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Ultrafast In Vivo Diffusion Imaging of Stroke at 21.1 T by
Spatiotemporal Encoding
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Purpose: This study quantifies in vivo ischemic stroke brain

injuries in rats using ultrahigh-field single-scan MRI methods
to assess variations in apparent diffusion coefficients (ADCs).

Methods: Magnitude and diffusion-weighted spatiotemporally
encoded imaging sequences were implemented on a 21.1 T
imaging system, and compared with spin-echo and echo-

planar imaging diffusion-weighted imaging strategies. ADC
maps were calculated and used to evaluate the sequences
according to the statistical comparisons of the ipsilateral and

contralateral ADC measurements at 24, 48, and 72 h
poststroke.

Results: Susceptibility artifacts resulting from normative anat-
omy and pathological stroke conditions were particularly
intense at 21.1 T. These artifacts strongly distorted single-shot

diffusion-weighted echo-planar imaging experiments, but were
reduced in four-segment interleaved echo-planar imaging

acquisitions. By contrast, nonsegmented diffusion-weighted
spatiotemporally encoded images were largely immune to
field-dependent artifacts. Effects of stroke were apparent in

both magnitude images and ADC maps of all sequences.
When stroke recovery was followed by ADC variations, spatio-

temporally encoded, echo-planar imaging, and spin-echo
acquisitions revealed statistically significant increase in ADCs.
Conclusions: Consideration of experiment duration, image

quality, and mapped ADC values provided by spatiotemporally
encoded demonstrates that this single-shot acquisition is a

method of choice for high-throughput, ultrahigh-field in vivo
stroke quantification. Magn Reson Med 73:1483–1489, 2015.
VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Diffusion-weighted (DW) MRI plays a crucial role in the

early and accurate diagnosis of ischemic stroke, thanks

to its ability to monitor changes in the water diffusion

behavior in the injured region (1–6). Two of the most

pressing concerns in DW MRI have been the enhance-

ment of image signal-to-noise, and speeding up the

image acquisition process. The former has motivated a

push to higher magnetic fields, whereas the later issue

has stimulated a heavy reliance on echo-planar imaging

(EPI) (7), aided by parallel imaging and compressed sens-

ing technologies (8). Ironically, these two solutions are

often mutually incompatible: higher fields introduce sus-

ceptibility gradients and other artifacts that heavily affect

low-bandwidth methodologies like EPI (9). As a result,

high-field susceptibility artifacts will often distort ana-

tomical information, as well as impede the quantification

of diagnostically relevant features that are often sought

by imaging methods (10). In recent years, a suite of ultra-

fast super-resolved spatiotemporally encoded (SPEN)

imaging sequences has been proposed (11,12) that, while

retaining a single-shot high-temporal-resolution charac-

ter, are robust against the presence of field artifacts (13).

It also has been shown that SPEN acquisition strategies

can be readily modified to measure diffusion in a robust

manner (14).
This study further explores the hypothesis that DW-

SPEN sequences can overcome distortions introduced by
susceptibility gradients and, with ultrahigh-field opera-
tion, can characterize evolving strokes with quantitative
reliability. In particular, DW-SPEN was applied to pre-
clinical in vivo models of stroke induced by middle
carotid artery occlusion (MCAO) (15), and the perform-
ance of this imaging strategy was assessed and compared
against DW Spin-Echo (DW-SE) and DW-EPI using the
unique 21.1 T preclinical scanner at the National High
Magnetic Field Laboratory (16). As in many high-field
systems, single-scan acquisition techniques are a chal-
lenge at 21.1 T, and even in well-shimmed samples, the
acquisition of quality single-segment EPI images over
large volumes (like the entire rodent brain) is hindered.
By contrast, quality anatomical shapes and features can
be recovered from single-scan SPEN experiments. DW-
SPEN methods also provided a reliable, quantitative MRI
measurement of the apparent diffusion coefficients
(ADC) in the stroke lesion, and its contralateral counter-
part. The temporal resolution provided by SPEN and the
statistically robust diagnostic and therapeutic informa-
tion recovered using its DW variants assists can thus
eliminate a critical barrier in evaluations of stroke at
ultrahigh field, offering noticeable advantages over one
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segmented and multisegmented EPI acquisitions in
assessing the recovery of tissues.

THEORY

The DW-SPEN Experiment

The most utilized single-scan technique used in DW MRI
is EPI (17), a single shot that relies on exciting all spins
within a slice/volume of interest, and on repetitive gradi-
ent oscillations that scan large regions of the k-space
domain in one continuous acquisition. A spin density
profile then is retrieved by a numerical Fourier transform
(FT). In contrast to EPI’s reliance on contributions aris-
ing simultaneously from the entire sample, SPEN relies
on a progressive spatial encoding of the image. The pro-
gressive spin excitation/inversion that SPEN requires is
done by sweeping a radio frequency (RF) pulse while in
the presence of a field gradient Gexc, addressing frequen-
cies over a field of view Ly assumed to extend along the
y axis. When properly tuned, such swept RF imposes a
quadratic phase profile of the form:

wexc ðyÞ ¼ �
gGexcð Þ2

2R
y2 þ

gGexcð Þ2Ly

2R
y �

gGexc Ly

� �2

4R
; [1]

for an excitation time Texc sweeping over a frequency
range of gGexc Ly at a sweep rate R ¼ gGexc Ly=Texc . The
acquired signal can fully unravel the encoded Ly (11)
thanks to the addition of an acquisition phase
component:

wacq ðy ; tÞ ¼ gGacq ty ¼ kðtÞy; [2]

Given the quadratic y-dependence of wexc , spin phases
will vary rapidly across the sample, except at a single
stationary point where the first spatial derivative of the
overall phase vanishes. According to this stationary-
phase approximation, only spins within close vicinity of
this time-dependent ysp point will have their magnetiza-
tions in phase. Thus, the signal modulus reflects the
spin density profile at a single voxel: jSðtÞj/Dy � rðyÞ,

where Dy is the pixel size related to the second spatial

derivative of the phase arising from the excitation:

Dy ¼
ffiffiffiffi
R
p

=gGexc . It follows that SPEN methods do

not require FT processing for delivering their imaging

information: in principle, the time-domain signal magni-

tude jSðtÞj is the image being sought. This non-Fourier

character of SPEN gives these methods a freedom to

choose stronger gradients than those dictated by k-based

Nyquist criteria, thereby ameliorating potential image

distortions arising from global or local field inhomogene-

ities. An additional factor contributing to imaging faith-

fulness stems from SPEN’s ability to operate in a so-

called “fully refocused” mode, whereby T2* effects are

compensated at each isochromat’s emission instant

throughout the course of the acquisition, rather than for

a single instant t as in conventional SEs. This in turn calls

for the use of a refocusing pulse (Fig. 1), and of equal exci-

tation and acquisition periods (13,18); under this Te 5 Ta

condition the spin dephasing at each instant will reflect

only local frequency distributions within each image

voxel, rather than collective inhomogeneity and suscepti-

bility effects that can introduce global image distortions.

When factored together, these features eliminate the ghost

replicates usually associated to the Fourier processing of

even and odd readout echoes, and can provide SPEN

acquisitions with an enhanced quality that could be key

for diffusion observations at ultrahigh fields.

In its original implementation (11), SPEN imaging
came at a sensitivity and/or resolution cost. These costs
were associated to a lack of “multiplexing” when relying
on a simple magnitude-processing mode. It has since
been demonstrated that the application of super-
resolution (SR) algorithms can overcome these penalties
(19,20). SR-SPEN processing relies on the oversampling
that is associated with SPEN image generation proce-
dure, to deconvolve information out of the moving
“focus” ysp(t). Expanding in this fashion the stationary-
phase approximation, SPEN spatial resolution can be
enhanced at the expense of solving a linear set of

FIG. 1. Pulse sequences assessed in this DWI study of preclinical stroke at 21.1 T. The RF/ADC line displays both the RF pulses and

the timing of the FID acquisitions (ADC for Analogue-to-Digital Converter); the RO, PE/SPEN and SS rows display the gradients applied
along the readout, the SPEN- or phase-encoding and the slice-selective directions, respectively. a: Single-slice two-dimensional DW-
EPI, involving a low-bandwidth phase-encoded (PE) dimension and a high-bandwidth read-out (RO) one. b: DWI sequence involving a

hybrid spatiotemporal-domain encoding imparted by a chirp 90� pulse acting together with a gradient Gexc along the SPEN axis, and a
conventional k-space encoding along the RO dimension. FT is only required along the latter; the Gacq blips unravel the image pixel-by-

pixel along the SPEN axis. In both sequences, the shaded incremented waveforms indicate the action of the diffusion-sensitizing
pulsed-field-gradients.
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equations whereby every data point sampled, S
!ðtiÞ, is

used to deconvolve multiple spatial elements in the
r!SRðykÞ
� �

k¼1:::N
SR image.

The high sensitivity of diffusion measurements to arti-

facts arising from bulk motion makes single-shot imaging

techniques, and DW-EPI versions like the one shown in

Figure 1a in particular, foremost among the essential

components of MRI-based stroke research studies and

clinical diagnoses. DW-EPI, however, is vulnerable to

T2* blurring and other undesired effects like the geomet-

ric distortions emanating from either static or eddy-

current-induced field perturbations (9). The magnitudes

of these EPI artifacts will inversely scale with the speed

at which the low-bandwidth, phase-encoded direction is

transversed, and hence can be ameliorated by relying on

multisegmented acquisitions at the expense of overall

acquisition time. This operation becomes increasingly

common at higher fields, as background gradients will

increase in general in proportion to the operating mag-

netic field, and if not suitably compensated for they can

reduce the sensitivity benefits expected. Unless compen-

sated the net effect will be a reduction in the spatial

resolution and overall sensitivity of the method to acute

stroke, and a decreased diagnostic confidence on the

absolute quantification afforded by DW MRI exam at

higher field operations.

To bypass this handicap, we have begun to explore the
promise of fully refocused SR SPEN, using the DW SPEN

sequence in Figure 1b to measure in vivo diffusion at

ultrahigh fields. It follows from the arguments above that,

in this sequence, it is the local excitation phase profile

wexc that largely defines the final spatial resolution; this

in turn allows one to use stronger gradients—particularly

along the low-bandwidth dimension—to cope with field

inhomogeneities and/or with the presence of multiple

chemical shifts. Although a pulsed-gradient SE approach

can still be used to impart a diffusion weighting onto

these sequences, cross-talk terms between the imaging

and the DW gradients (21–23) can be substantial, and

must be accounted for to quantitate diffusion properly. In

a generalization of the Karlicek–Lowe formalism for non-

linear gradients that relates diffusion effects with the

spins’ rotating frame evolution phase (19):

wðt; zoÞ ¼ g

Z t

0

Bðt0; zoÞdt0; [3]

Shrot and Frydman showed that the signal attenuation
undergone by randomly diffusing spins in SPEN will be

given by AðtÞ ¼ SðtÞ
SoðtÞ ¼ exp �D �

Z t

0

dwðt0; zoÞ
dz

� �2

dt0

2
4

3
5 (24),

where So(t) is the signal in the absence of the diffusion-

sensitizing gradients, and D is the apparent diffusion

coefficient. A full analysis on how this equation can be

exploited in the DW-SPEN MRI experiment introduced

in Figure 1b is given in Ref. (14); that analysis was

used in this study for properly mapping water’s ADC

in the presence and absence of stroke.

METHODS

Middle Cerebral Artery Occlusion (MCAO)

The preclinical stroke was instituted with a MCAO ani-
mal model following procedures by Longa et al (15) and
Uluç et al (25). In short, Juvenile male Sprague-Dawley
rats (n¼ 4) weighing between 225 and 250 g were anes-
thetized with 5% isoflurane (Baxter, Deerfield, IL) in an
induction chamber and maintained on 3–4% isoflurane
during the surgical procedure. The common carotid
artery, external carotid artery, and internal carotid artery
were exposed by blunt and sharp dissection. A 3.0-cm
filament with a 0.35-mm thick and 2–3-mm long rubber
coating (Doccol Corp, Redlands, CA) was inserted
through the ECA. The filament was guided 1.9 cm into
the internal carotid artery or until the MCA was blocked.
The wound’s site was sutured and the animal was
allowed to recover during the 1-h long occlusion. Five
minutes prior to the end of the occlusion time the ani-
mal was reanesthetized, wound’s site opened, and the
rubber filament was slowly retracted form the MCA. Fol-
lowing wound closure, the animal was given 0.2 mL of
0.5% Bupivicaine (Hospira Inc., Lake Forest, IL) subcuta-
neously at the incision and 3 mL of warm phosphate
buffered saline (PBS) was administered intraperitoneally.
During the recovery, the animal was kept on a heating pad
to maintain constant body temperature. No unexpected
deaths occurred during the surgeries or during the imag-
ing sessions. All surgical procedures were carried out
under aseptic conditions and approved by Florida State
University’s Animal Care and User Committee.

MRI Imaging: Acquisition and Data Analysis

Imaging data were acquired using the National High
Magnetic Field Laboratory 21.1 T, 900-MHz ultrawide-
bore vertical magnet (16), possessing a bore diameter of
105 mm. The magnet was equipped with a Bruker
Avance III console and acquisition was performed with
Paravison 5.1 software (Bruker-Biospin, Billerica, MA)
using 64-mm inner diameter high performance gradients
with gradient peak strength of 0.6 T/m (Resonance
Research, Inc., Billerica, MA). The maximum strength
applied was 66.8% of peak gradient strength. All ani-
mals were imaged with a homebuilt quadrature surface
coil with an inner diameter of 33 mm. The RF coil was
attached to a homebuilt probe body and bite-bar to
which the animal was suspended while supplying con-
tinuous flow of oxygen and anesthesia (isoflurane). The
probe was equipped with a pneumatic pillow (SA Instru-
ment, Stonybrook, NY) for respiration monitoring and all
acquisitions were gated during to respiration. Prior to
imaging the animals were anesthetized with 5% isoflur-
ane and once inside the magnet they were kept anesthe-
tized at a steady respiration rate with �2% isoflurane
and the animal was kept at a constant 37�C body
temperature.

Sequences were custom-written and are available upon
request. Common acquisition parameters for all sequen-
ces included FOV 32 � 32 � 2 mm and matrix size of
100 � 100. DW-SPEN and DW-EPI images were acquired
with six nominal b-values values (0, 200, 400, 600, 800,
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and 1000 s/mm2) along the principal axes with D¼ 9.81
ms, d¼ 3.5 ms, and repetition time (TR) ¼ 12 s. Multi-
scan DW-SE images were acquired with the same geome-
try as DW-EPI and DW-SPEN, but to reduce acquisition
time only four nominal b-values (0, 250, 750, and 1000
s/mm2) were used. In this latter case, TR ¼ 4500 ms and
echo time (TE) ¼ 25ms, which with two averages
resulted in a 1.5-h scan time. Further imaging and DW
parameters used in these various experiments are
detailed in the corresponding figure captions.

ADC maps for the DW-SPEN were calculated incorpo-
rating all background gradient corrections according to
Solomon et al. (14). These calculations, as well as an
image processing involving the SR algorithm (18), were
executed in MATLAB (Natick, MA). To account for the
distortions observed in the EPI, the brain for each diffu-
sion weighting and direction was segmented and regis-
tered to the b¼ 0 image of each respective direction
using AMIRA (FEI Visualization Sciences Group, Bur-
lington, MA). No such procedure was needed or imple-
mented for DW-SPEN MRI. Regions of interest then were
drawn to cover the stroke and the contralateral side to
obtain mean signal intensity values. ADCs were calcu-
lated using the signal intensity values from each respec-
tive sequence versus effective b-values, and fitted with a
two-parameter exponential function that used the Leven-
berg–Marquadt algorithm using MATLAB. ADC maps
also were generated in MATLAB using a pixel-by-pixel
fit of the two-parameter exponential fit for all datasets.
For multiple comparisons, statistical analysis was per-
formed by using a one-way analysis of variance and Bon-
ferroni post-hoc test with significance determined at
P� 0.05 (SPSS20, IBM Corp, Chicago, IL).

RESULTS

Figure 2 shows in vivo rat brain images arising from four
different sequences. T2-weighted SE coronal images (Fig.
2a) clearly show brain features such as hyperintense ven-
tricles and corpus callosum within the skull. Despite our
efforts, single-segment EPI acquisitions yielded images
that were severely distorted by susceptibility contribu-
tions and Nyquist ghosting along the phase-encode axis.
These low-bandwidth artifacts could be compensated
using four interleaved segments; anatomical discrimina-

tion of brain landmarks then is improved substantially
(Fig. 2b,c). Notably, SPEN images revealed features simi-
lar to the four-segment EPI and the multiscan SE images,
even if collected on a single shot, validating the robust-
ness of fully refocused SR-SPEN sequences to deal with
T2

*-like artifacts even at the highest fields.
Magnitude anatomical images of a representative

stroked animal arising from the sequences in Figure 1
with b 5 0 as well as from DW-SE MRI and multiseg-
mented DW-EPI are shown in the top row of Figure 3.
Illustrated in this figure’s bottom panels are the ADC
maps derived from these sequences (23–25,28). Hyperin-
tense stroke regions characteristic of toxic edema and
swelling associated with the arterial occlusion are evi-
denced in all images, and ADC maps reveal darkened
regions of reduced diffusion in ipsilateral (stroke) areas
compared with contralateral (healthy) tissues. The multi-
scan SE acquisitions provide the greatest anatomical dis-
crimination of healthy versus stroked tissue. Here, stroke
boundaries exhibit a marked delineation that is espe-
cially visible in the ultrahigh-field ADC map. As in the
experiments presented in Figure 2, however, single-
segment DW-EPI suffered from susceptibility distortions
and Nyquist ghosts (Fig. 3c). With these unfavorable
image characteristics, delineation of the stroke region is
possible, but challenging, even with individual nonlinear
registration of successive b-value images. To reduce
bandwidth-related susceptibility distortions, four-
segment DW-EPI experiments were performed. The cor-
responding images were still compromised by ghosting
artifacts, likely reflecting motion- and/or phase-derived
instabilities during the acquisitions of the multiple
phase-encoded interleaves. For all EPI acquisitions, geo-
metric artifacts were corrected prior to regions of
interest-based ADC analysis by segmenting and register-
ing each of the DW images to the b 5 0 scan for each
respective diffusion direction. This nonlinear registration
improved the image quality and provided data resem-
bling the SE images in terms of their ability to resolve
the regions affected by stroke (Fig. 3e). But geometrical
distortions and blurring are still evident upon translating
these images into a common ADC map (Fig. 3f). By con-
trast, the DW-SPEN experiment provided nearly artifact-
free magnitude images in a single scan, which allowed
one to readily identify the stroked region. Similarly, DW-

FIG. 2. In vivo rat brain images acquired at 21.1 T. a: Two-dimensional multiscan SE MRI acting as reference. b: Single-segment EPI. c:

Four-segment EPI acquisition (26,27). d: Single-segment SPEN MRI. Common single-segment EPI and SPEN scan parameters: 320 �
320 mm in-plane acquisition resolution, 2-mm slice thickness, FOV¼32 � 32 mm2, 100 � 100 pixel matrix. For SE, the Gro¼2.4 G/cm

and Tacq¼2.7 ms while for EPI these parameters were Gro¼17.4 G/cm and Tacq¼0.3 ms. For the SPEN sequence Texc¼40 ms, and
Gexc¼1.02 G/cm; each slice’s segment in the multishot EPI acquisition was 40 ms long. Multiscan parameters: acquisition reso-
lution¼320 � 320 mm2 (100 � 100 pixel matrix), TE¼25 ms, TR¼4500 ms. In all images, the PE/SPEN axes are along the vertical.

Magnitude b 5 0 images from DW sets are shown with total acquisition times of 1.5 h (4 b-values) in (a), 3 m 36 s (6 b-values) in (b), 14
m 24 s (6 b-values) in (c), and 1 m 12 s (6 b-values) in (d).
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SPEN datasets yielded undistorted ADC maps of the
brain (Fig. 3g,h). Both the ischemic region in magnitude
images and in the ADC maps for DW-SPEN, correspond
to those observed in the benchmark DW-SE image. An
interesting further observation is that the diffuse gra-
dients observed in single-scan SPEN at the boundaries of
the stroked region were not always identical to those
observed in the multiscan DW-SE or in the DW-EPI
acquisitions. While this might be suggestive of the differ-
ent techniques’ varying sensitivities to ischemic penum-
bra (26,27), quantitative investigations to confirm this
statement require a larger statistical cohort—as well as
corroborating non-MR methods such as computed tomog-
raphy and histological analysis.

Following these verifications, average ADCs from n 5

4 stroked animals were determined by regions of interest
analysis of the ipsilateral (stroked) and the contralateral

(healthy) regions. The stroke regions were identified
using the b¼ 0 MRI images and were manually placed
along the boundaries of the stroke, while a correspond-
ing region was chosen on the contralateral side. The
impact of recovery on the average ADC values was fol-
lowed at 24, 48, and 72 h poststroke: an overall gradual
increase in the ADC is expected post occlusion, as has
been observed in humans (28–30) and animal models
(31–33). All approaches evidenced higher ADCs for con-
tralateral than the ipsilateral hemispheres (Fig. 4), and
no significant differences between ADCs at various time
points on the contralateral side of the stroke. All sequen-
ces also succeeded in evidencing a recovery trend, as
revealed by a tendency of the ipsilateral ADCs to
approach the higher contralateral values over time. The
single-shot DW-EPI and DW-SPEN data revealed a mono-
tonic increase in average ADC values, while the DW-SE

FIG. 3. In vivo magnitude DW images (b 5 0, top row) and ADC maps (bottom row) acquired at 21.1 T on a stroked rat at 24 h post-

MCAO occlusion. a: Two-dimensional multiscan SE MRI image. b: Two-dimensional SE-DWI ADC map. c: One-segment EPI image. d:
One-segment DW-EPI ADC map. e: Masked one-segment DW-EPI registered across b-values. f: Registered and masked one-segment

DW-EPI ADC Map. g: Four-segment EPI image. h: Four-segment DW-EPI ADC map. i: Masked four-segment DW-EPI registered across
b-values. j: Registered and masked four-segment DW-EPI ADC Map. k: Single-shot SPEN MRI image. l: Single-shot DW-SPEN ADC
map. All images were acquired using the scanning parameters detailed in Figure 2; the nominal b-values used in these experiments

were as described in the Experimental with diffusion delays d¼3.5 ms and D¼9.8 ms. The impacts of the imaging gradients and their
various cross-terms were included the b-value calculation to derive the ADC maps shown on the bottom row.

FIG. 4. Comparison between the average ADC progression revealed by DW-SE, DW-EPI, and DW-SPEN MRI, for n¼4 stroked rats. a:
Ipsilateral stroke ADCs; b: contralateral healthy ADCs. All results are shown for single-scan DW-SPEN, single-segment DW-EPI, four-
segments DW-EPI and DW-SE, measured 24, 48, and 72 h post-MCAO. Analyses for which statistically significant ADC differences

among pairwise observations were detected are indicated by the horizontal brackets in (a); these correspond to P�0.05 confidence
intervals as derived from analysis of variance and Bonferroni post-hoc tests.
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revealed a significant increase between the 24 and 72-h
time points (P¼ 0.007 for DW-SPEN, P¼ 0.02 for one-
segment DW-EPI, and P¼ 0.021 for DW-SE). Differences
in the ADC statistics for these various sequences may lie
in the increased ghosting artifacts affecting the DW-EPI,
and on the sensitivity of longer multishot scans to
motion artifacts. Still, either a larger cohort of animals or
multislice implementations of the SPEN and EPI experi-
ments are needed to better the statistical analysis.

DISCUSSION AND CONCLUSIONS

Like EPI, SPEN is an imaging technique that can deliver
its multidimensional MRI information in a single scan.
Unlike EPI, however, SPEN is not based on FT princi-
ples; this independence can endow this method with a
remarkable insensitivity to field inhomogeneities. Com-
pounding this robustness is the possibility of implement-
ing SPEN in a “full-refocusing” mode, whereby all T2

*-
related effects are largely eliminated throughout the
course of the data acquisition process. Finally, sensitiv-
ity and specific absorption rate (SAR) limitations that
characterized the initial forms of SPEN have been allevi-
ated by the introduction of stable postprocessing algo-
rithms based on SR concepts. Given these features, it
was natural to explore the promise of fully refocused SR
SPEN for analyzing diffusion at ultrahigh field.

Several factors impact the measured ADC, including
acquisitions parameters, the b-value range, occlusion
time and initial stroke lesion size (33). In studies with
similar parameters, ADC values on the ipsilateral side
have been reported in the same range as found in this
study, namely 0.5–0.8 mm2/ms at field strengths between
4.7 and 7 T (34–36) These studies used only two to three
b-values in three directions, and MRI was done 3–4.5 h
post occlusion, which is after the initial acute phase (0–3
h post occlusion). In agreement with the current data,
Reid et al. also reported on a 0.8 mm2/ms on the contralat-
eral side. It should be noted, however, that there exists a
dynamically changing magnetic susceptibility background
during the evolution of stroke, which has been docu-
mented with susceptibility weighted imaging in cerebral
microbleeds, pediatric arterial cerebral stroke and even
venous flow following ischemia (37–40). It is well estab-
lished that these background susceptibilities provide
uncontrolled and uncompensated gradients, which are
amplified at higher fields, and that can obscure diffusion
quantification (41). Even underlying anatomical features
can present susceptibility differences that can impact dif-
fusion measurements, particularly at high fields (42).

The present study summarizes initial tests on in vivo
rat models, and evidences both SR SPEN’s robustness
vis-�a-vis EPI as well as the advantages stemming from
high-field operation in terms of signal-to-noise and reso-
lution. It also was found that although interleaved multi-
segment EPI could cope with field distortions and yield
images comparable to those arising from SPEN, this strat-
egy was not reliable—and in fact, was inferior to its
single-shot EPI counterpart—when attempting to extract
reliable ADC values. This disadvantage adds to the nega-
tives that multiscan methods exhibit when dealing with
large cohorts of stroke samples, when trying to time their

response to contrast agents, or when attempting diffusion
tensor measurements—all of these instances where the
lengthened acquisition times related to multiscanning,
can simply become too restrictive. In general, it was evi-
dent that DW-SPEN acquisitions can provide very high-
field images that are substantially less distorted than
those arising from single-segment DW-EPI, with ADC
values reliability on par with benchmark measurements.

The SPEN sequences used in this work possess a num-
ber of features worth discussing within the context of
high-field diffusion studies. One of these pertains our use
of the full-refocusing condition, which makes SPEN’s
minimum echo times longer than those of SE EPI counter-
parts. At ultrahigh fields, where T2s are shortened, this
translates into losses in the sensitivity that should be pro-
vided by the 21 T platform; despite these losses, we
found that the quality improvements brought about by
full-refocusing made the use of these longer times worth-
while. Another feature worth remarking is the spatially
dependent b-values inherent to the DW SPEN experiment;
accurate calculations of the ADCs require accounting for
these “b-maps” on the basis of the pulses and gradients
timings and magnitudes in the imaging sequence (14).
Also the T2 weighting arising in SPEN will exhibit a spa-
tial dependence, weighting the image throughout its field
of view according to the TE required for the refocusing of
each voxel. While factoring out from the final ADC maps
in a normalized Stejskal-Tanner b-based calculation, intra-
voxel T2 distributions may bias the ADC measurements
due to potential contributions from longer-lived spin sig-
nals, weighting in at longer spatial encoding echo times.

Additional improvements can be conceived on the
basic DW-SPEN sequence implemented here, including
the incorporation of parallel-receive technologies, multi-
slice extensions and multisegment interleaved acquisi-
tions (43,44). Also desirable are the incorporation of
ancillary B1 and Bo mappings to further compensate dis-
tortions upon image excitation and reconstruction, and
extensions to tensorial diffusion measurements. More-
over, it is clear that implementing these kind of experi-
ments on ultrahigh-field scanners could provide a time
savings that facilitate high-throughput studies involving
larger statistical cohorts, that could in turn enable meas-
urements of diffusion-perfusion mismatches in ischemic
stroke (26). The potential of this unique combination of
high-field sensitivity and temporal resolution in the
study of stroke and other forms of brain-related disease
models, is under evaluation.
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