months, we have been using 

SMS-diffusion acquisition strategies 

to acquire high angular resolution 

multiple b-shell scans for diffusion 

kurtosis imaging and advanced mod-

els of mesoscopic tissue structure in 

over 500 patients as part of an NIH-

funded study – it would not be prac-

tical to include this acquisition using 

conventional diffusion acquisitions 

because of scan time and workflow 

limitations on our busy clinical  

scanners. We also use SMS to obtain 

diffusion data sufficient for super- 

resolution tract density imaging (TDI) 

Short scan times enabled by simultaneous multi-slice diffusion should facilitate more frequent clinical use or implementation of 

advanced diffusion acquisitions and postprocessing. Here an example of caudal midbrain anatomy depicted with conventional  

axial T2 (3A), track density images (3B) and direction-encoded track density (3C). This advanced diffusion technique requires  

high angular resolution diffusion acquisitions (64 directions, b = 2500 s/mm2), but can be acquired with SMS approaches in under 

10 minutes. Exquisite anatomical detail is obtained and may be exploited in the future for new biomarkers of brainstem pathology 

and functional neurosurgery planning [for details see 19-21].

3

[19] to define thalamic substructures 

for functional neurosurgery planning 

in patients with essential tremor  

and Parkinson’s disease [20]. Recent 

results indicate SMS diffusion acquisi-

tions combined with TDI can reveal 

internal brainstem anatomy not  

previously seen in living patients using 

3T MRI [21] (see examples in Fig. 3). 

These latter two results from our 

group suggest neuroradiologists may 

need to relearn detailed anatomy  
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for deep gray nuclei and brainstem 

structures that were previously  

considered difficult or impossible  

to visualize outside autopsy. Such 

studies also could lead to direct target-

ing opportunities in the future for 

functional neurosurgery applications. 

Finally, it should be emphasized that 

the best models of human pathology 

are living human patients! The present 

difficulty studying real patients with 

long diffusion scan times has so far 

limited application of advanced bio-

physical models of tissue mesoscopic 

structure derived from diffusion data 

to cooperative, motivated outpatients 

with chronic conditions, animal mod-

els of human disease, and ex vivo, 

formaldehyde-fixed samples, where 

many water diffusion and relaxation 

properties are altered [22, 23]. I per-

sonally anticipate that SMS diffusion 

techniques will provide a substantial 

new window of opportunity to study 

many new patient populations with 

both acute and chronic pathologies 

directly – this should result in 

improved understanding of human 

neurologic diseases, such as the ner-

vous tissue changes associated with 

acute stroke. SMS appears to represent 

a transformative technology for trans-

lating advanced diffusion MRI applica-

tions into clinical practice.
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