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Diffusion tensor imaging is highly sensitive to the microstructural integrity of the brain and has uncovered significant abnorm-
alities following traumatic brain injury not appreciated through other methods. It is hoped that this increased sensitivity will aid
in the detection and prognostication in patients with traumatic injury. However, the pathological substrates of such changes are
poorly understood. Specifically, decreases in fractional anisotropy derived from diffusion tensor imaging are consistent with
axonal injury, myelin injury or both in white matter fibres. In contrast, in both humans and animal models, increases in
fractional anisotropy have been suggested to reflect axonal regeneration and plasticity, but the direct histological evidence
for such changes remains tenuous. We developed a method to quantify the anisotropy of stained histological sections using
Fourier analysis, and applied the method to a rat controlled cortical impact model to identify the specific pathological features
that give rise to the diffusion tensor imaging changes in subacute to chronic traumatic brain injury. A multiple linear regression
was performed to relate the histological measurements to the measured diffusion tensor changes. The results show that anisot-
ropy was significantly increased (P <0.001) in the perilesioned cortex following injury. Cortical anisotropy was independently
associated (standardized p=0.62, P=0.04) with the coherent organization of reactive astrocytes (i.e. gliosis) and was not
attributed to axons. By comparison, a decrease in white matter anisotropy (P < 0.001) was significantly related to demyelination
(p=0.75, P=0.0015) and to a lesser extent, axonal degeneration (= —0.48, P = 0.043). Gliosis within the lesioned cortex also
influenced diffusion tensor tractography, highlighting the fact that spurious tracts in the injured brain may not necessarily reflect
continuous axons and may instead depict glial scarring. The current study demonstrates a novel method to relate pathology to
diffusion tensor imaging findings, elucidates the underlying mechanisms of anisotropy changes following traumatic brain injury
and significantly impacts the clinical interpretation of diffusion tensor imaging findings in the injured brain.
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Pathological correlates of DTI in traumatic brain injury

Introduction

Traumatic brain injury is an important public health problem af-
fecting over 2.5 million people worldwide (Cox et al., 2011). It
encompasses a spectrum of injury from mild concussion to severe
trauma with neurological sequelae that include cognitive deficits to
debilitating impairment. Persistent long-term functional recovery
from CNS trauma is limited, and there are no effective clinical
treatments for traumatic brain injury. However, the potential for
spontaneous recovery and improvement of function exists and is
associated with intrinsic mechanisms of axonal plasticity, sprouting
or regeneration (Cafferty et al., 2008), each of which represent
potential targets for therapeutic or rehabilitative intervention.
Understanding the nature of these processes is important due to
their tremendous clinical significance. However, evaluating these
changes non-invasively in individual patients is a formidable chal-
lenge in which diffusion tensor imaging (DTI), an advanced MRI
technique, has shown tremendous potential in delineating brain
and spinal cord pathology.

DTI is unique in its ability to probe the microstructure of the
nervous system non-invasively and has revealed abnormalities fol-
lowing traumatic brain injury not realized through other imaging
techniques, including conventional relaxivity-based magnetic res-
onance or CT (Kim and Gean, 2011). In this regard, DTl is hoped
to improve diagnosis and prognosis in patients with traumatic
brain injury. Fractional anisotropy is a measure derived from DTI
that reflects the coherent microscopic organization of axons. As
such, it is highly specific for white matter fibres and is sensitive to
subtle changes in the microstructural integrity. Following traumatic
brain injury, fractional anisotropy is largely decreased (Arfanakis
et al., 2002), indicative of axonal degeneration and demyelination
within injured white matter fibres that disrupts the coherent micro-
structure (Concha et al., 2006). Occasionally, increased fractional
anisotropy is observed in patients with traumatic brain injury
(Voss et al., 2006; Wilde et al., 2008; Lo et al., 2009) as well
as in animal models (Jiang et al., 2011). This is often interpreted as
axonal regrowth or regeneration. However, the evidence for such
changes remains tenuous due to the lack of direct, quantitative
comparisons between DTI results and histological preparations.
Moreover, a dominant feature of most traumatic injury is the for-
mation of a glial scar by reactive astrocytes. Along with
myelin-associated proteins, the glial scar inhibits neurite regrowth
(Bush et al., 1999). The contribution of the glial scar to the DTI
changes in the injured brain has largely been ignored although it
has significant implications in the determination of functional re-
covery, or lack thereof, in patients with traumatic brain injury.

In this report, we develop and apply a method to directly and
quantitatively assess the anisotropic properties of stained histo-
logical sections and compare the results with DTl measurements
in a rat model of traumatic brain injury. We demonstrate that
increased anisotropy in the injured cortex is associated with coher-
ent astrocyte reactivity and the formation of a glial scar rather
than axonal regeneration. In contrast, the decreased anisotropy
of the injured white matter is associated with both axonal degen-
eration and demyelination. The results demonstrate that the fea-
tures that give rise to the anisotropy in the normal brain,
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particularly the axonal membrane (Beaulieu, 2002), are not neces-
sarily the sole determinates of anisotropy in the injured brain. The
results greatly impact the possible interpretation of DTI changes in
the clinical setting of brain and spinal cord injury.

Materials and methods

Animal procedures

All animal procedures were approved by the animal studies committee
at our institution. Eight to 12-week-old female Wistar rats (n = 5) were
obtained from Charles River Laboratories and underwent a controlled
cortical impact model of traumatic brain injury (Brody et al., 2007).
Animals were anaesthetized with isofluorane and placed in a stereo-
taxic holder. A craniotomy was performed by making an incision in the
scalp and removing a 6-mm diameter bone flap centred at +1mm
and 2.5mm lateral to bregma. The dura was left intact. A 5-mm
impactor tip connected to an electromagnetic piston (Leica
Microsystems) was used to deliver the controlled cortical impact at a
depth of 2mm, a velocity of 5m/s and a dwell time of 100 ms. The
bone flap was replaced and secured with dental acrylic and the scalp
was sutured. Five naive rats served as controls.

Magnetic resonance imaging

In vivo DTI was performed at 2 months post controlled cortical impact
on a 7 T Bruker Biospec (Bruker BioSpin) interfaced with Paravision
5.0. Animals were anaesthetized with isofluorane, placed in a magnetic
resonance-compatible head holder and positioned in a 40-mm inner
diameter Litz coil (Doty Scientific). Following the acquisition of gradi-
ent echo scout images, 15 coronal consecutive slices at a thickness of
0.5 mm were centred over the lesion at a resolution of 234 x 234 um?.
A multiple-echo pulsed gradient spin echo sequence (repetition time/
echo time =2250/19ms; 4 echoes) was used to acquire three un-
weighted (b =0s/mm?) images and 15 diffusion weighted images
(b =800s/mm?) using a Stejskal-Tanner diffusion preparation with
parameters of A =10ms and § =5ms. The full in vivo MRI experi-
ment took ~2 h per animal. Ex vivo DTl was performed on a vertical
bore 7 T Bruker with a microimaging gradient insert and a 20-mm
probe. Fixed and excised brains were immersed in Fomblin (Solvay
Solexis, Inc.) to prevent dehydration during the 20-h experiment.
The same sequence was used to acquire five unweighted and 30
diffusion weighted images (b = 1200s/mm?) with a slice thickness of
0.5mm and a resolution of 156 x 156 um? with the following param-
eters: repetition time/echo time =4000/20ms, A =10ms, §=4ms
and number of averages = 4.

Diffusion tensor imaging data analysis

The diffusion tensor was calculated using a linear least squares fit to
the equation S;=Sp*exp(—bD) on a pixel-by-pixel basis. Summary
parameters, including fractional anisotropy, axial diffusivity (i =2x,)
and radial diffusivity [A, = (A + A3)/2], were derived, where 14, A
and 23 are the largest to smallest eigenvalues. Regions of interest
were traced on the T,-weighted images separately for white and
grey matter from the perilesioned, contralateral and control cortices,
as shown in Fig. 1.
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Figure 1 In vivo DTI following controlled cortical impact in the rat brain. (A) A region of increased fractional anisotropy (FA) is observed in
the perilesion cortex with its orientation maintained perpendicular to the cortical surface. (B) Regions of interest were placed on the T,-
weighted images in the perilesion, contralateral and control cortices and white matter for quantification. (C) In five controlled cortical
impact and five naive control animals, the significant increase in perilesion cortical fractional anisotropy was the result of an increase in
axial (parallel) diffusivity with no change in radial (perpendicular) diffusivity. In the white matter, the decreased perilesion fractional
anisotropy was a result of an increase in radial diffusivity with no change in axial diffusivity. Values indicate mean + SD (n = 5 for each).

*P <0.05. CC = corpus callosum; CCl = controlled cortical impact.

Histological preparation and imaging

Animals were perfused with phosphate buffered saline through the
left ventricle followed by 4% paraformaldehyde in phosphate buf-
fered saline. Brains were immersed in fixative overnight, cryopro-
tected in 30% sucrose overnight, embedded in optimal cutting
temperature media and frozen in liquid nitrogen. Cryosectioning was
performed at a thickness of 8um. Immunofluorescent staining was
performed by rinsing sections three times in phosphate buffered
saline, blocking for 5min and incubating with the primary antibody
at a 1:200 dilution overnight at 4°C. Sections were rinsed three
times in phosphate buffered saline and incubated with the sec-
ondary antibody at 1:200 for 30min at room temperature. Sections
were rinsed three times and mounted with Vectashield®. Primary
antibodies included antibodies against glial fibrillary acidic protein
(Chemicon, MAB360), myelin basic protein (Abcam, ab24567),
microtubule-associated protein 2 (MAP2; Sigma, M4403), phosphory-
lated neurofilaments (Covance, SMI31) and non-phosphorylated neu-
rofilaments (Covance, SMI32). Sections were imaged using a confocal
laser scanning microscope (LSM710, Carl Zeiss Microimaging) with a
x 20 objective and an image size of 2048 x 2048, yielding a nominal
resolution of 0.42 um?/pixel. The excitation intensity and gain settings
were constant among sections stained with the same primary anti-
body. Selected sections were stained with the lipophilic cyanine
dye 1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate
(Dil). Sections were dehydrated through a graded ethanol series
(30-100%), rinsed for 10-20s in 0.25mg/ml Dil in 100% ethanol,
rehydrated through graded ethanols, mounted and coverslipped.
Dil-stained sections were imaged in their entirety using the montage
feature on a stage-scanning epifluorescent microscope (Axio Imager,
Carl Zeiss Microimaging) using a x 10 objective at a nominal reso-
lution of 0.65 um?/pixel.

Quantitative histology

The maps of microscopic anisotropy and orientation were derived
using custom routines developed in Matlab (The Mathworks Inc.) as
shown in Fig. 2 and described in Appendix I. Briefly, each image was
subsampled into regions of 200 x 200 pixels. After filtering with a
Tukey window (¢ =0.4) and zero mean normalizing to minimize
edge and centre spike effects (Ayres et al., 2008), respectively, the
2D fast Fourier transform was applied. A radial histogram was com-
puted with a radial bin size of 10° followed by principal component
analysis to derive the anisotropy and primary orientation as specified in
Appendix |. Regions of interest encompassing the cortex or white
matter were traced on the histological images at their native resolution
and down-sampled to the lower resolution parameter maps. Although
A (anisotropy index eigenvalue ratio) is independent of image inten-
sity, low levels of staining intensities inherent in different regions can
bias the measured anisotropy (Pierpaoli and Basser, 1996; Armitage
and Bastin, 2000). Therefore, A, values derived from each region of
interest were scaled by the mean region of interest intensity normal-
ized to the mean intensity of all sections of the same stain. As a
consequence, scaled A, values reflect both anisotropy and relative
staining intensity.

Tractography

Diffusion tensor tractography was performed using the fibre assign-
ment by the continuous tracking algorithm implemented in the
Diffusion Toolkit (Wang et al., 2007) with a fractional anisotropy
threshold of 0.3. Regions of interest to quantify tractography results
were created as shown in Fig. 2B and C. Pixels within a Euclidean
distance of 234-702um (1-3 pixel widths) of the cortical surface
were segmented with the medial and ventral aspects at the edges of
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Figure 2 Quantification of anisotropy in histological sections. (A) A brain section stained with Dil is shown from a control animal at the
region of the corpus callosum. The white boxes indicate examples from regions of low (B) and high (C) expected anisotropy. (B and C)
Each image subsection was windowed to reduce edge effects and the 2D Fourier transform (2DFT) was applied. Radial integration and
principal component analysis was applied to derive anisotropy (A,) and orientation (9). (D) The calculated orientation and anisotropy were
displayed as hue and saturation, respectively, and the 2D ellipse was overlaid in white.

the lateral ventricles and corpus callosum, respectively. The mean
length of tracks within each of the regions of interest was determined
with TrackVis (Wang et al., 2007). Additionally, 2D (in-plane) tracto-
graphy procedure was performed for both the ex vivo DTI and tiled
histological images. For both modalities, anisotropy was calculated
as (Aer=1 — A/Aq7) where the through-plane (z) components of the
diffusion tensor were set to zero. An A, threshold of 0.15 was used
for the 2D ex vivo DTI and histological tractography, and the resulting
tractography maps were used for qualitative comparison.

Statistical analysis

The DTI parameters (fractional anisotropy, axial diffusivity or radial
diffusivity) and the histological-derived anisotropy (scaled A.,) were
compared among perilesional, contralateral and control tissues using
one-way ANOVA separately for white and grey matter. Post hoc com-
parisons were performed with a Student's t-test if the overall model
reached significance. A multiple linear regression analysis was em-
ployed to determine which of the histological stains best predicted
each of the DTI parameters using a standard linear least squares.
White and grey matter was tested in separate models. If the
ANOVAs were significant, effect tests were performed for each of
the regressors. All statistical tests were performed with JMP 8 (SAS
Institute Inc.), and a P-value <0.05 was deemed significant.

Results

Increased cortical and decreased white
matter fractional anisotropy following
traumatic brain injury

At 2 months following controlled cortical impact, fractional anisot-
ropy was increased in the cortex adjacent to the lesion compared
with the contralateral cortex and control cortices (Fig. 1A). Table 1
contains a summary of the diffusion metrics (fractional anisotropy,
radial diffusivity and axial diffusivity) and statistical analysis of DTI
and histological measures between region of interest in controlled
cortical impact and control rats. The primary axis of diffusion
maintained its orientation perpendicular to the cortical surface,

since the normal rodent cortex has a radially oriented anisotropy,
albeit with a lower fractional anisotropy than white matter tracts.
Across all animals (Fig. 1C), the cortex had a significantly main
effect of fractional anisotropy (P =0.002), with a significant in-
crease in the perilesioned cortex compared with both the contra-
lateral (P <0.001) and control cortices (P =0.003). The individual
diffusivities oriented parallel (axial) or perpendicular (radial) to the
main axis were also examined. Compared with control values, a
significant increase in axial diffusivity was evident in the perile-
sioned cortex (P <0.001), with no change in radial diffusivity.
In the white matter consisting of the external capsule and
corpus callosum, fractional anisotropy had a significant main
effect (P =0.002), with a significant decrease in the perilesioned
region compared with contralateral (P =0.0102) and control
rats (P <0.001). Radial diffusivity was significantly increased
(P =0.0028), whereas axial diffusivity was not significantly differ-
ent compared with control rats.

Whole-brain quantification and
visualization of anisotropy from
histological sections

A method to quantify the anisotropy of histological sections using
Fourier analysis was developed and is depicted in Fig. 2 and
described in Appendix |. Brain sections from a control rat were
stained with the lipophilic dye Dil, and the colour-coded orienta-
tion and anisotropy maps were derived using the developed algo-
rithm. The histology-derived maps were visually compared with
the corresponding ex vivo DTl maps reconstructed without the
through-plane (z) components, allowing for direct comparison
(Fig. 3). Ex vivo DTI was used since it afforded greater resolution
and signal to noise ratio than the in vivo DTI. Both modalities
have strikingly similar features, with anisotropy highest in the
white matter tracts, as expected, and the cortex displaying a
clear radial orientation with lower anisotropy than that of the
white matter fibres. The increase in anisotropy was not strictly
limited to myelinated regions, since some of the thalamic and
hypothalamic nuclei have appreciable anisotropy. Whereas the
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Table 1 Summary and statistical analysis of DTI and histological measures between regions

M. D. Budde et al.

Measure Lesion Contralateral Control F-value Lesion Lesion Contralateral
(P-value) versus versus versus control
contralateral control P-value
P-value P-value
Grey matter
FA 0.31 £ 0.05 0.22 +0.03 0.24 +0.01 11.25 (0.002) <0.001 0.003 0.53
Axial 1.05 £+ 0.06 0.91 +£0.05 0.96 + 0.03 9.55 (0.003) <0.001 0.02 0.15
Radial 0.66 £+ 0.05 0.66 + 0.02 0.67 £ 0.01 0.27 (0.77) - - -
GFAP 0.51 £0.22 0.11 £ 0.03 0.14 +0.03 15.44 (<0.001) <0.001 <0.001 0.73
MAP2 0.11 £ 0.04 0.21 +0.08 0.18 + 0.05 3.30 (0.072) - - -
SMI31 0.15 £ 0.05 0.18 + 0.06 0.10 £ 0.03 3.19 (0.077) - - -
SMI32 0.12 +£0.03 0.20 + 0.07 0.19 4+ 0.05 2.92 (0.092) - - -
White matter
FA 0.40 + 0.05 0.48 4+ 0.05 0.51 +0.01 10.32 (0.002) 0.0102 <0.001 0.18
Axial 1.24 + 0.10 1.18 £+ 0.08 1.27 £ 0.04 1.82 (0.2) - - -
Radial 0.63 +£0.06 0.53 +0.03 0.54 +0.02 8.45 (0.005) 0.0028 0.0058 0.71
GFAP 0.59 +0.19 0.69 +0.29 0.39 +0.11 2.68 (0.11) - - -
MBP 0.08 £+ 0.04 0.14 +£0.03 0.15 £ 0.02 8.09 (0.006) 0.0049 0.0042 0.93
SMI31 0.43 +£0.22 0.55 +0.23 0.27 £0.13 2.33 (0.14) - - -
SMI32 0.31+0.15 0.38 +0.07 0.20+0.18 1.90 (0.19) = = =

Values indicate mean 4 SD (n =5 for each).

F-values were computed from a one-way ANOVA, and Student's t-test post hoc comparisons indicate P-values.
FA = fractional anisotropy (unitless); GFAP = glial fibrillary acidic protein; MBP = myelin basic protein; axial and radial (um?/ms).

DTl maps suffer from partial volume effects due to the averaging
across 500 um slices, the histology-derived maps were recon-
structed from 8 um sections and have a much sharper appearance.

Gliosis is the primary correlate of
increased cortical anisotropy

The developed method was applied to histological sections from
controlled cortical impact and control brains to identify the specific
cellular and subcellular features that give rise to the anisotropy
changes in the cortex and white matter. A qualitative assessment is
first shown in Fig. 4, with clear changes in the perilesioned cortex
and white matter compared with the contralateral and control
tissues. Notably, a pronounced increase in glial fibrillary acidic
protein-positive astrocytes was evident in both the white and
grey matter of the perilesioned cortex. Slight decreases in MAP2
and SMI32 content were also observed, indicative of dendritic
injury. The anisotropy maps revealed that in the selected samples,
anisotropy of glial fibrillary acidic protein, MAP2, SMI31, and
SMI32 were all increased compared with the contralateral tissue,
although the greatest change was observed with glial fibrillary
acidic protein. In the white matter, the most notable changes
were the decreased myelin basic protein and the increased
SMI32, indicating demyelination and axonal injury, respectively.
There was a decrease of anisotropy in the perilesioned white
matter, specifically with myelin basic protein and SMI32. The
group-averaged results from a region of interest analysis from all
animals are shown in Fig. 5. A one-way ANOVA (Table 1) re-
vealed a significant effect for the anisotropy (scaled Ae,) of glial
fibrillary acidic protein (P <0.001), with the perilesioned cortex
having a significant increase compared with both the contralateral

(P <0.001) and control (P <0.001) cortices. In the white matter,
myelin basic protein had a significant main effect (P = 0.006), with
the perilesion region having a significantly lower scaled A, than
either the control (P=0.0042) or contralateral tissues
(P =0.0049). None of the other stains used were significantly
different.

A multiple linear regression analysis was performed (Table 2) to
quantify the degree to which the histological-derived anisotropy
values predicted the measured DTI values. In the cortical grey
matter, the anisotropy of the stained sections had a significant
linear relationship with both fractional anisotropy (adjusted
r?=0.54, P=0.017) and axial diffusivity (adjusted r=0.64,
P =0.0055). Specifically, glial fibrillary acidic protein had a signifi-
cant positive relationship with fractional anisotropy (standardized
B=0.62, P=0.04) and axial diffusivity (8=0.74, P =0.0093). In
the white matter of the external capsule, both the fractional an-
isotropy (adjusted r* = 0.59, P = 0.0096) and radial diffusivity (ad-
justed P=0.76, P<0.001) had a significant linear relationship
with the anisotropy measured from the stained sections.
Specifically, myelin basic protein (8=0.75, P=0.0015) and
SMI32 (8= —0.48, P=0.043) were significant predictors of frac-
tional anisotropy. Myelin basic protein (8= —0.86, P <0.001),
SMI31 (B= —0.49, P=0.012) and SMI32 (8=0.43, P=0.021)
were also significantly related to radial diffusivity.

Pathology of diffusion tensor
tractography following traumatic

brain injury

Whole-brain 3D DTI tractography was performed on the con-
trolled cortical impact and control in vivo DTl volumes (Fig. 6).
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Figure 3 Comparison of ex vivo DTI and whole-brain Dil sections. Ex vivo DTI maps colour-coded for anisotropy and orientation are
shown for four slices from a control brain (left). The similarly coloured maps computed from the corresponding histological sections using
the proposed method (middle) are similar in appearance to the DTI maps. The original Dil-stained sections are shown for reference (right),
with the numbers indicating the anatomical location in reference to bregma.

In the controlled cortical impact brain, tracts originating in the
external capsule and corpus callosum propagated into the lesioned
cortex, whereas similar tracts were not observed in the control
brain. Region of interest analysis was performed by segmenting
regions of the cortex according to boundaries that included the
cortical surface, lateral ventricles and corpus callosum (Fig. 6B).
The mean length of tracts passing in the controlled cortical
impact cortex was significantly greater (¢t=3.157; P=0.034)
than that of the contralateral cortex (Fig. 6D).

In-plane (2D) tractography was performed on both the DTI
images and the histological images for direct comparison. The ex
vivo 3D diffusion tensor tractography from three separate animals
(Fig. 7A) depicts tracts propagating along the lesion border and
into the cortex, similar to the in vivo tractography (Fig. 6). To

permit a direct comparison, diffusion tensor tractography was sub-
sequently performed in 2D (Fig. 7B) and visually compared with
the histology-derived tractography performed on the processed
histological sections stained for glial fibrillary acidic protein and
SMI32 (Fig. 7C and E). The glial fibrillary acidic protein-derived
tracts were visually similar to those shown for DTI, with significant
numbers of tracts propagating along the lesion periphery and into
the cortex. The coherent orientation of astrocytes that gave rise to
the increased tract density was evident in the confocal images
(Fig. 7D). By comparison, tracts derived from SMI32 sections
were less dense (Fig. 7E) and staining intensity was diminished
(Fig. 7F), suggesting that few or no SMI32-positive axons or den-
drites were maintained or had sprouted into the lesion at 30 days
post injury.
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Figure 4 Cellular components of controlled cortical impact lesions using immunofluorescence and anisotropy maps. Within the injured
controlled cortical impact cortex and white matter, glial fibrillary acidic protein (GFAP)-positive astrocytes are prolific. In the cortex, lesser
changes in MAP2, SMI31 and SMI32 were evident, with all four stains displaying increased anisotropy as shown in the A, maps (insets). In
the white matter, increased SMI32 staining and decreased myelin basic protein (MBP) structural integrity were evident in both the stained

sections and the resulting Ae, maps (insets).

Discussion

DTI is exquisitely sensitive to microstructural abnormalities caused
by trauma to the CNS that are not appreciated by conventional
MRI (Kumar et al., 2009). Fractional anisotropy is most often
decreased in white matter following traumatic brain injury indica-
tive of a loss of white matter integrity (Kumar et al., 2009), but
increased fractional anisotropy is occasionally seen (Sidaros et al.,
2008; Wilde et al., 2008). In the current study, a novel approach
to quantify the anisotropy of histological sections using Fourier
analysis was directly compared with the results of anisotropy mea-
sured with DTI. The results indicate that the increased fractional
anisotropy in the cortex following traumatic brain injury in a rat
controlled cortical impact model is associated with coherent ar-
rangement of reactive astrocytes, whereas the decreased fractional
anisotropy in the white matter is related to demyelination and
axonal degeneration.

The decreased white matter fractional anisotropy we observed
at 2 months post-injury is consistent with the longitudinal study by
MacDonald et al. (2007) in a mouse controlled cortical impact
model. They demonstrated that white matter anisotropy was simi-
larly decreased between 4 h and 1 month following the injury, but
axial and radial diffusivity were differentially responsible for the
fractional anisotropy decrease depending on the time after the
injury. In the acute phase, axial diffusivity was decreased and
was likely related to transient aspects of axonal injury, such as
the formation of swellings (Dickson et al., 2007) or beading

(Budde and Frank, 2010). In the chronic phase, axial diffusivity
returned to normal or supranormal values, whereas radial diffusiv-
ity was increased, consistent with demyelination and prolonged
axonal degeneration (Song et al., 2003). Thus, the DTI changes
were associated with different microstructural features as the
injury evolved. Our results in the white matter are consistent
with previous reports demonstrating that the fractional anisotropy
decrease is associated with demyelination, and to a lesser extent
axonal degeneration. However, neuroinflammatory processes,
including macrophage and microglia proliferation, are robust re-
sponses to traumatic brain injury (Raghavendra Rao et al., 2000;
Loane and Byrnes, 2010) and could also be a contributing factor
since these pathologies have been related to fractional anisot-
ropy changes in other injuries (Saadani-Makki et al., 2009; Thiel
et al., 2010; Xie et al., 2010). Although the axonal membrane
is the major determinant of anisotropy in normal white matter
(Beaulieu and Allen, 1994), diffusion anisotropy of injured white
matter is multifaceted.

Astrocytes, which are largely responsible for maintaining homeo-
stasis in the CNS, typically have extensive processes with a stellate
morphology. Thus, they are traditionally viewed as macroscopic-
ally isotropic and would therefore either not affect anisotropy
or reduce the measured anisotropy. However, two types of astro-
cytes have been reported, protoplasmic and fibrous, which have
distinct morphologies and regional distributions (Wilhelmsson
et al.,, 2006; Oberheim et al., 2008). The astrocytes of the
normal cerebral cortex are predominantly protoplasmic astrocytes
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that appear isotropic and maintain non-overlapping spatial do-
mains (Wilhelmsson et al., 2006; Oberheim et al., 2008).
Although some reports have indicated that protoplasmic astrocytes
retain their distinct domains following injury in addition to
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Figure 5 Quantitative histology results. (A) In the cortex, glial
fibrillary acidic protein (GFAP)-derived anisotropy was significantly
greater in the perilesioned tissue compared with the contralateral
and control cortices. (B) In the white matter, myelin basic protein
(MBP) anisotropy was significantly decreased in the perilesioned
tissue compared with the contralateral and control white matter.
Values indicate mean & SD (n =5 for each). *P < 0.05.
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becoming hypertrophic (isomorphic gliosis), other reports have
shown that they can asymmetrically extend their processes in
the direction of the lesion (Oberheim et al., 2008), referred to
as palisading, which gives rise to anisomorphic gliosis (Mansour
et al., 1990) and formation of a glial scar. In the current study, we
demonstrated that this increased cohesiveness could give rise to
increased grey matter anisotropy, which has been visualized pre-
viously (Schwartz et al., 2005) and quantitatively demonstrated
herein (Fig. 5). On the other hand, fibrous astrocytes are the pri-
mary type of astrocytes in white matter. These cells have intrin-
sically longer processes (Oberheim et al., 2009) that are arranged
parallel to white matter fibres in the normal brain (Bitner et al.,
1987) and interdigitate with one another (Sun et al., 2010).
Following injury, these cells in the white matter become hyper-
trophic like those of the cortex, but also have a propensity to
migrate to the site of injury (Sun et al., 2010). In the current
study, the increase in astrocyte content combined with the direc-
tional cohesiveness gives rise to the increased cortical anisotropy
as measured with DTI.

The concept of axonal sprouting and regeneration following
injury has important implications to the recovery of function
(Dancause et al., 2005). The CNS has a capacity for recovery
through functional plasticity (Nishibe et al., 2010), although the
potential for extensive structural reorganization following injury is
more limited (Cafferty et al., 2008). The failure is largely attribu-
ted to factors within the lesion milieu that suppress outgrowth,
although astrocyte proliferation has also been likened to functional
recovery following injury (Keiner et al., 2008). Sprouting of neur-
ites is most often demonstrated in the injured, untreated brain
using injectable axonal tracers (Steward et al., 2003; Dancause
et al., 2005). However, without appreciable coherent organiza-
tion, the sparse regrowth of individual axons through the existing
neuropil (Lenzlinger et al., 2005; Harris et al., 2010) is unlikely to
have a significant effect on anisotropy measurements over a scale
of a DTI voxel (for this study ex vivo image resolution was
156 x 156 x 500 um). Despite the disconnection between micro-
structural changes and DTI, increased fractional anisotropy is often
interpreted as reorganization or regrowth of axons and dendrites

Table 2 Multiple linear regression analysis of the histological predictors of DTI

Measure Full model Standardized f (P-value)
Adjusted F-ratio Glial fibrillary MAP2 SMI31 SMI32
acidic protein
Cortex
FA 0.54 5.04 (0.017) 0.62 (0.04) —0.20 (0.36) —1.21 (0.26) —0.08 (0.74)
Axial 0.64 7.14 (0.0055) 0.74 (0.0093) —0.04 (0.82) —0.25 (0.2) —0.10 (0.65)
Radial -0.29 0.22 (0.92) Post hoc comparisons not performed
Glial fibrillary Myelin basic SMI31 SMI32
acidic protein protein
White matter
FA 0.59 6.07 (0.0096) 0.32 (0.14) 0.75 (0.0015) —0.07 (0.73) —0.48 (0.043)
Axial —0.09 0.70 (0.61) Post hoc comparisons not performed
Radial 0.76 12.33 (<0.001) 0.00 (0.99) —0.86 (<0.001) —0.49 (0.012) 0.43 (0.021)

P-values are indicated in parentheses.
FA = fractional anisotropy.
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Mean Tract Length
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Figure 6 Whole-brain in vivo DTI tractography. (A) DTI tractography of normal rat brain (left) and the controlled cortical impact (CCl)
brain (right) reveals numerous tracts propagating into the controlled cortical impact lesion (arrow). (B) Regions of interest were segmented
using boundaries that included the cortical surface (green), the medial aspect of the lateral ventricle and the posterior edge of the corpus
callosum. (C) The region of interest mask applied to the tractography results demonstrates numerous tracts that course through both the
cortical lesion and the corpus callosum. (D) Among all animals, the mean tract length of cortical tracts is significantly greater in the lesioned
cortex compared with either the contralateral or control brain.

Figure 7 Comparison of diffusion tensor tractography and histology-derived tractography. Three representative controlled cortical
impact animals are shown. (A) Ex vivo 3D diffusion tensor tractography (DTT) maps depict tracts propagating in and along the lesion
periphery similar to those observed in vivo. (B) 2D diffusion tensor tractography was subsequently performed to allow direct comparison
to the 2D histology-derived tractography. (C) 2D tractography maps from the glial fibrillary acidic protein (GFAP)-stained sections
revealed similarities to the DTI-derived maps near the lesion border. (D) The coherent orientation of astrocytes is shown on confocal
images from selected regions. (E) 2D tractography maps from the SMI32-stained sections revealed fewer, if any, tracts propagating
into the cortex near the lesion periphery. (F) A loss of structural integrity is noted for both the injured white matter and grey matter along
the lesion border.

(Jiang et al., 2006; Voss et al., 2006; Ding et al., 2008). In a the authors previously showed that this region constituted a sub-
rodent stroke model, increased fractional anisotropy in the ischae- stantial glial scar in which no axonal regeneration was observed
mic boundary was argued to reflect white matter reorganization, (Li et al., 2005). Fractional anisotropy increases have been noted
possibly in the form of axonal sprouting (Jiang et al., 2006), but in the traumatically injured rat brain (liang et al., 2011), but
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the known prolific response of astrocytes (Dunn-Meynell and
Levin, 1997) was neglected. The role of astrocytes on DTI has
been appreciated in spinal cord injury (Schwartz et al., 2005),
hypoxia—ischaemia injury (Anderova et al., 2010), dysmyelination
(Harsan et al., 2007) and radiation injury (Wang et al., 2009),
but the current study is the first to directly validate the
changes by measuring the anisotropy of the underlying histological
tissues.

The Fourier-based method of calculating anisotropy and orien-
tation has been demonstrated for cultured cells (Marquez, 2006),
bone tissues (Dziedzic-Goclawska et al., 1982) and industrial ap-
plications (Josso et al., 2005; Ayres et al., 2008), and has its ori-
gins in optical diffraction experiments (Pernick et al., 1978). We
extended the method to mimic DTI-measured anisotropy using a
pixelwise approach. Importantly, the method is automated, object-
ive and does not necessitate manual tracing (Leergaard et al.,
2010) of axons or other structures, although validation with
such techniques will be important (Bock et al., 2010). Moreover,
the method is applicable to either fluorescence or optical staining
protocols. Another optical technique, polarized light imaging, has
been used to measure anisotropy of brain tissues based on the
birefringence of myelin sheaths (de Campos Vidal et al., 1980;
Axer et al., 2011). Compared with that technique, the use of
stained sections allows the different cellular and subcellular com-
ponents to be evaluated independently of one another, since they
have unique contributions to the water diffusion characteristics of
tissues (Beaulieu, 2002).

One limitation of the proposed methodology is the lack of the
third dimension, although this is a practical, and not theoretical,
restriction. Thus, there is an obvious disparity between the thick-
ness of the MRI slices and that of the histological sections. The
DTI changes that we observed in the perilesioned region occurred
over multiple slices of a 500 pm thickness, and in this study three
adjacent slices were averaged for the DTI analysis. The histological
sections were derived from the centre of the controlled cortical
impact cortical lesion and it is believed that they sufficiently cap-
tured the pathology of the tissue of interest, since severe cortical
injury occurs following controlled cortical impact (Dunn-Meynell
and Levin, 1997). It should also be noted that in the current
work, the primary direction of cortical and white matter anisotropy
was oriented perpendicular to the coronal slices (Fig. 1), allowing
the long-axis to be viewed in cross-section. This is not expected to
be the case for all tissues of interest, and presents a limitation
given the 2D nature of most histological preparations.
Three-dimensional microscopy may aid in further validation studies
by incorporating z stacks by confocal or multi-photon microscopy
of thicker histological sections or in vivo systems. To account for
the inherent 2D limitation, the tractography of the ex vivo DTI
data was limited to in-plane analysis by setting the z-components
of the diffusion tensor to zero. With appropriate care taken to
ensure similar slice orientations between the two modalities and
the comparison of the identical parameter A, (Pierpaoli and
Basser, 1996), the tractography results for each of the techniques
should be directly comparable. Visual comparison of the tractogra-
phy maps from each of the modalities revealed that tracts project-
ing into the lesion were those induced by gliosis and not axons
(Fig. 7). The results highlight an inherent limitation and potential
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confound of tractography in the injured brain and spinal cord in
that it detects the point-to-point voxel-averaged primary direction
of diffusion on a macroscopic scale (Johansen-Berg and Behrens,
2006), regardless of the underlying biophysical and microstructural
causes.

Our results demonstrate that gliosis is a major component of the
DTI changes following traumatic brain injury. However, there are
other known causes of increased fractional anisotropy subsequent
to injury, so extrapolation of the current findings should be con-
sidered in the context of other potential sources. Acquisition arte-
facts (Gallichan et al., 2010, Ling et al., 2011, Tournier et al.,
2011) and low signal-to-noise (Pierpaoli and Basser, 1996) can
artificially bias anisotropy, and these possibilities should be first
ruled out with appropriate controls. Fractional anisotropy can in-
crease in response to cell swelling and the associated shift of bulk
water from the intracellular to the extracellular compartment that
occurs following acute ischaemia (Armitage et al., 1998) and may
occur acutely after traumatic brain injury (Bazarian et al., 2007;
Mayer et al., 2010). Similarly, physical compression of brain tissue
caused by mass effects from tumours, abscesses or intracranial
haemorrhages are also causes of increased fractional anisotropy
(Gupta et al., 2010) that could occur following severe traumatic
brain injury. Finally, in the human brain, fibres that intersect at
different orientations, known as crossing fibres, have a measured
anisotropy less than that of fibres with a single orientation due to
the limitations of the single tensor model in resolving multiple
intra-voxel fibre orientations (Wiegell et al.,, 2000). Selective
injury to one of these crossing fibre tracts may cause the measured
anisotropy to increase (Douaud et al., 2010). Crossing fibre re-
gions are often shown to have extensive DTl abnormalities in
traumatic brain injury (Rutgers et al., 2008). It remains to be
determined whether this is a complication of DTl or whether
crossing fibres are particularly prone to injury due to the concen-
tration of shear forces in these regions. Clearly, attributing DTI
changes to a single pathological feature is not without complica-
tions. Nonetheless, in the subacute to chronic phase after trau-
matic injury, reactive gliosis and the formation of a glial scar are
dominant pathologies, and it is likely that astrocytes significantly
contribute to the anisotropy observed along the injury border and
perilesioned tissue. The results are important for the correct inter-
pretation of DTI findings in the injured CNS and will therefore
have implications in patient management and prognosis in trau-
matic brain injury as well as the evaluation of existing or novel
pharmacological or cellular therapies.
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Appendix |

The calculation of anisotropy and orientation of greyscale images
using Fourier analysis was implemented based on previous descrip-
tions (Josso et al., 2005; Marquez, 2006). An image of size M x N
is related to the frequency components by the 2D discrete Fourier
transform

M=1N—

F(uyv) = f(x,y)e

x=0 y=0

N

—i2n(ux/M + vy/N)

where x and y represent the spatial coordinates of the image, u
and v the frequency components along x and y, and i = ~/—1. To
remove edge effects that cause horizontal and vertical stripes in
the Fourier domain, the image was multiplied with a 2D Tukey
(tapered cosine) window in the spatial domain given by

1 e (1—:12)N+1
wo = 1 3[1+cosmgt — L+ 1] (=¥t N1
0 Nut

2

where « is the degree of taper 0 <« < 1, and r is defined as
B N=1, N=1,
r—\/(x ) Y-

where for simplicity we assumed N =M is an odd number. The
power spectrum is given by

P(uv) = |Fuv)[ = R (uv) + P(uv)

where R(u,v) and I(u,v) are the real and imaginary values. The
power spectrum can be expressed in polar coordinates of radial
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frequency u, = Vu? +v? and angle 6 =tan™"¥ by

P(u;,0) = |F(ur0|°

The summation of power in a radial band of frequencies (annulus)
intersecting an angular band (arc) is given by

fetfy  actaw

AO) = > > P
up=fc—fy, 0=ac—aw
where f. and f,, are the centre and width of the annulus, and a.
and a, are the centre and width of the arc, respectively.
Conversion of the n radial summations with angular widths (bin
sizes) of 2z/n to Cartesian space yielded a 2 x n data matrix of x

M. D. Budde et al.

and y point coordinates

X — [A(m) - cos(61)

A(up) - cos(6h)
A(uq) - sin(6)

A(unp) - sin(6h)

Principal component analysis performed using Eigen decompos-
ition of the covariance matrix C = XX” resulted in two eigenvec-
tors corresponding to the eigenvalues 14 and 1,, where 1; > 1.
The orientation of the first principal component in the spatial
domain is specified by the polar angle 6, = tan~"(v42/v41), ac-
counting for the n/2 rotation between the Fourier and spatial
domains, where v;; and v, are the components of the principal
direction. Anisotropy is calculated as the eigenvalue ratio
Aer =1- ()‘2/)”1)-
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