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ABSTRACT
AIm: We have applied diffusion tensor imaging (DTI) to interrogate microstructural changes in white matter integrity in a widely used
middle cerebral artery occlusion (MCAO) model of cerebral ischemia.
MaterIal and Methods: We performed ex vivo DTI 35 days after 60 minutes transient focal ischemia in male spontaneously
hypertensive rats and generated fractional anisotropy (FA), mean, axial and radial diffusivity maps. Regions of interest corresponding
to external capsule (EC), corpus callosum (CC) and internal capsule (IC) were compared among sham and stroked rats. We compared
tractographic projections of white matter fiber patterns and examined white matter integrity by Luxol fast blue histological analysis.
We also determined infarct lesion volumes at 24 hours post-ischemia by T2-weighted magnetic resonance imaging (MRI) or at 35
days by histological staining with cresyl violet.
Results: We found alterations in EC and IC, but not CC, as represented by decreased FA and increased mean, axial and
radial diffusivities. The size of the ischemic lesion detected subacutely by T2-weighted MRI or at 35 days by histological staining
correlated with the decline in FA in the affected structures. Tractography revealed disruption of fiber trajectories through the EC and
reorientation of fibers within the caudate/putamen of rats subjected to MCAO. Similarly, loss of white matter integrity in the EC and
increased white matter density in the caudate/putamen along the infarct border zone was evidenced by Luxol fast blue staining.
ConclusIon: Diffusion tensor imaging therefore allows for monitoring of white matter injury and reorganization in hypertensive
rats.
Keywords: Diffusion tensor imaging, Middle cerebral artery occlusion, Cerebral ischemia, External capsule, Internal capsule
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Introduction

Non-invasive imaging of the central nervous system (CNS)
has advanced significantly over the last several decades with
the development of a variety of magnetic resonance-based
imaging (MRI) modalities. Conventional protocols include
T1-weighted imaging, which provides anatomical detail with
good resolution, and T2-weighted imaging, which can detect
the location of edematous tissue from ischemic damage or
traumatic brain injury, as well as reveal the presence of brain
tumors. Diffusion-weighted imaging is highly sensitive to
the early hyper-acute effects of cerebral ischemia and has
been combined with perfusion-weighting to estimate the
boundaries between ischemic core and penumbra (potentially
salvageable tissue), although this approach has some pitfalls
(12, 50).
Diffusion tensor imaging (DTI) is an extension of diffusion
weighting that is used to examine the structure and integrity
of white matter tracts (36). Diffusion-weighted imaging adds
a complementary pair of pulsed magnetic gradients to the
MRI sequence prior to signal acquisition. The first pulse
generates spatial encoding and the second pulse removes
it, such that the net signal generated by stationary molecules
is unaffected. If molecules move during the interval between
the two gradient pulses, however, the spatial encoding cannot
be completely removed and some signal is lost—the greater
the diffusion, the greater the signal attenuation. DTI collects
a series of diffusion-weighted images using paired pulsed
gradients applied in multiple non-colinear orientations and
uses these data to construct a mathematic model of the
three-dimensional diffusion of water, the diffusion tensor (2).
The diffusion tensor ranges from spherical to highly ellipsoid,
depending upon how highly directional is the water diffusion in
the tissues. One convenient measure derived from the diffusion
tensor is fractional anisotropy (4), which is an indicator of the
overall extent of directional water movement, with values
ranging between 0–1 (higher represents greater anisotropy).
Fractional anisotropy is frequently employed because it is
rotationally invariant. The tissue architecture of the central
nervous system (e.g. cell membranes and myelin fibers)
produces greater barriers to diffusion occurring perpendicular
to the orientation of the nerve fibers, relative to diffusion along
the lengths of the fibers (37). By taking advantage of this
characteristic, DTI can be used to determine the directionality
of white matter structures within a given voxel and map nerve
fiber tracts within the brain and spinal cord (3, 36). This allows
for an assessment of the extent of damage to such structures
following ischemia or traumatic brain injury. Key advantages
of DTI over histological methods of white matter assessment
include the ability to image an intact brain, avoiding the
potential distortions of tissue architecture that may result
from sectioning, and the ability to produce tractographic
projections of nerve fiber orientation and organization.
DTI is being increasingly applied to animal models of CNS
injury, including those involving neonatal hypoxia-ischemia
and stroke (8-10, 15, 43, 62). Previous rodent studies have
examined white matter injury following experimental focal
ischemia in normotensive rats (25, 43, 44, 62) or studied

spontaneous changes in DTI in hypertensive rats (6, 35). As far
as we are aware, no reports have applied DTI to hypertensive
rats that have been subjected to MCAO. Hypertension is a
major risk factor for human stroke (19, 40) and hypertensive
rats can have an increased susceptibility to focal ischemic
injury relative to normotensive strains (13, 16, 17). In this report,
we have utilized DTI to examine white matter injury following
transient focal ischemia in spontaneously hypertensive rats
(SHRs). We find clear evidence of injury to the EC and IC 35
days after stroke and correlate this to other assessments
of cerebral injury, such as T2-weighted MRI (T2w-MRI) and
histological staining. Finally, we apply tractography to visualize
three-dimensional patterns of white matter tract organization
after transient ischemic injury.
█

Material and methods

Animals and Middle Cerebral Artery Occlusion
All animal experiments were performed under protocols
approved by Animal Care and Use Committees of
the University of Wisconsin-Madison. Spontaneously
hypertensive rats (SHR/NCrl) were obtained from Charles
Rivers Laboratories (Wilmington, MA, USA). MCAO surgery
was performed similarly to that described previously (33, 60).
Rats were anesthetized with isoflurane and the presumptive
incision area was shaved and disinfected with Betadine,
prior to administration of 0.2 ml 0.5% bupivacaine for local
analgesia. Under an operating microscope, the left common
carotid artery (CCA), external carotid artery (ECA) and internal
carotid artery (ICA) were exposed through a ventral midline
incision, dissected free from the surrounding fascia and nerves
and the ECA was tied off with a silk thread. Micro-aneurysm
clips were temporarily placed on the CCA and ICA and a small
arteriotomy was made on the ECA. An approximately 20 mm
length of silicon-coated monofilament nylon suture (Doccol
Corporation, Sharon, MA) was inserted through the arteriotomy
on the ECA and advanced into the ICA to the origin of the
MCA, effectively occluding the MCA for 1 hour. The remaining
microclip was removed from the CCA and the surgical incision
was temporarily closed using a silk thread suture. After 1 h
of occlusion, the incision was reopened and the intraluminal
nylon suture was withdrawn to allow for reperfusion (the ECA
was permanently tied off with silk thread suture). Prior to
closing, 1 ml sterile saline was added to the incision region
to reduce dehydration and the site was closed with suture.
Body and cranial temperatures were maintained by placing
the rat on a thermostat-controlled water-filled heating pad at
37–38°C during surgery. Sham-operated controls received
midline neck incision and dissection without arteriotomy,
followed by subsequent closure with silk thread suture. All rats
received post-surgical analgesia by intraperitoneal injection of
buprenorphine (0.05 mg/kg body weight). Total surgery time,
including 60 min occlusion period, was less than 2 h.
Data presented in this study come from a larger unpublished
project investigating the effects of injecting human embryonic
stem cell-derived mesenchymal stromal cells (MSCs; 2 x 107
cells), or MSC-conditioned culture medium (CM) on the in vivo
response to MCAO. Rats injected with Dulbecco’s phosphateTurk Neurosurg 26(4): 500-512, 2016 | 501
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buffered saline (DPBS) or unconditioned culture media (UCM,
complete Dulbecco’s modified Eagle’s medium) were used
as control groups. All injections (1 ml) were done in the
femoral vein, at 24 hr post-MCAO, shortly after the T2 image
acquisition timepoint. In total, 70 rats were subjected to MCAO
and received injections. Of these, 68 rats were subjected to
T2w-MRI at 24 hr, which revealed 10 rats that had failed to
develop infarcts with clear cortical involvement and thus were
excluded from the study. Fourteen rats died prior to the end of
the study (20% mortality) and were excluded. Infarct volume
data presented in the bar graph figure correspond to DPBS
group rats for which infarct data were measured at all three
time points by either T2w-MRI or cresyl violet staining (N=7).
Ex vivo DTI was performed on a total of 20 rats subjected to
MCAO (5 from each treatment group), as well as on 4 sham
control rats. Ipsilateral and contralateral DTI bar graph data
were taken from the DPBS control group only (N=5), labeled
as “MCAO” in the bar graph figure, and the sham rats (N=4).
Correlation analyses used combined data from DPBS-, MSC-,
CM-, and UCM-injected rats (total N=20).
In vivo T2-Weighted Magnetic Resonance Imaging
Rat MRI was performed with the assistance of the University
of Wisconsin Small Animal Imaging Center. Rats were
anesthetized with isoflurane (1–3%) and positioned in a Varian
4.7T small animal MRI scanner using a Varian rat radiofrequency
coil. The animal’s respiratory rate was monitored during
scanning and body temperature was controlled using either
a water circulating heating pad or a warm blown air system.
Rats were imaged at approximately 18–24 h and 5 days after
MCAO. T2-weighted fast spin echo images (TR = 3500 ms;
effective TE = 67.54 ms; echo train length = 8; matrix size
= 128 x 128; number of averages = 8) were acquired from
17 contiguous axial slices with a field of view of 17 x 17 mm
and a slice thickness of 1 mm. T2 acquisition time was 287
s and total time in the magnet was 7 min per animal. Masks
of healthy (un-infarcted) tissue in ipsilateral and contralateral
hemispheres were created for each slice showing an infarct
using ImageJ and infarcted tissue volumes were calculated
using the indirect method, which reduces the varying effects
of edema on infarct volumes during sequential time-points
(31, 58): healthy contralateral area minus healthy ipsilateral
area, with the difference divided by the healthy contralateral
area for each slice; the resulting area values were multiplied by
the distance between sections and summed across all slices
to determine the infarct volume, expressed as a percentage of
the contralateral hemisphere (%CLH).
Tissue Harvesting and Cresyl Violet Staining
At 5 weeks post-MCAO, rat brain tissues were fixed in situ
under deep isoflurane anesthesia by intracardial perfusion
with freshly prepared 4% paraformaldehyde in 1X phosphatebuffered saline (PBS). Subsequently, the brains were extracted
and post-fixed in 4% paraformaldehyde for at least 3 days
prior to placement into 30% sucrose solution (in 1X PBS) for
longer term storage at 4°C, if needed. At least 24 h prior to ex
vivo DTI (see below), brains were transferred back into 1X PBS
to fully hydrate the samples.
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After DTI was completed, the rat brains were returned to 30%
sucrose until further processing. Rat brains were cut into 35
μm sections using a freezing microtome and the slices were
transferred into freezing solution (30% ethylene glycol, 30%
glycerol in 1X PBS) for storage at -20°C. Sections used for
histological staining were either mounted directly after cutting
or thawed, rinsed three times in 1X PBS and mounted.
Cresyl violet (Nissl) staining was used to histologically assess
the extent of cerebral infarction at the study endpoint of 5
weeks post-MCAO. Tissue sections went through sequential
cycles (2 min each) of defatting in 70%, 95%, and 100%
ethanol, followed by three cycles in 95%, 70% ethanol and
water, prior to staining with 0.5% cresyl violet (C50242, Sigma
Chemical Company, St. Louis, MO, USA). The sections were
differentiated in 70%, 95%, and 100% ethanol (30 sec each),
prior to a 2 min wash in 100% ethanol. Following two rinses
in xylene (1 min each), the sections were mounted and coverslipped. Images were acquired using a flatbed scanner and
analyzed with ImageJ using the indirect method to determine
infarct volume, as described above for T2-weighted images.
Luxol Fast Blue Staining
Luxol fast blue staining was performed to visualize white
matter structures through the detection of myelin. Frozen
brain sections were obtained as described above, rinsed
three times in 1X PBS and mounted. Sections were treated
overnight in 0.1% Luxol Fast Blue Stain Solution (Newcomer
Supply, Middleton, WI) at 60°C, followed by 2–3 rinses
each in 70% ethanol and water. Tissues were individually
differentiated in 0.5% lithium carbonate for approximately 30
seconds, followed by 2 rinses in 70% ethanol for 1 minute
each or until gray and white matter could be distinguished.
Sections were rinsed briefly in water, counterstained in 0.5%
cresyl violet for 1 h at room temperature and then rinsed twice
in 100% ethanol and once in xylene for 1 minute each, prior
to coverslip mounting. Images were acquired using a Keyence
BZ9000 microscope at 4X and stitched in BZ Analyzer II
software to produce a view of the entire section. High power
images were acquired at 20X magnification.
Ex-vivo Diffusion Tensor Imaging
Preliminary trials employing echo planar imaging sequences
(required to keep scan times short enough to be practical)
for in vivo DTI yielded relatively poor quality, low resolution
images using the Varian MRI system available to us; these
images were not readily amenable to analysis using defined
white matter regions of interest. We therefore pursued exvivo imaging in order to be able to employ considerably
longer spin echo pulse sequences to generate images with
significantly improved resolution. Paraformaldehyde-fixed rat
brains were rehydrated overnight in 1X PBS and positioned
inside a syringe filled with fluorinert FC-3283 solution at
room temperature within a Varian mouse radiofrequency
coil. A pulsed gradient multi-slice spin echo pulse sequence
was employed (TE= 24.17 ms; TR = 2000 ms; matrix size =
256 x 256; number of averages = 3; 30 slices; field of view
of 32 x 32 mm; 0.5mm slice thickness; diffusion gradient =
22.80 G/cm, δ = 4.50 ms, Δ= 10.80 ms; b-value = 1007.90 s/
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mm2). For each axial slice, 3 non-diffusion-weighted images
and 30 diffusion-weighted images with distinct and uniformly
distributed diffusion gradient directions at the same b-value of
1007.90 s/mm2 were acquired, as suggested by Jones et al.
(24). Fractional anisotropy, mean diffusivity, axial diffusivity and
radial diffusivity maps were created using FMRIB’s Diffusion
Toolbox, (FSL, Oxford, UK). Images were eddy current
corrected to remove gradient coil distortions, and a binary
brain mask generated. Computation of the diffusion tensor
was performed using HI-SPEED software (http://sites.google.
com/site/hispeedpackets/), which utilizes the constrained
nonlinear least squares method of estimation as described in
Koay et al. (28) to ensure that the estimated eigenvalues of the
diffusion tensor are non-negative.
For DTI analysis, region of interest masks of ipsilateral and
contralateral CC, EC and IC were manually drawn on each
slice of the non-diffusion-weighted image using ImageJ
(http://rsb.info.nih.gov/ij/) software and the masks then
applied to the FA and diffusivity maps. Standardized criteria
based on the healthy contralateral image were established
to determine which optical slices to evaluate for each white
matter structure, such that DTI sets being compared were
similar for a given structure. Specifically, regions of interest
were created on standardized sets of slices according to the
following criteria: CC & EC, beginning with the first slice to
show a contiguous EC–CC structure and ending with the last
slice prior to separation of the corpus callosum (10–14 slices
per brain); IC, beginning with the first slice with an apparent
IC in the healthy contralateral hemisphere and ending with
the last slice prior to apparent merging of the IC and cerebral
peduncle (6–8 slices per brain). Because loss of white matter
integrity was visually obvious, but would not necessarily be
reflected if only the remaining healthy white matter were used to
calculate mean values, we based ipsilateral structural regions
of interest on their mirrored healthy contralateral counterparts,
subjected to refinement to better match the contours of the
existing ipsilateral structures. All region of interest masks
were reviewed by at least two individuals. Mean values were
calculated based on the sum of all slices evaluated for a given
structure. Relative FA is derived from the ratio of ipsilateral
mean FA to contralateral mean FA. There were no significant
differences in the contralateral hemisphere FA values between
sham controls and the MCAO group so we used relative FA to
correlate white matter injury to the infarct size determined by
T2-weighted imaging or cresyl violet staining in Figure 4.
Fiber tractography of sham and MCAO rat brains was obtained
using the deterministic fiber tracking algorithm in DSI Studio
(68). Fiber tracking was seeded with the corpus callosum
regions of interest used in the measurement of diffusivity
parameters and propagated until no orientation was found in
the propagation direction. A maximum turning angle of 60°
was used with a step size of 0.62 mm (i.e., half of the spatial
resolution).
Statistical Analysis
Statistical analyses were performed in Prism 6 (GraphPad,
La Jolla, CA). Infarct volumes were compared using
repeated measures one-way analysis of variance, followed

by Tukey’s post-tests. Diffusivity and anisotropy parameters
were compared by repeated measures two-way analysis of
variance, followed by Šídák’s post-test with correction for
multiple comparisons using a family-wide alpha=.05. Mean ±
standard deviation values are presented. Correlation analyses
were calculated using Pearson’s correlation coefficient and
best fit linear regressions with the 95% confidence interval of
the best fit are shown in the plots. P values for the correlation
coefficients are uncorrected for multiple comparisons. The
significance threshold to maintain a family-wise alpha of 0.05
across 12 comparisons (which includes the nine correlations
shown, as well as the correlation calculations among infarct
volumes and corpus callosum relative FA that are not shown)
would be P=.00427 using Šídák’s correction (1).
█

Results

Determination of Infarct Volumes
Spontaneously hypertensive rats subjected to 60 min of
MCAO (using the intraluminal suture model (29, 34, 60)) were
assessed for the extent of infarct development approximately
18–24 h after surgery using T2w-MRI; a subsequent T2w-MRI
was also performed 5 days after surgery. At 24 h post-MCAO,
a sharply demarcated region of increased T2 signal intensity
was clearly seen in the ipsilateral hemisphere (Figure 1A).
While the infarct lesion generally appeared brighter on images
acquired at 5 days post-MCAO (Figure 1B), there was no
difference in mean infarct volumes between 24 h and 5 days
post-surgery (Figure 2A; P=.8730). Final infarct volumes were
determined histologically 35 days after surgery by staining
with cresyl violet (Nissl stain) (Figure 1C). Mean infarct volumes
assessed histologically were not significantly different from
T2-weighted MRI-based estimations at the two earlier time
points (Figure 2A; P=.3248, T2w 24 hr vs CV; P=.2053, T2w
120 hr vs CV). We also observed good correlation between
T2w-MRI-derived and CV-derived infarct volume estimates
among individual rats for all three time point comparisons
(Figure 2B).
Ex-vivo Diffusion Tensor Imaging
In order to determine the extent to which 60 min of MCAO
resulted in loss of white matter integrity, we performed exvivo diffusion tensor MRI on fixed brains harvested from rats
35 days after sham or MCAO surgery. We examined white
matter structures, such as the corpus callosum (CC), external
capsule (EC) and internal capsule (IC), for changes in multiple
DTI parameters including fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD; also called λ) and radial
diffusivity (RD, also called λ⊥)(Figure 3A–E).
We observed a decrease in FA values in the ipsilateral EC and
IC of rats subjected to MCAO, indicating less directional water
diffusion (Figure 4A; MCAO ipsi vs contra, EC P=.0012, IC
P=.0119; sham ipsi vs MCAO ipsi, EC P<.0001, IC P=.0191).
Additionally, these regions demonstrated an increase in mean
diffusivity (Figure 4B; MCAO ipsi vs contra, EC P=.0098, IC
P=.0015; sham ipsi vs MCAO ipsi, EC P=.0017, IC P<.0001).
This pattern of increased mean diffusion with decreased
directional diffusion is commonly seen in sub-acute to early
Turk Neurosurg 26(4): 500-512, 2016 | 503
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Figure 1: Regions of interest
used to calculate infarct volumes
in representative T2-weighted
and cresyl violet-stained axial
brain images from the same
individual rat subjected to 60
min left MCAO. (A) T2-weighted
images at 24 h post-MCAO.
(B) T2-weighted images at 5 days
(120 h) post-MCAO.
(C) Cresyl violet-stained images
at 35 days post-MCAO. Regions
of healthy hemispheric area used
to calculate infarct volume are
shown.

Kujoth GC. et al: DTI in Hypertensive Rat Stroke

A

b

Figure 2: (A) Mean infarct volumes assessed by T2w-MRI at 24 h or 5 days (120 h), and by cresyl violet staining at 35 days after MCAO
(CV d35). Infarct volumes were calculated using the indirect method and are presented as a percentage of the healthy contralateral
hemisphere. Error bars represent standard deviations. (B) Correlations among infarct volumes determined by T2w-MRI at 24 h or 120
h after MCAO and by cresyl violet staining at 35 days after surgery. Pearson’s correlation coefficients were calculated for the indicated
pairs of measurements. The best fit linear regressions (red) and their 95% confidence intervals (blue dotted lines) are also shown. %CLH,
percent contralateral hemisphere volume.

chronic stages after ischemic injury (7, 15, 32, 53). In order
to determine whether the decrease in FA we observed in
the ipsilateral IC and EC was due to demyelination or loss
of axonal fibers, we next determined the axial and radial
diffusivity values in each region. Radial diffusivity increased
in the ipsilateral EC and IC in rats subjected to MCAO (Figure
4C; MCAO ipsi vs contra, EC P=.0070, IC P=.0008; sham
ipsi vs MCAO ipsi, EC P=.0010, IC P<.0001), suggesting
that demyelination contributed to the loss of anisotropy that
we observed. Interestingly, we also observed an increase in
axial diffusivity in the IC and EC (Figure 4D; MCAO ipsi vs
contra, EC P=.0205, IC P=.0423; sham ipsi vs MCAO ipsi,
EC P=.0046, IC P=.0004), suggesting a component of axonal
degeneration. We found no differences in FA, MD, AD or RD
among contralateral versus ipsilateral corpus callosum in
stroked or sham rats.
The extent of white matter injury as determined by decreased
FA at day 35 was correlated to the lesion size determined by
T2w-MRI at 5 days post-surgery for both EC and IC (Figure
5) Although below P=.05, the correlation coefficient for the
comparison between EC FA and 24 h T2w-MRI infarct lesions
did not reach statistical significance when corrected for
multiple comparisons (Figure 5A). Loss of FA also correlated
with histological assessment of infarct size by cresyl violet
staining for EC (Figure 5A). No correlation between relative
FA and lesion size as determined using either T2w-MRI or CV
was observed for CC (data not shown).
Fiber Tractography
We next employed tractographic projection using a deterministic algorithm to visualize white matter topology in stroked
versus sham rat brains. We seeded the projections using the
CC regions of interest that we outlined for the two-dimensional DTI analyses. Loss of fiber tracts through the infarcted regions was readily apparent in rats subjected to MCAO (Figure
6). We also observed a reorientation of fibers in the ipsilateral
caudate/putamen of stroked rats compared to the pattern
present in sham animals, suggestive of white matter reorganization along the boundary regions of the infarct.

Histological Assessment of White Matter Integrity
Finally, we corroborated our DTI results by examining fixed
brain slices for white matter integrity using Luxol Fast Blue,
which stains myelin basic protein in the nerve sheath. We
saw well-defined white matter structures, including EC, CC,
IC, anterior commissure, lateral olfactory tract and the optic
tract in brain sections from sham rats. Brain sections from rats
subjected to MCAO, however, displayed severe disruptions in
the EC, and in some cases, posterior portions of the anterior
commissure, 35 days after surgery (Figure 7A-E). Additionally,
we also observed extensive myelin staining in the caudate/
putamen along the infarct boundary zone in the stroked
rats. These patterns were consistent with those observed by
fractional anisotropy and tractography analyses of the DTI
data.
█

Discussion

The use of DTI to predict functional outcome has been applied
in the clinical setting. Reduction in relative FA, particularly in
the corticospinal tract, within the first month after stroke has
been associated with poor motor recovery in human patients
at 3 months (21, 38, 59) or at 2 years (45). Furthermore, poststroke therapeutic interventional studies have shown an
association between FA changes and functional improvement.
For example, transcranial direct current stimulation combined
with physical and occupational therapy can improve upper
extremity motor function and this has been correlated with
an increase in ipsilateral FA of the alternate motor fibers of
these patients (71). Such increased FA might arise from an
increased number of aligned fibers or greater myelination and
increased FA with therapy seems to be a common finding (18,
49). Similarly, tractography (instead of FA) has been used to
assess involvement of specific fiber regions in stroke patients
and here too, damage to the IC or other portions of the
corticospinal tract is predictive of poor motor outcome at 3
months (46). Likewise, studies in animal models have shown
correspondence between DTI measures and behavioral
outcomes (8, 10, 62).
Turk Neurosurg 26(4): 500-512, 2016 | 505

Kujoth GC. et al: DTI in Hypertensive Rat Stroke

b

A

c

d

e

Figure 3: Regions of interest used to calculate fractional anisotropy (A), directionality-encoded fractional anisotropy (B), mean diffusivity
(C), radial diffusivity (D), and axial diffusivity (E) in representative axial images from the same rats obtained 35 days after MCAO. Two
rats were scanned simultaneously during ex vivo DTI; the rat brain on the right (217) corresponds to the rat brain imaged in Figure 1.
Regions of interest corresponding to corpus callosum, EC and IC are outlined in blue or white and used for measuring changes in DTI
parameters. Note that cysts and post-mortem tissue cracks identified on the mean diffusivity image were excluded from the regions of
interest to avoid artificial skewing of the diffusion measurements. Colors in the directionality-encoded FA image represent lateral-medial
(red), dorsal-ventral (green), and rostral-caudal (blue) axes.

In this study, we have employed ex-vivo DTI to examine microstructural changes in white matter following transient focal ischemia in SHRs. Key advantages of DTI over histological methods of white matter assessment include the ability
to image an intact brain, avoiding the potential distortions of
tissue architecture that may result from sectioning, and the
ability to produce tractographic projections of nerve fiber orientation and organization. While the use of ex vivo DTI instead
of in vivo DTI surrenders the ability to do longitudinal imaging
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in individual animals, in our hands, it has the advantages of
better resolution, higher signal-to-noise ratio and fewer motion artifacts (data not shown and 41). Nevertheless, we don’t
claim that in vivo DTI could not be suitable in other cases,
depending upon the specific hardware systems available. Although there can be differences in absolute diffusivity values
obtained between in vivo and ex vivo DTI (26, 47, 55), a number of studies have reported that fractional anisotropy may
be relatively unaffected by tissue fixation (14, 20, 54, 56, 57,
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70); fixation has also been reported to decrease FA, however
(47). Even if fixation may alter absolute diffusivity parameters,
ex vivo DTI can still provide useful indications of white matter
injury that are supported by histological evaluation (8, 27, 30,
48). The good agreement between the pattern of FA reduction
that we observe in our ex vivo study with that in human stroke
patients assessed by in vivo DTI (64, 66) supports the general
applicability of the ex vivo approach.

In contrast to several previous studies, which measured
diffusion changes using small spot regions of interest loosely
positioned within a given target structure or using larger
geometric shapes spanning multiple structures (22, 43, 61,
63), we have analyzed DTI changes using individually traced
regions of interest outlining the target white matter structure.
Our study also extends the characterization of white matter
changes to the hypertensive rat MCAO stroke model.
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Figure 4:
Measurements of
mean fractional
anisotropy (FA) (A),
mean diffusivity (MD)
(B), mean radial
diffusivity (RD) (C),
and mean axial
diffusivity (AD) (D)
in ipsilateral (Ipsi) or
contralateral (Contra),
CC, EC and IC regions
of interest, assessed
35 days after MCAO
or sham surgery.
Error bars represent
standard deviations.
*p<0.05.
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Figure 5: Correlation among T2w-MRI-derived (24 h or 120 h) or cresyl violet staining-derived (d35) infarct volumes and relative
fractional anisotropy measured 35 days after surgery for (A) EC or (B) IC. Relative FA represents the ratio of mean ipsilateral FA to mean
contralateral FA. %CLH, percent contralateral hemisphere. Pearson’s correlation coefficients were calculated for the indicated pairs of
measurements. The best fit linear regressions (red) and their 95% confidence intervals (blue dotted lines) are shown.

Figure 6: Fiber tractography of sham and MCAO rat brains. Fiber tracking was seeded with the CC regions of interest used in the
measurement of diffusivity parameters. Results for two individual rats for each condition are shown against an axial FA image for
orientation. The tract directions are color-coded: green, dorsal-ventral; red, left-right; blue, anterior-posterior (rostral-caudal). Note that
fiber tracts only appear to extend past the brain border in some locations because the reference FA image slice is located posterior to
the fiber projection in this figure.
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Figure 7: Histological assessment of white matter integrity. (A) Overview image of a rat brain subjected to 60 min MCAO stained with
Luxol fast blue and cresyl violet; the entire axial section is stitched from multiple 4X magnification images. The boxed regions indicate
fields in panels B–E. The scale bar represents 1 mm. (B) 20X field from the ipsilateral EC. (C) 20X field from the contralateral EC. (D) 20X
field from the perilesional caudate/putamen. (E) 20X field from the contralateral caudate/putamen. The scale bar in panel C represents
100 μm and applies to panels B–E. Structural abbreviations: ac, anterior commissure; acp, posterior region of the anterior commissure;
cc, corpus callosum; cg, cingulum; CPu, caudate/putamen; ec, external capsule; f, fornix; ic, internal capsule; lo, lateral olfactory tract.

Our results clearly demonstrate the loss of white matter
integrity in external capsule and IC regions ipsilateral to the site
of ischemic injury; this is reflected by the reduced fractional
anisotropy in these regions assessed 5 weeks after transient
MCAO in hypertensive rats. Not surprisingly, we observed
a positive correlation between the extent of ischemic injury
as measured histologically or by T2-weighted MRI and the
reduction in FA in IC or EC. There was also good agreement
between the assessment of external capsule structural
integrity visualized by histological staining and the reduction
in FA observed by DTI.

an extension of FA) in the ipsilateral IC versus the healthy
contralateral IC at 4 weeks after MCAO in normotensive Wistar
rats. They also observed a loss of fibers in the ipsilateral EC
at both 1 week and 4 weeks after stroke. This group noted a
region of increased gFA between the ischemic lesion and the
ipsilateral lateral ventricle, and this region contained altered
fiber connections visualized by tractography, suggesting
white matter reorganization. This is consistent with our study,
in which we too observed alterations in FA and fiber track
orientation along the perilesional area, along with increased
luxol fast blue staining.

Our results are consistent with those that have been observed
in other rat strains at various time points following permanent
or transient MCAO. For example, Kim et al. (25) initially saw
elevated FA during the hyperacute period following either
permanent or 30 min MCAO in normotensive Sprague Dawley
rats, but FA values subsequently normalized or further
decreased by 9 h or 24 h post-occlusion, respectively. Van
Meer et al. (62) observed decreased FA in ipsilateral IC, EC and
cerebral peduncle regions of interest by 3 days after 90 min
MCAO in Sprague Dawley rats with both medium and large
strokes relative to control rats; corpus callosum also showed
reduced FA in this study, but only in rats with large strokes.
Interestingly, normalization of FA values similar to those of
the control group occurred by 49 days in the medium stroke
group but remained below control values at 49 days and 70
days post-stroke in the large stroke group. A developmental
increase in FA through early adulthood is to be expected in
healthy rats (5).

In addition to decreased FA, we also observed alterations in
several other diffusion parameters, such as increases in mean,
radial and axial diffusivity following MCAO. These changes
too are mostly consistent with reports in other models. Mean
diffusivity is commonly elevated during the late sub-acute
to chronic stages following stroke (7, 15, 32, 53). Increased
radial diffusion is suggestive of demyelination injury (52), as
the breakdown of the myelin sheath allows increased diffusion of water perpendicular to the long axis of axonal fibers.
By contrast, neurodegeneration associated with ischemic injury results in a decrease in axial diffusivity in some studies
(51). It has been suggested that AD reflects a time-dependent
course of axonal degradation, with the initial decrease in AD
reflecting fragmentation of axons, which impedes the longitudinal diffusion of water. Late after injury, axonal fragments are
cleared allowing longitudinal diffusion and a normalization or
increase in AD values (11, 39). Therefore, the increased AD we
observed at 5 weeks post-stroke suggests that axonal degeneration contributes to the white matter injury.

Using a related technique (diffusion spectrum imaging),
Po et al. (44) detected a reduction in generalized FA (gFA,
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Diffusivity changes may also exhibit complexity among different
brain regions. Although the occurrence of hippocampal
damage in MCAO models is variable (23, 42, 65, 67, 69),
decreased hippocampal (CA2/3) MD measured by ex vivo
DTI corresponded with cognitive decline at 1 week through
2 months after 90 min MCAO in Sprague Dawley rats (10);
this was associated with increased activation of astrocytes
and microglia in this hippocampal region. No change in
hippocampal FA was observed by these authors, however.
This study has several limitations. One is a relatively small
number of animals used in each study group, which could
reduce the generalizability of our results. Given the good
agreement we’ve observed with other human and animal
studies in the literature, however, we don’t believe this to be
a significant factor affecting our conclusions. We also were
limited by technical constraints from directly comparing in vivo
DTI with ex vivo DTI data in a quantitative manner. Additional
DTI studies would be useful for examining the long term
functional consequences of this experimental stroke model by
linking results of behavioral testing to injury or reorganization
within specific white matter structures. Similarly, assessing
DTI changes associated with vasoactive or neuroprotective
pharmaceutical or stem cell treatments after MCAO would be
highly interesting.
█

Conclusion

We believe that this is the first report of ex vivo DTI of
hypertensive rats following MCAO. The ability of DTI to
monitor microstructural changes in white matter organization
may serve as a valuable tool to monitor the impact of
therapeutic interventions in this and other animal models of
chronic ischemic injury. Furthermore, combining monitoring
of white matter reorganization with the evaluation of long
term functional and behavioral outcomes may provide insight
into the neurological pathways of stroke recovery in model
organisms.
█
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