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Abstract

Traumatic spinal cord injury (SCI) causes long-term disability with limited functional recovery linked to the extent of
axonal connectivity. Quantitative diffusion tensor imaging (DTI) of axonal integrity has been suggested as a potential
biomarker for prognostic and therapeutic evaluation after trauma, but its correlation with functional outcomes has not
been clearly defined. To examine this application, female Sprague-Dawley rats underwent midthoracic laminectomy
followed by traumatic spinal cord contusion of differing severities or laminectomy without contusion. Locomotor
scores and hindlimb kinematic data were collected for 4 weeks post-injury. Ex vivo DTI was then performed to assess
axonal integrity using tractography and fractional anisotropy (FA), a numerical measure of relative white matter
integrity, at the injury epicenter and at specific intervals rostral and caudal to the injury site. Immunohistochemistry for
tissue sparing was also performed. Statistical correlation between imaging data and functional performance was as-
sessed as the primary outcome. All injured animals showed some recovery of locomotor function, while hindlimb
kinematics revealed graded deficits consistent with injury severity. Standard T2 magnetic resonance sequences illus-
trated conventional spinal cord morphology adjacent to contusions while corresponding FA maps indicated graded
white matter pathology within these adjacent regions. Positive correlations between locomotor (Basso, Beattie, and
Bresnahan score and gait kinematics) and imaging (FA values) parameters were also observed within these adjacent
regions, most strongly within caudal segments beyond the lesion. Evaluation of axonal injury by DTI provides a
mechanism for functional recovery assessment in a rodent SCI model. These findings suggest that focused DTI analysis
of caudal spinal cord should be studied in human cases in relationship to motor outcome to augment outcome bio-
markers for clinical cases.
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Introduction

TRAUMATIC SPINAL CORD INJURY (SCI) remains a significant
cause of patient morbidity often resulting in long-term rehabil-
itation and healthcare needs.' Axonal disruption leads to impaired
neurologic function. Subsequent neuronal and functional recovery is
limited by inhibitory molecules, which impede axonal regrowth and
reestablishment of synaptic connections with appropriate targets.>”
While efforts to understand and overcome these barriers are active
areas of research, clinical assessments of locomotor function using
motor/sensory testing and spinal white matter integrity via imaging
remain critical aspects of comprehensive post-SCI analyses and are
used to track (potential) recovery after trauma.>™'>

Current imaging modalities such as conventional magnetic reso-
nance (MR) illustrate SCI pathology at the level of the whole cord;
however, evaluation of individual cord components such as white
matter tracts remains more complex. Diffusion tensor imaging (DTI),
an MR imaging technique, allows for the examination of white matter
directionality and relative health by measuring the anisotropic dif-
fusion of water in the white matter.'® Briefly, hydrophobic myelin
preferentially directs molecular water diffusion parallel to the long
axis of the axon. Within a region defined by the voxel size, the
diffusion in specific directions can be measured and the diffusion
tensor computed. White matter directionality is inferred by mapping
the principal eigenvectors of the tensor, which are aligned with the
fiber direction, resulting in a visual representation of the fiber tract.
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This methodology forms the basis for tractography, which models
the fiber tracts. Tractography has been used primarily to assess the
relationships of fiber tracts to intracranial lesions with only limited
applications in spinal cord pathology.'”° In terms of axonal health,
DTI is also used to measure fractional anisotropy (FA), a numerical
value between 0 (isotropic) and 1 (anisotropic), which describes the
relative directionality of the molecular motion of water. DTI detects
SCI, as quantified by FA, by capitalizing on the disruption of the
normally linear arrangement of white matter fiber tracts within the
spinal cord. Linear tracts encourage anisotropic molecular water
motion while perturbation of this linearity will promote more iso-
tropic motion. Therefore, lower FA measurements may indicate ax-
onal pathology more sensitively than conventional MR, allowing FA
values to serve as surrogate markers of white matter health.

To date, preclinical studies of traumatic SCI evaluation using
DTI have used transection,S’ZI’26 compression,27 ischernic,28 and
contusion injury models*”'"?*=* with many focusing on loco-
motor and histological correlations. From a translational stand-
point, a preclinical SCI model in which non-invasive techniques
can recognize graded injury severity and prognosticate recovery
has significant implications for assessing therapeutic interventions
and complementing clinical evaluations. If specific MR measures at
distinct locations with respect to the injury site correlate with
outcome, then these measures should be studied as surrogate out-
come biomarkers in human cases.

With these concepts in mind, we performed experimental thoracic
SCI contusions of varying severity in rats followed by locomotor
testing and hindlimb kinematic assessments along with post-mortem
DTI and histological evaluations, with a primary focus on the rela-
tionship between DTI imaging and functional outcomes. Over 4
weeks post-injury, Basso, Beattie, and Bresnahan (BBB) locomotor
scores were recorded and hindlimb kinematic functions were eval-
uated.*>>® After spinal cord fixation, tractography and FA values
were measured at the injury epicenter and at specific rostral and
caudal intervals immediately adjacent to the injury site.

Our data indicate FA values that identify the primary site of
injury and show gradual improvement moving away from the injury
epicenter. Statistical evaluation indicates that FA values caudal to
the lesion, but not at the lesion itself, are able to discern mild from
moderate/severe injury. These results were combined with loco-
motor analyses and histopathologic evaluations revealing positive
correlations between imaging (FA values), locomotor activity (BBB
score and middle swing foot position relative to hip), and spared
tissue measurements. From these experimental observations, we
suggest that DTI measurements should be analyzed in caudal spinal
cord relative to motor function in future human studies to develop a
new surrogate outcome biomarker for clinical spinal cord trauma.

Methods
Spinal cord contusion

To model traumatic SCI, female Sprague-Dawley rats (250-270 g,
n=24) were first anesthetized with an intraperitoneal injection of
ketamine (60 mg/kg) and xylazine (10 mg/kg) and maintained at 37°C
using a heating pad controlled by a rectal temperature probe. Animals
were then prepped and draped in a sterile fashion. A linear incision
was made over the thoracic region. After soft tissue and muscle dis-
section, the T2 spinous process was identified and used as a landmark
to count caudally to T6-7 level. Laminectomies were performed ex-
posing the underlying dura and spinal cord. The NYU weight-drop
SCI model (10g rod dropped from a pre-determined height®’) was
used to create contusions corresponding to mild (height=12.5 mm;
n=4), moderate (height=25 mm; n=38), and severe (height=50 mm;
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n=7) injury. Additional control animals (n=5) underwent lami-
nectomy without contusion. Bleeding, if any, was controlled with
Gelfoam (Pfizer; New York, NY), and the incision was closed using
suture to approximate the muscles and clips to close the skin.

Animals were then placed in a warmed cage to recover from
anesthesia. After the surgical procedure, animals were provided with
food and water on the cage floor and underwent manual bladder
compression twice daily for the duration of the post-operative ex-
perimental period. All experiments were conducted in accordance
with Yale University’s Institutional Animal Care and Use Com-
mittee recommendations.

Locomotor assessment/hindlimb kinematic evaluation

During the 4-week post-injury survival, animals underwent loco-
motor evaluation with BBB scoring at 2 and 4 weeks post-injury.*®
Animal locomotion in an open field was scored by consensus eval-
uation of two blinded observers. In addition, motion-capture kine-
matic evaluation of hindlimb function was recorded at the 4-week
time point, as described.’ Briefly, before video monitoring, reflective
markers (B&L Engineering; Santa Ana, CA) were attached using
non-toxic glue bilaterally to: the iliac crest; the head of the humerus;
the greater trochanter of the knee; the lateral malleolus; the fifth
metatarsal; and the third toe. Recordings were made from four syn-
chronized cameras at 100 Hz (Basler Vision Technologies, Germany)
placed at approximately 45 degrees and 135 degrees relative to the
position of the track. SIMI motion-capture software (SIMI Reality
Motion Systems, Germany) was used to obtain three-dimensional
coordinates of the markers during locomotion.

The hindlimb was modeled as an interconnected chain of rigid
segments and multiple bilateral gait parameters (e.g., swing length,
step cycle duration, hip-knee-ankle [HKA], and knee-ankle-foot
[KAF] angles) from recordings containing at least two consecutive
step cycles were extrapolated. Data was exported using the SIMI
motion-capture software numerically as Excel (Microsoft Cor-
poration; Redmond, WA) spreadsheets as well as individual frame-
by-frame images of gait cycles of each animal.

We analyzed the position of the toe relative to distance traveled
in the y (anterior-posterior) and z (superior-inferior) planes, after
normalizing the position of the toe relative to a fixed hip to analyze
the swing phase of the gait cycle. The gait cycle was defined as a
single attempted forward excursion by the hindlimb; many of the
animals were unable to step and/or bear weight because of the
nature of the injury. Swing length was defined as the distance
traveled by the toe in the y axis for a single gait cycle. Step cycle
duration was defined as the time needed for the toe to complete a
single gait cycle. Swing velocity was the swing length divided by
the step cycle duration as defined above.

For animals with significantly impaired hindlimb function,
motion of the forepaws was used to extrapolate swing length and
step cycle duration in that selected animals either attempted hin-
dlimb forward excursion but were unable to bear weight or showed
minimal to no hindlimb function, each resulting in hindlimb drag.
Additional measures included the middle swing foot position rel-
ative to hip as well as HKA and KAF angles. Frame-by-frame
images were analyzed using ImageJ (National Institutes of Health;
Bethesda, MD) and Illustrator (Adobe Systems; San Jose, CA).

Statistical analyses for the above measures were calculated as
described: for BBB analysis, scores within groups were averaged
and reported as means *standard error (SE). One-way analysis of
variance (ANOVA) with post-hoc Tukey honestly significant dif-
ference (HSD) (p <0.05) was used to evaluate for differences be-
tween groups. For swing length and step cycle duration, two
consecutive steps were measured and averaged for each hindlimb.
The individual hindlimb averages were then averaged together to
create an average measure for a given animal. These average
measures were then averaged within groups to calculate an overall
average for the group. This methodology was undertaken because
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the authors thought that each step should not be considered an
independent event and wanted to account for any potential differ-
ences between left and right hindlimb function.

Swing velocity measurements were calculated by first calculat-
ing an individual animal’s swing velocity as defined by the animal’s
averaged swing length divided by the average step cycle. These
values were then averaged within groups. With the goal for this
study to evaluate for differences between groups, group average
values are reported as means +SE. One-way ANOVA with post-
hoc Tukey HSD (p <0.05) were used to evaluate for statistically
significant differences.

DTI acquisition/FA calculation/tractography

After conclusion of locomotor and kinematic evaluations, ani-
mals were transcardially perfused with cold phosphate buffered
saline (PBS) followed by 4% paraformaldehyde/PBS solution.
Spinal cords were removed and flat mounted on a plastic slit to
acquire conventional T2 weighted MR images and DTI datasets.
Briefly, spinal cords were glued onto a plastic slide, which was
placed into a custom-built MRI compatible tube filled with Fluor-
inert, an MRI susceptibility-matching fluid (Sigma-Aldrich, Inc.,
St. Louis, MO). The MRI datasets were obtained on a 9.4 Tesla
horizontal bore magnet (Bruker, Billerica, MA) with a custom-
made 'H radio frequency surface coil, as described.*® Twenty
contiguous slices of 400 um thickness were acquired for both an-
atomical and DTI experiments. The 256 X256 anatomical images
were acquired using a fast spin-echo sequence with a repetition
time (TR) of 3 sec, an echo time (TE) of 14.1 msec, eight averages
and a field of view of 40 mm x25.6 mm, resulting in an in-plane
resolution of 156 umx 100 um. The DTI experiments were per-
formed using the Stejskal-Tanner spin-echo diffusion-weighted
sequence with a diffusion gradient of 5 msec and a delay between
the two diffusion gradients of 15 msec.

Two Shinnar-Le Roux (SLR) pulses of 1 msec each were used
for excitation and inversion, respectively. Twenty-four averages
were acquired with a TR of 1.5sec and a TE of 25.1 msec. The
128 x 64 images were zero filled to 256 X 256, resulting in an in-
plane resolution of 156 umx 100 um. Sixteen diffusion weighted
images were acquired for each slice, 15 corresponding to various
non-collinear diffusion weighting directions with the same
b= 1000 s/mm?* and one with no diffusion weighting.

T2 images and FA maps were then generated from the data
acquisition. A single observer familiar with reading MR images and
blinded to cord injury severity reviewed all sequences and estab-
lished the injury epicenter based on the location consistent with the
most significant alteration in normal spinal cord morphology. For
sham injury animals, there was no visible parenchymal lesion re-
sulting in an estimate as to the site where the laminectomy was
performed. A 500 um segment was then measured from that loca-
tion in both rostral and caudal directions by a second observer also
blinded to cord injury severity. These segments were further sub-
divided into 100 um increments from which FA values for the
entire cord parenchyma were measured.

After establishing the regions of interest, FA values were gen-
erated by a single blinded observer by outlining the cord paren-
chyma in the axial plane resulting in a numerical measure. FA
values for each location were averaged within groups and reported
as means*SE. To assess for comprehensive differences in FA
values between injury groups, two-way ANOVA (injury severity
and location) with post-hoc Tukey HSD (p <0.05) was evaluated.
This assessment was followed by one-way ANOVA with post-hoc
least significant difference (p<0.05) to evaluate for individual
differences in FA values between injury groups at individual lo-
cations along the spinal cord.

To further evaluate post-injury axonal characteristics, tracto-
graphy was used to visualize white matter location and direction-
ality. Tracking was performed using diffusion tensors computed
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from the diffusion weighted MR images in conjunction with fas-
ciculography (www.fasciculography.com).*>*® Unlike traditional
tractography, fasciculography parcellates volumetrically using a
parameterized model to generate smooth tracts within a smooth
volume. This method is made less sensitive to local tensor orien-
tation noise than traditional tractography by simultaneously
tracking and segmenting white matter structures. Fast and robust
results are achieved using a generic tract model and iterative ex-
tension of the axis to prevent premature tract termination. Fourier
filtering was used at each stage to keep the volume smooth.

Immunohistochemistry for tissue sparing

After imaging, cords were sectioned in 50 um slices using a
vibratome starting from the injury epicenter and proceeding in both
rostral and caudal directions for 500 um to correlate with MR im-
aging. Every other section (corresponding to 100 ym intervals) was
processed in 1% Triton X-100/PBS with 10% normal donkey serum
using primary antibodies to neurofilament heavy chain (NF-H;
1:100; Sigma; St. Louis, MO) and glial acidic fibrillary protein
(GFAP; 1:100; Sigma; St. Louis, MO) followed by appropriate
secondary antibodies (Alexa 488 [NF-H] and 594 [GFAP]; 1:1000;
Life Technologies; Grand Island, NY) to visualize axons and as-
trocytes, respectively.

To further evaluate histological outcomes, the percentage of total
spared tissue was calculated for the different injury and sham injury
groups. Images from every other consecutive transverse section from
200 pm rostral to 200 um caudal to the injury epicenter were imported
into ImagelJ. In a blinded fashion, total spared tissue area was mea-
sured at each of these sections for each animal. The values were
summated per animal and averages within groups were calculated,
similar to previous studies.”*' These averages were normalized to
sham injury control values and reported as a percentage of spared
tissue area+ SE. One-way ANOVA with Tukey HSD (p <0.05) was
used to determine significant differences between groups.

Functional-imaging—histological correlation analyses

To evaluate for a predictive relationship between locomotor and
imaging studies, BBB scores and FA values for the various ex-
perimental groups were plotted for each of the specific locations
along the spinal cord—namely, the injury epicenter and the 100 yum
rostral and caudal increments, generating 11 data sets. For each
location, linear regression was used to generate coefficient of de-
termination (R?) values. To quantify the linear correlation between
the two variables (BBB score and FA value), Pearson correlation
coefficients (R) along with p values were calculated for each lo-
cation to determine significant correlations. Similarly, average
middle swing foot position relative to hip measurements for the
different injury and control groups along with FA values were
plotted for each of the spinal cord locations. At each location, linear
regression was used to generate coefficient of determination val-
ues and Pearson correlation coefficients. To provide a measure of
correlation between functional outcomes and histologic findings,
the percentage of spared tissue for each of the injury and sham
injury groups was plotted relative to BBB score as well as caudal
FA values. R” values were measured for each of these correlations.

Results
Locomotor assessment (Table 1)

Animals receiving contusion and sham injury were assigned BBB
scores at 2 and 4 weeks post-injury. When these scores were compared
within groups, all injured animals showed trends toward improvement
over the 2-week interval with only moderate injury animals achieving
statistical significance (p <0.05). Sham injured animals demonstrated
no deficits leading to perfect scores at both post-injury time points.
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TABLE 1. BASSO, BEATTIE, AND BRESNAHAN
SCORES VARY WITH INJURY SEVERITY

2 weeks post-injury 4 weeks post-injury

Severe 1.310.5 () 3.6+1.0 "
Moderate 38112 (" O 71+1.1( O
Mild 15404 17+1.4 (%
Control 21 21 (¢)

Basso, Beattie, and Bresnahan (BBB) scores at 2 and 4 weeks post-
injury for the three injury severities and sham injury animals. Values are
mean * standard errors. Note that severe and moderate injury animals were
unable to bear weight at either post-injury time point while mild injury
animals were weight bearing but had persistent post-injury toe clearance
and paw position deficits. When the two time points were compared within
individual severity groups, all groups trended toward recovery of
locomotor function, although only moderate injury animals achieved
statistically significant improvement (*; p<0.05). When post-injury time
points were compared between groups, significant differences (p<0.05)
were noted between all injury severities except for severe and moderate
groups (°). Similarly, there was no significant difference between mild and
sham injury groups at the 4-week post-injury time point (°).
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‘When comparisons between groups at each time point were evaluated,
all scores showed statistically significant differences (p < 0.05) except
for scores between severe and moderate injury groups. There was no
significant difference between mild and sham injured animals at 4
weeks post-injury. These data indicate significant impairment of lo-
comotor function for severe and moderate injury groups with animals
unable to bear weight on their hindlimbs at either post-injury time
point while mild injury animals maintained weight-bearing but
demonstrated toe clearance and paw position deficits. Of note, two
animals within the moderate injury group died before completion of
the study while a single animal from the moderate injury group was
excluded from analysis based on locomotor scores indicating normal
hindlimb function at 2 weeks post-injury.

Hindlimb kinematics (Figs. 1, 2)

Kinematic measures including joint position angles, swing
length, step cycle duration, swing velocity, and middle swing foot
position relative to hip were evaluated at four weeks post-injury.
Hindlimb motion along with HKA and KAF joint position angles
for two consecutive bilateral step cycles of a single animal from
each group are presented as a function of time (Fig. 1, A-L). There
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Kinematic evaluations of hindlimb function after traumatic thoracic spinal cord contusion from individual rats. Representative

drawings of hindlimb kinematics and joint angle measurements (Hip-Knee-Ankle and Knee-Ankle-Foot) over time for sham (A,B,C), mild
(D,E,F), moderate (G,H,I), and severe (J,K,L) injury groups indicate significant alterations in gait. Hindlimb position tracings were
generated from coordinated motion capture videos of a single animal within each injury group (arrow indicates direction of motion). Joint
angle measurements were from two sequential bilateral hindlimb movements of a single animal from each injury group. Animals trended
toward progressive worsening of hindlimb function with increasing injury severity. Mild injury animals were able to weight bear but
demonstrated a gait pattern dissimilar from sham injury animals as evidenced by kinematics and joint position angles over time. Moderate and
severe injury animals were unable to bear weight resulting in impaired hindlimb function throughout the post-injury period. Although non—
weight-bearing, moderate injury animals attempted hindlimb movement as evidenced by kinematic drawings and changes in joint position
measurements over time, consistent with improvement in locomotor function (see Table 1) while severe injury animals consistently dragged
their hindlimbs, resulting in no appreciable change in joint positions. Color image is available online at www liebertpub.com/neu
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FIG. 2. Kinematic evaluations of hindlimb function after traumatic
spinal cord contusion. Kinematic analyses from different injury
groups as in Figure 1 were pooled and plotted as mean =+ standard
error of the mean, n=3-5 rats. There were no statistically significant
differences between groups for swing length (A) or swing velocity
(C). The step cycle duration (B) for moderate injury animals was
significantly different from mild and sham injury animals (*;
p<0.05). Middle swing foot position relative to hip (D) revealed a
graded response to injury with all injury groups having negative
positions. Severe injury animals had the most negative positions,
while sham injury animals had positive positions. Severe injury po-
sitions were significantly different from those of mild and sham injury
positions while moderate injury positions were significantly different
from those of sham injury positions (*; p <0.05).

were only minor variations in step cycle duration for different steps
by the same animal. Comparisons between groups indicated ap-
preciable differences in joint angle measures over time. Mild injury
measures were comparable to sham injury; however, the overall
negative middle swing foot position after mild injury (see below)
resulted in observable gait impairment. Moderate injury animals
demonstrated a gait pattern dissimilar from mild and sham injury
with attempted hindlimb forward excursion followed by drag in-
dicating progressive impairment while severe injury animals had
little to no change in joint angle measures consistent with minimal
to no hindlimb function. Given their hindlimb weight-bearing im-
pairment, moderate and severe injury animals were dependent on
their forepaws for forward motion.

Average kinematic data grouped by injury severity were as-
sessed for specific parameters (Fig. 2). Despite obvious differences
in function, there were no significant differences between any in-
jury severity group and the sham injury group for swing length (Fig.
2A) or velocity (Fig. 2C), consistent with the forelimbs maintaining
ambulation rate. For step cycle duration (Fig. 2B), moderate injury
measures were significantly different from those of mild and sham
injury. In contrast, there were marked differences between groups
for middle swing foot position relative to hip position (Fig. 2D).
Sham injury animals demonstrated a positive average position
consistent with normal gait, while all injured groups had negative
averages. Severe injury animals had the most negative position.
Comparison of mean position revealed statistically significant
differences between severe and both mild and sham injury mea-
sures as well as between moderate and sham injury (p <0.05).
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FIG. 3. MRIsequences at 9.4 Tesla of sham injury (left) and mild
injury (middle and right) spinal cords. Colorimetric T2 (A) and
fractional anisotropy (FA) map (B) magnetic resonance sequences
reveal conventional (Sham Injury) and post-traumatic spinal cord
morphology (Mild Injury). Note the linear peripheral white matter
fibers surrounding the central gray matter in the sham injury cord
contrasted with disruption at the injury site in the mild injury cords.
Radiographic appearance of regions immediately adjacent to the
injury epicenter is comparable to sham injury findings. The regions
for analysis (C) within the same cords shown in panels A and B,
specifically 500 um rostral and caudal to the injury epicenter, were
outlined in injured cords and estimated for sham injury animals. This
region was then subdivided into 100 um increments (D) from which
FA values were measured. A region of interest (arrow) was defined by
outlining the entire cord parenchyma within the axial sequence (panel
D inset) at the injury epicenter and at appropriate intervals from the
epicenter followed by Biolmage Suite software (Yale University)
analysis. Of note, representative immunohistology of mild injury
spinal cords can be seen in Figure 7 to provide a visual comparison of
the relationship between diffusion tensor imaging/FA and histology.
Color image is available online at www.liebertpub.com/neu

DTI results

Conventional T2 (Fig. 3A). Sham injury animals revealed
normal spinal cord morphology with linear areas of hyper- and hy-
pointensities consistent with circumferential white matter tracts
surrounding central gray matter. There was no evidence of in-
tramedullary pathology. Injured animals, however, showed disrup-
tion of this linear arrangement as indicated by a hyperintense region
within the central cord parenchyma corresponding to the site of
contusion. The parenchyma immediately surrounding this hyperin-
tense region revealed linear hyperintensities. These findings were
consistent with post-injury central syrinx formation and preservation
of surrounding white matter fibers. This impression was
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subsequently confirmed by histology. Most central hyperintense
regions extended approximately 100 ym in both rostral and caudal
directions from the injury epicenter. In the regions 200-500 ym
rostral or caudal to these hyperintense regions, preservation of the
linear hyper- and hypointense pattern comparable to that seen in
sham injury animals was observed suggesting normal parenchyma.

FA maps. (Fig. 3B-D). FA values were generated from cor-
responding FA maps by first identifying 500 pm rostral and caudal
to the injury epicenter and then determining 100 um intervals
within these regions. At these intervals, the entire cord parenchyma
was outlined from corresponding axial views followed by Bio-
Image Suite software (Yale University) analysis. FA values aver-
aged within groups were then plotted based on location as a
function of injury severity (Fig. 4). Sham injury animals revealed
relatively uniform FA values across the length of spinal cord. For
all injury groups, the injury epicenter demonstrated the lowest FA
value. Similarly, there was no statistically significant difference in
FA values between the different injury severities at the epicenter,
although all values were significantly different from the sham in-
jury value (p<0.001). As distance from the injury epicenter in-
creased, FA values increased in a stepwise fashion, although these
values never reached corresponding sham injury values.

Post-hoc analysis accounting for injury severity and location
indicated no significant difference between moderate and severe
injury groups (p=0.064), although all other group comparisons
were found to be significantly different (p <0.001). When specific
locations were examined, FA values for mild injury were signifi-
cantly different from moderate and severe injury values at all lo-
cations caudal to the injury epicenter but only at a single rostral
location (p <0.05).

To determine if correlations existed between locomotor evalu-
ations and DTI results, each animal’s BBB score at 4 weeks post-
injury was plotted against its FA value as a function of location.
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FIG. 4. Fractional anisotropy (FA) value versus location (um)
as a function of injury severity. Values are averaged within groups
and reported as mean +standard error. Two-way analysis of var-
iance with post-hoc analysis accounting for injury severity and
location revealed no significant difference between moderate and
severe injury groups (#) although all other group comparisons
were significant (p <0.05). At all locations along the spinal cord,
all injury severities revealed statistically significant differences
from sham injury animals (*; p <0.05). There were no significant
differences in FA values between injury groups at the injury
epicenter (&). FA values for mild injury animals were signifi-
cantly different from moderate and severe injury animals at all
caudal locations but only at a single rostral location (*; p <0.05).
Color image is available online at www.liebertpub.com/neu
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Linear regression and coefficient of determination (R?) values
were first calculated for each location followed by Pearson cor-
relation coefficients (R) to assess for the correlative strength (Fig.
5). The weakest correlations were observed at the injury epicenter
(R=0.73) and immediately rostral to the epicenter (R=0.72),
consistent with the observation that no significant differences be-
tween FA values and injury severity occurred at this location. The
overall average Pearson correlation coefficient for the individual
data sets, however, was 0.81 £0.02 (mean = SE: range: 0.72-0.90)
with more positive correlations observed in the caudal segment
(range: 0.85-0.90). Of note, p values calculated at all locations
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FIG. 5. Positive correlations between imaging (fractional anisot-
ropy [FA] value) and locomotor (Basso, Beattie, and Bresnahan
[BBB] and middle swing foot position relative to hip) data. To assess
for correlations between locomotor activity and diffusion tensor im-
aging findings, BBB scores (A,C) and middle swing foot position
relative to hip measures (B,D) at 4 weeks post-injury were plotted
versus corresponding FA values as a function of injury severity.
Representative images at 200 um caudal to the injury epicenter (A,B)
and at the epicenter (C,D) are shown. Using linear regression, R?
values were calculated at the injury epicenter and all rostral and
caudal intervals. Corresponding Pearson correlation coefficient val-
ues (R) at all locations for BBB versus FA (E) and middle swing foot
position relative to hip versus FA (F) were also plotted. Weaker
correlations were observed at and immediately rostral to the injury
epicenter while stronger correlations were measured in the caudal
segment. These findings suggest that measuring FA values within the
spinal cord distal to the site of injury may provide a non-invasive
method to numerically assess relative spinal cord health as it pertains
to locomotor activity. (At all locations, p <0.05)
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found each correlation to be statistically significant (p <0.0001).
Given the graded deficits noted for middle swing foot position
relative to hip measures for each of the injury severities, a similar
comparison was generated between the foot position measures and
FA values as a function of location. The average Pearson corre-
lation coefficient for the data set was 0.67+0.20 (mean=* SE:
range: 0.55-0.76) with the weakest correlations noted at and im-
mediately rostral to the injury epicenter with stronger correlations
in the caudal segment.

Tractography (Fig. 6)

Images from sham injury animals revealed linear bundles of fibers
tracking along the length of the cord parenchyma, although separate
tracts could not be resolved. For all injured tissue, linear fibers were
observed until immediately adjacent to the syrinx formation, at which
point fibers abruptly stopped. FA values at the injury epicenter were
too low to permit tracking through or around them; however, images
suggested fibers passing through the preserved tissue surrounding the
syrinx, although they could not be followed into the continuing cord
segment. To overcome this limitation, fibers were traced starting from
each end of the cord segment, with select fibers appearing to meet
within the tissue surrounding the syrinx suggesting continuity. Axons
passing through this preserved tissue were subsequently confirmed by
immunohistochemistry.

Immunohistochemistry

After demonstrating these strong correlations between caudal
FA values and functional outcomes, we examined the relationship
of these measures with tissue damage assessed histologically. Low
power microscopic observation of tissue at and immediately sur-
rounding the injury site revealed pathology consistent with spinal
cord contusion, including evidence of tissue destruction as well as
syrinx formation while more distant sites showed preserved tissue
architecture (Fig. 7). Matching MR images show a similar pattern.
Injured tissue demonstrated a robust glial response including as-
trocyte localization consistent with the development of scar for-
mation along with significant glial immunoreactivity surrounding
the syrinx, which extended approximately 100 um rostral and
caudal from the injury epicenter. Swollen axonal profiles were
observed at the injury epicenter and extended approximately 100—
200 pum in both rostral and caudal directions (A: inset within middle
panel), while smaller fine caliber profiles were observed in the more
proximal and distal segments, consistent with the profiles observed
throughout sham injury animals (B). There were no areas of focal
necrosis or tissue disruption extending beyond the injury epicenter.

Calculation of percentage of spared tissue area (C) revealed
significant differences between sham injury and all injury groups as
well as between mild and moderate or severe injury (p<0.05);
however, no significant differences were observed between mod-
erate and severe injury. Plots of percentage of spared tissue and
BBB score (D) as well as caudal FA (E) as functions of tissue
sparing revealed relatively strong coefficient of determination
values (R*=0.78 and 0.70, respectively).

Discussion

In modeling traumatic SCI, graded contusion injuries approximate
the spectrum of clinical outcomes and histology.***"****® Given the
preservation of select ascending and descending white matter fibers,
many patients retain some neurologic function below their injury site
and recover additional function over time, depending on the location of
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FIG. 6. Tractography of control and injured spinal cords. Trac-
tography of spinal cord white matter fibers is illustrated for the
identical cords as seen in Figure 2. On the left, the sham injury
cord (yellow) shows linear fibers that may be visualized throughout
the length of the observed tissue section. Although unable to dis-
cern individual fiber tracts, fibers are seen in continuity as they
travel in the rostral-caudal direction. The remaining examples are
from mild injury animals showing linear fibers traveling until
immediately adjacent to the injury epicenter. At this location, more
centrally located fibers appear to stop abruptly at the syrinx while
peripherally oriented fibers appear to continue through the spared
parenchyma. To overcome low fractional anisotropy values that do
not allow for tracking through or around the syrinx, fibers were
tracked starting at either end of the observed segment. Select
purple and blue fibers appear to meet within the peripherally
spared parenchyma suggesting continuity past the injury site. This
continuity was confirmed using immunohistochemistry. Color
image is available online at www.liebertpub.com/neu

injury.*” Experimental spinal cord contusion is a well-validated injury
model with histopathology similar to that seen in human traumatic
SCI, including central syrinx formation with associated astroglial
proliferation and axonal swelling as well as corresponding imaging
findings that mirror those observed after human trauma.>”#4849

To assess a range of SCL, animals in the current study underwent
contusion of three severities followed by locomotor/hindlimb ki-
nematic, imaging, and histopathologic evaluations. Locomotor
evaluations revealed that moderate and severe injury animals were
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FIG. 7. Correlation of spinal cord histology after contusion injury. Representative photomicrographs of spinal cord histology along
with diffusion tensor imaging (DTI) and T2W images at the injury epicenter (middle) as well as at sites 500 pm rostral (left) and caudal
(right) to the epicenter (A). Neurofilament (anti- neurofilament heavy chain; green) and glial (anti-glial acidic fibrillary protein; red)
immunohistochemistry along with nuclear (4’,6-diamidino-2-phenylindole; blue) staining reveal central syrinx formation with evidence
of fewer, more swollen but intact axons (inset of middle panel) and significant glial response lining the syrinx, consistent with evolving
spinal cord contusion pathology. Sites remote from the injury reveal conventional spinal cord architecture with fine caliber axons and
diffuse astrocytes, although decreased neurofilament immunoreactivity is noted within the dorsal aspect of the cord. Representative axial
DTI and T2W images at corresponding distances demonstrate comparable morphology as illustrated histologically. (Mild spinal cord
injury representative sagittal T2W imaging can be seen in panel A of Fig. 3.) For comparison, a section from a sham injury animal with
overlaid schematic (adapted from Watson and associates.”*) from the corresponding T7 level is provided (B). This section reveals
preserved architecture, comparable to sites remote from the injury epicenter as illustrated in panel A (scale bar=60 um). To further
evaluate histological differences between groups, percentage of spared tissue area at the injury epicenter and extending 200 um rostral
and caudal to the epicenter was calculated as a function of injury severity (C). Post-hoc analysis revealed significant differences
between sham injury and all injury groups as well as between mild and severe injury groups (**p <0.05). A difference between mild and
moderate injury groups approached but did not achieve statistical significance (¥*p=0.069), while there was no definitive difference
between moderate and severe injury (p =0.737). Correlations of percentage of spared tissue and Basso, Beattie, and Bresnahan score (D)
as well as caudal fractional anisotropy (E) as functions of injury severity revealed relatively strong R* values of 0.78 and 0.70,
respectively. Color image is available online at www.liebertpub.com/neu

unable to bear weight on their hindlimbs while mild injury animals ~ preserve weight-bearing has significant clinical implications for
retained this function as demonstrated by their respective BBB  patients with SCI by reducing associated comorbidities such as
scores and hindlimb kinematic data. Although moderate and severe ~ pulmonary infections and skin breakdown. Therefore, an experi-
injury animals did not regain weight- bearing status, some im- mental paradigm in which a dependent variable (e.g., impactor
provement in locomotor function was observed as was also true for  height) can be changed to generate different neurological outcomes
mild injury animals. These findings are comparable to those made  makes preclinical SCI contusion injury an important and clinically
by Basso and colleagues’® in their original description of the BBB  relevant model in which to explore relationships between imaging
scale. Similarly, the current study’s evaluations of hindlimb kine-  techniques and functional outcomes.

matics were similar to those of Couto and associates™® after ex- Experimental traumatic SCI severity and recovery are linked to
perimental mild SCI contusion as well as Alluin and coworkers®®  the extent of axonal injury with several studies indicating correla-
after spinal cord clip compression. The ability to recover and/or tions between functional outcome and volume of spared tissue
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(positive) or injury severity (negative), although none
evaluated concomitant neuroimaging. Imaging is a critical com-
ponent of clinical SCI evaluation, with conventional MR studies
providing insight into pathological macroscopic changes within
spinal cord parenchyma.>®

In the current study, T2 MR sequences revealed hyperintense
regions at the injury epicenter with surrounding linear hyper-
intensities indicative of central syrinx formation and preserved
white matter fibers, respectively, a finding subsequently confirmed
by histology. These findings are identical to those observed in the
subacute/chronic phases of evolving human traumatic SCI contu-
sion. This study, however, is novel through its use of DTI with
corresponding FA values and tractography that were able to pro-
vide additional information that is not possible with conventional
T2 sequences.' ">

In regions immediately adjacent to injury epicenters, T2 se-
quences demonstrated imaging characteristics suggestive of normal
parenchyma. FA values within identical regions, however, indi-
cated white matter pathology as suggested by values less than sham
injury. Although values at the injury epicenter were similar for all
injury groups, values in rostral and caudal directions revealed
stepwise increases, similar to results seen by Konomi and col-
leagues21 after marmoset SCI contusion. Further, FA values were
indicative of groupings as determined by locomotor evaluation
with mild injury values significantly different from moderate and
severe injury values. At all increments rostral and caudal to the
injury epicenter, FA values for all injury groups remained below
control values, suggesting evolving white matter pathology not
appreciated by conventional imaging or immunohistological eval-
uation.

These findings suggest that while FA computations may not be
able to distinguish severity at the injury epicenter, they are able to
provide insight into the relative pathological severity within adjacent
white matter as nearby as 100 um away from the epicenter. Given
that the dynamic range of FA values between severely damaged
tissue at the epicenter and normal tissue is small (i.e., ~0.1), it may
be necessary to combine other MR imaging modalities (e.g., mag-
netization transfer, etc.) to further distinguish severity at the injury
epicenter.

Our observations have implications for clinical algorithms of
SCI recovery in that the relative health of preserved white matter
fibers after SCI may be predictive of potential recovery. It is rea-
sonable to assume that healthier axon tracts have a better chance for
recovery and that preservation of axons within regions adjacent to
injury sites provides one of the best opportunities for regrowth.
Studies examining mechanisms and therapeutic interventions
aimed at attenuating axonal growth inhibition after experimental
SCI indicate the importance of perilesional axon health via pres-
ervation and growth of remaining fibers past lesion sites.™*' Re-
liance on conventional MR sequences for relative spinal cord health
prognosis may be limited. Incorporating DTI into a clinical SCI
algorithm provides a non-invasive technology for evaluation
(tractography) and quantification (FA values) of perilesional white
matter health. Serial imaging may be followed over time to evaluate
for potential recovery and provide guidance for post-injury thera-
peutic interventions and prognosis of functional recovery within
the context of a clinical trial.

The ability to correlate physical examination findings with im-
aging remains one of the goals of clinical medicine. For patients
with SCI, the current gold standard for evaluation is the clinical
examination with imaging to confirm anatomical localization fol-
lowed by serial examinations and imaging to document neurological
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dysfunction and/or recovery. Before DTI, tissue adjacent to the
injury site was presumed to be healthy if conventional MR sug-
gested normal anatomy; however, preclinical studies have indicated
that this perilesional area may harbor evolving pathology.'®"!
Therefore, FA values may serve as surrogate markers of axon sur-
vival, one that correlates tightly with functional outcome.

Our study is novel through its use of DTI to provide additional
information that is not appreciated on conventional T2 se-
quences.'”?* We combined locomotor (BBB) and kinematic
(middle swing foot position relative to hip) data together with
imaging (FA) data to look for correlations. At all locations along
the spinal cord, the FA-BBB and FA-middle swing foot position
relationships revealed statistically significant positive correlations
as measured by linear regression and Pearson correlation coeffi-
cients. For FA-BBB plots, a relatively weak correlation was ob-
served at the injury epicenter, again suggesting that FA values may
not be able to establish relative injury severity at this location;
however, more positive correlations, especially caudal to the epi-
center, suggest preserved yet injured white matter fibers relevant to
locomotion.

To date, previous studies of DTI in experimental traumatic SCI
have focused observations on either single injury severity,>'>=*
acute time points,‘”’ll Wallerian change,5 23 transection,>*%%>7 or
compression®’ paradigms with only limited extension to clinical
scenarios.”” Studies by Metz and associates*®>® exploring corre-
lations between various behavioral, electrophysiological, and MR
imaging evaluations after experimental contusion and clinical SCI
found significant relationships between different locomotor as-
sessments as well as between ambulatory capacity and MRI lesion
length and ventral tissue bridge, although DTI was not performed.
Several small clinical studies have explored DTI and FA in eval-
uating post-traumatic SCI neurologic function and recovery®
and have tried to correlate imaging and clinical findings®*%*%* with
some success. DTI has also been explored in other spinal neuro-
logic conditions such as cervical spondolytic myelopathy,®!*6
neuromyelitis optica,*® transverse myelitis,®” multiple sclerosis,®®
Brown-Sequard syndrome,® and spinal neoplasms.®"°

Our findings suggest that FA is able to differentiate between
mild and moderate/severe experimental traumatic SCI within pa-
renchyma outside of the contusion site itself, and that these findings
correlate with locomotor activity, especially within caudal seg-
ments. While this work was in preparation, similar conclusions
were obtained by Jirjis and coworkers,”" although their locomotor
analysis was less complete and tractography was not assessed.

The long-term clinical goal is to incorporate DTI into a clinically
relevant assessment algorithm for the SCI patient population. To
achieve this goal, each patient would serve as his or her own control
by first establishing FA values within spinal cord segments remote
from the injury site to serve as comparisons to values at and adja-
cent to the injury epicenter. Over time, serial imaging would es-
tablish individual and/or group databases that would provide a
range of FA values that correlate with certain neurologic functions
and/or expected recovery. In that DTI-specific sequences may be
acquired during routine MR studies with only a few minutes of
additional scanning time needed, adding DTI to current SCI im-
aging protocols would have only minimal impact on total scan
times and patient comfort.

Given the relatively small size of the rodent spinal cord, the
current study was limited by FA values that reflected the entire
cord parenchyma and resolution constraints of the MR imaging
machine and software. In that the human spinal cord is consid-
erably larger than that of the rodent and accounting for continuing
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improvements in MR technology and analytic software, future
clinical studies may tailor caudal FA values to individual white
matter tracts to provide more specific information regarding
motor and sensory function,'”-2%38:60.72.73

Conclusion

This study provides preclinical data for the development of
more comprehensive examinations using DTI in the context of
SCI evaluation. Our findings suggest that incorporating DTI into
comprehensive clinical SCI assessments may offer a distinct non-
invasive methodology capable of providing information regarding
both the extent and the prognosis for potential locomotor recovery.
In particular, our findings indicate that future clinical DTI studies
should focus on caudal FA values as a potential biomarker in hu-
man traumatic SCIL.
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