JOURNAL OF NEUROTRAUMA 36:1389-1398 (May 1, 2019)
© Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2018.5964

Original Articles

Longitudinal /n Vivo Diffusion Magnetic Resonance Imaging
Remote from the Lesion Site in Rat Spinal Cord Injury

Alice Motovylyak,' Nathan P. Skinner?2 Brian D. Schmit| Natasha Wilkins?
Shekar N. Kurpad? and Matthew D. Budde?®

Abstract

Diffusion tensor imaging (DTI) has demonstrated success as a biomarker of spinal cord injury (SCI) severity as shown
from numerous pre-clinical studies. However, artifacts from stabilization hardware at the lesion have precluded its use for
longitudinal assessments. Previous research has documented ex vivo diffusion changes in the spinal cord both caudal and
cranial to the injury epicenter. The aim of this study was to use a rat contusion model of SCI to evaluate the utility of
in vivo cervical DTI after a thoracic injury. Forty Sprague-Dawley rats underwent a thoracic contusion (T8) of mild,
moderate, severe, or sham severity. Magnetic resonance imaging (MRI) of the cervical cord was performed at 2, 30, and
90 days post-injury, and locomotor performance was assessed weekly using the Basso, Bresnahan, and Beattie (BBB)
scoring scale. The relationships between BBB scores and MRI were assessed using region of interest analysis and voxel-
wise linear regression of DTI, and free water elimination (FWE) modeling to reduce partial volume effects. At 90 days,
axial diffusivity (ADgwg), mean diffusivity (MDgwg), and free water fraction (FWFgwg) using the FWE model were
found to be significantly correlated with BBB score. FWE was found to be more predictive of injury severity than
conventional DTI, specifically at later time-points. This study validated the use of FWE technique in spinal cord and

demonstrated its sensitivity to injury remotely.
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Introduction

DIFFUSION TENSOR IMAGING (DTI) has long been utilized in
research settings to evaluate spinal cord injury (SCI), but a
reliable outcome biomarker to guide clinical management and re-
habilitation strategies at the early stage has not yet been realized.
Standard clinical assessments of function during the acute stage
(< 48 h) do not necessarily predict long-term outcome with suffi-
cient accuracy.'> Magnetic resonance imaging (MRI) is a mainstay
of spinal cord injury diagnosis; however, standard relaxation-based
measurements such as T1- and T2-weighted imaging are only
modestly predictive of eventual outcome.®> Thus, more sensitive
techniques, such as diffusion-weighted imaging (DWI), are being
utilized and show promise as markers of injury severity and extent
following SCL*~® This study examined the use of DTI as a predictor
of injury remote from the lesion site.

Spinal cord imaging is challenging due to a number of factors,
including the small size of the cord and its location away from the
body surface and radiofrequency coils. In addition, DWI is par-
ticularly prone to artifacts due to cerebrospinal fluid (CSF) pul-
sation and motion, including respiration. In acute spinal cord

traumatic injury, imaging at the lesion site is complicated by the
presence of hemorrhage and vertebral column displacements that
can further prevent high-quality imaging.” Follow-up imaging at
the site of injury is further complicated by metal surgical stabili-
zation hardware, which causes extreme susceptibility differences
and is particularly disastrous for echo planar imaging (EPI) used by
most DWI acquisitions. As an alternative to imaging at the site of
injury, imaging remote from the site of injury has also demon-
strated utility as a marker of injury severity. For example, ana-
tomical imaging of spinal cord diameter or cross-sectional area
remote from the lesion site has been clearly demonstrated to relate
to functional outcomes.'®!" DWI in the cervical cord following a
lower cervical or thoracic injury has shown to be a reliable marker
of spinal cord trauma in both human patients and animal mod-
els.”'>"'> Although previous studies in an ex vivo model of SCI
have demonstrated that sites remote from the injury reflect diffu-
sion changes related to injury severity and functional out-
come,””'%!7 these effects have not been systematically examined
in vivo. The goal of this study was to perform in vivo imaging
remote from the injury site using a similar experimental paradigm
as prior ex vivo studies.
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DTT also has other potential complications. In the spinal cord,
partial volume effects between the white matter and surrounding
CSF complicate analysis and interpretation. Alternative models of
diffusion weighted signal have been developed and utilized to re-
duce the influence of these intra-voxel contributions and have been
reported to improve sensitivity for neurological injury. In particu-
lar, the free water elimination (FWE) mathematic framework'®
utilizes a two-compartment model to separate diffusion properties
of neuronal tissue from the freely-diffusing CSF component. It has
not been utilized in the spinal cord, but has been shown to be
effective in the brain to minimize CSF contamination,19 improve
tractography reconstruction,?® segment edema surrounding tumors, '®
improve sensitivity to markers in Alzheimer’s disease,?' monitor
changes in substantia nigra in Parkinson’s disease?> and most re-
cently, separate signal contribution from perfusing blood.”> An
additional benefit of implementing this scheme is a voxel-wise map
of free water, which has potential to be used as a new contrast
mechanism of vasogenic edema.

This study used a rat contusion model of SCI with varying de-
grees of severity to examine diffusion characteristics remote from
the lesion site over time. Both DTI and FWE diffusion models were
examined to assess their relationship with locomotor function.
Additional efforts to minimize motion-induced EPI ghosting arti-
facts, along with spatial registration of spinal cord images to a
common space, allowed voxel-wise statistical analysis to identify
regional location of changes in the cord and their relationships to
function.

Methods
Spinal cord injury procedure

Forty female Sprague-Dawley rats (250-300 g) were used for
this experiment. The sample size was determined using a power
analysis, which is described in the supplementary information sec-
tion (available online at www.liebertpub.com/neu). Female rats
were chosen due to lower incidence of urinary tract infections;
however, future studies would benefit from including both male and
female populations. Rats underwent a graded spinal cord contusion
injury at the T8 vertebral level using the MASCIS impactor (W.M.
Keck Center for Collaborative Neuroscience, Piscataway, NJ),
which is a widely-used injury model for experimental SCI in ro-
dents.**~*” Rats were anesthetized with 4% inhaled isoflurane prior
to the procedure, ensuring absence of leg flexion-withdrawal and
corneal reflexes; 2.5% isoflurane was maintained during the pro-
cedure. The back was shaved and sterilized with povidone-iodine,
and a longitudinal incision was made over the mid-thoracic region.
After gently moving aside the muscle and placing retractors, the
lamina at T8 was cut and removed to expose the cord. The rat was
suspended with clamps and the impactor rod was placed on the
spinal cord above T8. The contusion was performed by dropping
the 10 g rod from a height of 12.5, 25.0, or 50.0 mm to induce a
mild, moderate, or severe injury, respectively, with 10 animals in
each severity condition. The trajectory of the falling rod, impact
velocity, cord compression distance, time, and rate were recorded
and were consistent with expected values. Cord compression (mm)
was also used as a parametric measure of injury severity. Ten sham
animals underwent a laminectomy with the weight briefly placed on
the cord, but they did not experience the weight drop. After the
injury, the muscles were sutured in layers.

After surgery, rats were placed on post-operative care, including
twice-daily bladder expression, one dose of enrofloxacin (10 mg/kg
subcutaneously; Bayer Healthcare LLC, Shawnee Mission, KS),
buprenorphine hydrochloride (0.1-0.5 mg/kg subcutaneously;
Rickitt Benckiser Health Care Ltd, Hull, U.K.), and 6 cc of lactated
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Ringer’s solution. Animals were kept under post-operative care
procedures until bladder function returned and no signs of infection
or stress were evident. All rats survived the injury procedures, but
two animals were euthanized prior to the final time-point due to
complications.

Each week, the rats’ functional post-injury motor behavior was
assessed on the Basso, Beattie and Bresnahan (BBB) scale, fol-
lowing standard procedures,”®*’ as a measure of functional recov-
ery and locomotion. Briefly, rats were placed on a flat, one-meter
diameter surface and observed for 4 min. Hindlimb function was
assessed according to the 0 to 21 BBB scoring where 0 is flaccid
paralysis and 21 is normal gait. All animal procedures were ap-
proved by the Institutional Animal Care and Use Committees at the
Medical College of Wisconsin, the Zablocki VA Medical Center,
and Marquette University.

MRI

MRI was performed at 2, 30, and 90 days after the injury pro-
cedure on a Bruker 9.4 T Biospec System using a commercial
3.8 cm inner diameter quadrature Litz volume coil (Doty Scientific,
South Carolina). Animals were placed prone in a custom head
holder with ear bars to minimize motion as previously described.*
A four-shot, diffusion weighted EPI acquisition (echo time [TE] =
28 msec; repetition time [TR] 21500 msec, varied by respiratory
rate) was used with a 25.6x25.6mm? field of view, matrix of
128 x 128, and nominal spatial resolution of 0.20x0.20 mm? with
3/4 partial Fourier sampling. Fourteen axial slices with a thickness
of 1.0mm and 0.75 mm gap were positioned perpendicular to the
spinal cord main axis spanning vertebral segments C1 to C5 with
the first slice consistently positioned at the junction of the cere-
bellum and medulla. The phase encoding direction was along the
A-P axis. Fat saturation was achieved with a frequency-selective
saturation pulse in addition to gradient reversal of the slice selec-
tion and refocusing pulses.’’ Diffusion weighting employed
Stejskal-Tanner diffusion gradients along 30 unique diffusion di-
rections> at b values of 250, 500, 1000, and 2000 sec/mm? with a
gradient duration (6) and separation (A) of 8.25 and 12.5 msec,
respectively. Additional 15 non-diffusion-weighted images were
collected. Three signal averages were used and the entire acquisi-
tion required approximately 1h. T2-weighted rapid acquisition
with relaxation enhancement (RARE) images were acquired with
the identical spatial resolution at TE=16, 48, and 80 msec, TR =
3500 msec, number of excitation =4, RARE factor=4.

MRI processing

The preprocessing pipeline (Fig. 1) included correction for EPI
artifacts, motion and eddy currents, and spatial registration to a
common coordinate frame using a combination of open-source and
custom software. The EPI phase correction to minimize ghosting
artifacts was based on the algorithm described by Chen and col-
leagues™ using an automated, iterative adjustment of the constant
and linear phase of multi-shot complex k-space, which maximized
the image signal relative to the background using histograms
(Fig. 2). To correct for motion and eddy currents, a version of the
Spinal Cord Toolbox** was modified to perform iterative slice-by-
slice corrections. Briefly, each diffusion-weighted image was
spatially aligned to the mean of all other images, weighted by the
angle between the current and all other diffusion weighting vectors,
a procedure similar in principle to methods implemented in FMRI
Software Library (FSL)* using increasing degrees of freedom
from translation, rigid-body, and affine transformations and three
full iterations.

Diffusion modeling and parameter maps were calculated on a
voxel-by-voxel basis by fitting signal intensity to several models.
The diffusion tensor model of Basser and colleagues®® was fit ac-
cording to:
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FIG. 1.
template space for group-level analysis.

bD) (1]

where Si is the diffusion-weighted signal, SO is the signal without
diffusion encoding, D is the estimated diffusivity, and b is the
strength of the diffusion weighting given by

9

Si=So - exp(—

b=9*-G* & (A— [2]
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Image analysis pipeline. Schematic representation of image preprocessing, including phase correction, and registration to

The Free Water Elimination technique'®'® used a two-compartment

model to fit the diffusion signal where tissue and free water com-
partments are modeled as separate attenuation vectors, A, given as

Abi — tensor (D7 f) = fAlissue (D) + (1 - f)Awater

(3]

and fis the volume fraction of the tissue and D is the diffusion tensor.
The Free Water Fraction (FWF) is calculated as 1-f. Since multiple
b-value images were used, no spatial regularization was employed.

FIG. 2. Echo planar imaging (EPI) artifact phase correction. Ghosting artifacts present in multi-shot diffusion-weighted EPI were
evident in both non—diffusion-weighted and diffusion-weighted images (top). The automated phase correction had a negligible effect on
artifact free images (A-A’), reduced artifacts caused by motion (B-B” and D-D’) and corrected phase artifact likely due to motion
occurring during the pre-scan EPI calibration (C-C” and D-D’). Four spatial suppression bands placed outside the cord reduced the

contamination from non-cord tissues.
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All parameter maps were spatially registered to a common
study-specific template space using slice-by-slice iterative regis-
tration with Advanced Normalization Tools (ANTS).37 Fractional
anisotropy (FA) and radial diffusivity (RD) maps contain high
contrast between white matter (WM), gray matter (GM), and CSF
and were jointly used for all registrations. The template was created
by registering all images to the initial mean using increasing de-
grees of freedom from rigid, affine, and non-linear, with six itera-
tions at each step. The spinal cord was straightened along the long
axis by aligning the central canal in all slices. Once the template
was completed, each dataset was re-registered to the template using
a single transformation and interpolation step, and all other DWI
parameter maps were similarly transformed. Due to the large slice
gap, no interpolation along the slice axis was performed.

Statistical analysis

For all metrics, the maps of mean and coefficient of variation
(CoV) were calculated. CoV for each metric was calculated as a
ratio of standard deviation over the mean across all sham animals at
the first time-point. Regions of interest (ROIs) were manually
traced on the template in the white matter, gray matter, and CSF,
and ROIs were applied to each of the individual datasets in template
space. DTI and FWE ROI values were analyzed for an effect of
injury or time by injury interaction using mixed-effect analysis of
variance (ANOVA) with injury severity (mild, moderate, severe,
and sham) as a fixed effect and time as a repeated factor. Each of the
metrics were assessed with a significance threshold of p <0.05.

A linear regression analysis was performed to relate the injury
biomechanics (compression) and BBB scores to the DWI metrics.
An ROI analysis was first performed at a significance level of
p<0.05. Steiger’s Z test was used to compare the difference in
correlation coefficients between any of the MRI metrics, with BBB
scores being a common criterion.>® For ROIs that had a significant
effect of injury severity, a subsequent voxel-wise analysis was per-
formed to visualize the spatial pattern of the relationship. The non-
parametric statistical method of randomize with threshold-free cluster
enhancement in the FSL*® was used with a statistical threshold of 0.05
and multiple comparison correction by controlling for the false dis-
covery rate at the voxel level. All statistical analyses were con-
ducted using SPSS (IBM Corp., 2017, Statistical Package for Social
Sciences, Version 25.0, Armonk, NY) and Stata (StataCorp, 2011,
Stata Statistical Software, Release 12, College Station, TX).

Water content measurement

A separate cohort of animals was used to measure total cord water
content in the cord using the dehydration method.*® Nineteen ani-
mals (n=10 sham and n=9 severe) underwent the same contusion
injury procedure as described above and were euthanized at the
90-day time-point with 0.22 mL/kg Beuthanasia-D injection (Med-
Pharmex, Pomona, CA). The full spinal cord was excised and cut
into segments using vertebral bodies as landmarks (C2-T13). The
sections were weighed, placed in a 100°C oven for at least 12 h, and
weighed again. The percentage of water content lost due to dehy-
dration relative to the initial weight (expressed as %) was calculated
for each segment, and the values were averaged across the thoracic
and cervical cord segments. A two-sample #-test was performed to
evaluate changes in water loss between sham and severe groups.

Results

Image processing pipeline

The EPI phase correction reduced the artifacts present in the
diffusion and non-diffusion weighted images, with an example
shown in Figure 2 that contains both phase correction mis-
calibration and diffusion weighting phase instability. Both types of
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artifacts were minimized using the automated procedure. Across all
datasets (n=122), phase correction improved the signal in the cord
compared with that of the ghost region signal by 5.1% *2%.
However, the effect of phase correction on the whole-cord FA
values was negligible, 0.99% £ 1.7%. There was no consistent re-
lationship between either the injury severity or time-point on the
degree of EPI artifacts.

Representative single subject and group mean parameter maps
are shown in Figure 3. The slice-by-slice spatial registration re-
sulted in the ability to extract white and gray matter ROIs in a
predictable and objective way and perform voxel-wise compari-
sons between subjects. Qualitatively, the free water elimination
model alleviated partial volume effects along the spinal cord
contour, resulting in a more distinct boundary between white
matter and CSF. The improvement was particularly evident in
the RD average map. The FWE analysis resulted in reduced CoV
in white matter for MDgwg (0.17), RDgwg (0.014), and ADgwg
(0.088) compared with DTI metrics MD (0.019), RD (0.019), and
AD (0.094). However, the CoV of FAgrwg (0.020) was greater
than that of FA (0.016). In the gray matter, the CoV of FArwg
(0.40) and RDgwg (0.009) were lower than that of FA (0.047) and
RD (0.012). However, the CoV of MDgwg (0.011) and ADgwg
(0.049) were larger than that of MD (0.0099) and AD (0.013) in
the gray matter. Overall, FWE resulted in a more uniform CoV
across all animals, particularly in diffusivity metrics in the white
matter.

Group-level ANOVA for main injury effect

Average parameter maps for injury groups at C4, at 90 days, are
shown in Figure 4. Average DWI metrics and BBB scores are pro-
vided in Supplementary Table 1 (available online at www liebertpub
.com/neu). MDgwg, AD, ADgwEg, and FWFgwg showed a tendency
to decrease with injury severity at 90 days. A mixed-effects
ANOVA showed a significant effect of time for nearly all DTI
and FWE indices in white matter: AD [p=0.0022, F(2,63)=
6.78], MD [p=0.0015, F(2,63)=7.21], RD [p=0.0311, F(2,63)=
3.67], ADgwg [p=0.0001, F(2,63)=11.01], and MDgwg
[p=0.0004, (F(2,63)=9.04]. This was similarly seen in gray mat-
ter: AD [p=0.0155, F(2,63)=4.46], MD [p=0.0057, F(2,63)=
5.62], RD [p=0.0050, F(2,63)=5.78], ADgwr [p=0.0008,
F(2,63)=28.04] and MDgwg [p=0.0076, F(2,63)=5.28]. However,
an interaction between time and severity was only observed in gray
matter ADgwg [p=0.0498, F(6,63)=2.25]. A post hoc test for each
time-point revealed a significant effect of injury severity only at
90 days post-injury in white matter ADgwg [p=0.0414,
F(3,34)=3.06] and MDgwg [p=0.0066, F(3,34)=4.83] and gray
matter MDgwg [p=0.0088, F(3,34)=4.54].

Regression analysis

Linear regression analysis between ROI metrics and BBB scores
showed consistence with the group analysis, as shown in Table 1.
FA, MDFWEa and ADFWE in WM and MDFWE and FWFFWE in GM
were significantly associated with locomotor recovery at the 90-day
time-point. 90-day ADgwg in white matter was significantly more
correlated with 90-day BBB scores than AD (df =37, Z=2.2223,
p<0.05). MD and MDgwg in WM (Z=1.8226) and in GM (Z=
1.3390) had similar strength correlations. Two- and 30-day post-injury
diffusion parameters, however, were not predictive of BBB scores
at 90 days.
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FIG. 3. Mean parameter maps. Registered parameter maps from C4 across all animals demonstrated a reduction of cerebrospinal fluid
(CSF) partial volume effects in the free water elimination (FWE) maps compared with diffusion tensor imaging (DTI). The radial diffu-
sivity (RD) map, in particular, showed an improvement in the delineation between the CSF and white matter boundary. The coefficient of
variation is more uniform across all animals in the FWE compared with DTI. Color image is available online.

Voxel-wise analysis

Based on the ANOVA and regression with BBB scores, further
voxel-wise analysis was performed for metrics showing significant
white or gray matter correlations with BBB scores in the ROI
analysis. Figure 5 shows the voxels with significant correlations
with BBB scores at 90 days post-injury for ADgwg, MDgwg, and
FWFgwe. The correlation between BBB and ADgwg was primarily
localized in lateral regions of the cervical white matter and was
consistently evident across multiple vertebral segments. Significant
correlations between BBB score and MDgwg corresponded to
similar voxels as ADgwE, but significant voxels also were distrib-
uted throughout the gray and white matter and appeared to include
the central canal. Significant correlations between BBB score and
FWFgwg were evident and predominantly localized to the gray
matter, with the voxel near the central canal also showing consis-
tent effects throughout multiple vertebral segments.

Water loss

At 90 days after injury, the wet weights of the severely injured
thoracic cord segments were significantly lower than those of the
sham cord (p=0.002, t=4.519), as expected given the substantial
loss of tissue at the injury site. However, the percent of water lost
after dehydration did not significantly differ between sham and
severe animals either at the lesion site (p=0.442, t=-0.893) or in
the cervical cord (p=0.298, t=1.256), as illustrated in Figure 6.

Discussion

Diffusion models and effects of removing free water

The FWE model demonstrated better performance over the
standard DTI analysis by both reducing partial volume effects and
identifying effects of spinal cord injury remote from the lesion
site. Due to the small size of the spinal cord and limited spatial
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FIG. 4. Diffusion tensor imaging (DTI) and free water fraction (FWF) injury group means at C4 at 90 days. Axial diffusivity using the
free water elimination (FWE) model (ADgwg) and mean diffusivity (MDgwg, appear to decrease with injury severity, while FWFgwg
increases. DTI parameters do not show a strong relationship to injury severity. Color image is available online.

resolution, partial volume effects are prominent in spinal cord DWI,
in which the conventional DTI model tends to underestimate FA and
overestimate MD.?° Hence, the peripheral white matter of the
spinal cord has strong partial volume effects that can potentially
confound or obscure the effects of contusion injury. The FWE
technique removes these free water components, resulting in more
accurate diffusion measures along the tissue and CSF boundary. In
this study, the ADgwg and MDgwg showed greater sensitivity to
injury than DTI metrics in the cervical cord following a thoracic
injury. The lack of sensitivity of the DTI model to capture signif-
icant diffusion changes in vivo may be related to an increase in AD
and MD with increased extracellular water/edema that can offset a
decreased diffusivity related to axonal damage, as seen in simula-
tion studies.*' Consistent with the lack of a difference in overall

TABLE 1. CORRELATIONS WITH BBB ScoOREs AT 90 DPI

Region DWI metric R? p value
WM FApt1 0.127 0.028
MDpry 0.003 0.727

ADpry 0.047 0.192

RDpry 0.059 0.143

FArwEg 0.013 0.503

MDgwg 0.157 0.014

ADgwg 0.136 0.023

RDgwg 0.007 0.880

FWFgwe 0.089 0.068

GM FApt1 0.002 0.792
MDpry 0.000 0.914

MDgwg 0.130 0.026

FArwE 0.019 0.410

FWFgwe 0.110 0.042

BBB, Basso, Bresnahan, and Beattie scoring scale; DPI, days post-
injury; DWI, diffusion-weighted imaging; WM, white matter; GM, gray
matter; FA, fractional anisotropy; DTI, diffusion tensor imaging; MD,
mean diffusivity; AD, axial diffusivity; RD, radial diffusivity; FWE, free
water elimination; FWF, free water fraction.

water content in the dehydration experiment, the results suggest a
change in water compartmentalization after injury in the cord
without a significant difference in overall water content, which is
most prominent at the later time-points after injury.

There is a growing interest in more complex diffusion models
that account for free water, as well as other intra-voxel features.
The most common approach to reduce the negative effects of CSF
uses fluid attenuation inversion recovery. This technique is capable
of removing the CSF signal almost completely; however, some of
its limitations include reduced signal-to-noise ratio (SNR), higher
acquisition time, and difficulty with multi-slice acquisition.?® Other
schemes contain a freely diffusing component; among these are
diffusion basis spectrum imaging,** neurite orientation distribution
diffusion imaging,** multiple fascicle models,** AxCaliber,* and
combined hindered and restricted diffusion imaging.*® However,
the complex schemes require long acquisition times and compu-
tational power that is currently not easily accessible in the clinic.'
The FWE model provides additional information to classical DTI
model without the need for added scan time and it is already con-
figured for clinical use."

Longitudinal changes: Comparison with ex vivo data

Overall, the effects observed with in vivo FWE metrics at the
later time-points match those previously shown for ex vivo DWI
studies, but with trends less pronounced than in fixed tissues. Ex
vivo studies show changes as early as 2 weeks post-injury, with AD
and MD remote from the injury decreasing over time compared
with controls.” In the current study, the 2- and 30-day post-injury
time-points exhibited little to no correlation to injury severity. At
10 weeks post-injury, Jirjis and colleagues’ reported changes in FA,
MD, AD, and RD away from the epicenter that were strongly
correlated to injury severity. The results in the current study, while
significant, were not as prominent as in prior studies of fixed tissues.
The discrepancy may be related to changes resulting from aldehyde
fixation. Specifically, fixation leads to tissue shrinkage, changes in
water relaxation time constants, and water diffusion character-
istics.*” Further, cross-linking between aldehyde and protein



IN VIVO DIFFUSION MRI REMOTE FROM LESION IN SCI

1395

FIG. 5. Correlations with Basso, Bresnahan, and Beattie (BBB) score. At 90 days post-injury, axial diffusivity using the free water
elimination (FWE) model (ADgwg), mean diffusivity (MDgwg), and free water fraction (FWFgwg) had significant correlations with BBB
score. All significantly correlated pixels (corrected p <0.05) are overlaid onto a template with axial view at C4 (top row) and coronal view of
the cervical cord C1-C7 (bottom row). Positive correlations are illustrated in red hues and negative correlations are in blue. MDgwg had a
significant positive correlation with BBB score in several regions in the cord. In white matter, a prominent association between BBB score
and ADgwg was evident, whereas in the gray matter BBB score was predominantly associated with FWFgwg. Multiple comparison correction
was performed at the voxel level by controlling for the false discovery rate. Color image is available online.

molecules is known to form barriers to diffusion.*® The effect of
temperature on diffusion is also a potential factor worth consider-
ing. Jirjis and colleagues’ used a relatively low b-value (500 sec/
mmz) with fixed tissues, which may have sensitized those mea-
surements to different physical features. The current study used a
range of b-values between 250 and 2000 sec/mm?, and although the
effects of b-value were not assessed, the prominent difference be-
tween these two studies cannot be neglected. While anisotropy is
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relatively preserved when comparing healthy in vivo and ex vivo
spinal cord tissues,* the effects on injured and pathological neu-
rological tissues may not be straightforward, and fixation methods
and fixatives may also affect the sensitivity to certain pathological
features.>

Many structural changes could potentially lead to changes in
diffusion, such as axonal degeneration, loss of axons, and demye-
lination. Previous in vivo animal studies have reported a decrease in
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FIG. 6. Percentage of water loss. Average weight of vertebral spinal cord segments before dehydration (left) and mean percentage of
water loss (right) at 90 days post-injury. Injured thoracic segments exhibited lower weight than sham samples, but no significant
differences in water content were observed. Color image is available online.
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AD along with an increase in RD together,”'? where AD reflects

loss of axonal integrity and RD demyelination.'®¥ 5 After a
spinal cord injury, AD tends to decrease due to damage to the axons
and RD increases since some barriers to diffusion have been
destroyed'®>*=> The relationship between AD and injury is also
consistent here; the change in RD, however, is not evident, sug-
gesting axonal damage in the absence of demyelination.>®

Nonetheless, the in vivo changes evident at more chronic (= 2
week) time-points in this study are consistent with chronic changes
in humans. In humans, MD is significantly lower in chronic SCI
subjects across multiple levels of the upper cervical cord'® com-
pared with healthy controls and is coupled to a decrease in both AD
and RD. In the current study, a reduction in both MD and AD was
evident, supporting a consistent directionality of the changes. Al-
though no significant RD changes were documented here, the
overall trends appear to be constant. The heterogeneity of human
SCI, inherent differences between human and rats, and the chro-
nicity of the injury may be the cause of inconsistencies between
prior human studies and the current results. Nonetheless, under
controlled experimental settings, these results demonstrate con-
sistent and evolving changes in the spinal cord distant from the site
of injury detected with DWL.

Relationship between diffusion metrics
and locomotor function

Significant relationships were observed between the chronic MRI
measures and BBB scores. Voxel-wise analyses revealed a signif-
icant positive correlation between ADgwg and BBB scores in the
ventrolateral white matter. This is compatible with axonal injury,
which has previously been shown to correlate strongly with AD.*>°
Focal enlargements, also known as neurite beading, are a common
feature of Wallerian degeneration and have been implicated in
decreased diffusion along white matter tracts.*' The sensitivity of
MD to injury severity appears to be widespread throughout both
white and gray matter of the cord, which is consistent with ex vivo
diffusion data previously observed in our laboratory.” Specifically,
Jirjis and colleagues’ reported a strong correlation between ex vivo
cervical spinal cord (C1-C7) MD and AD measurements and BBB
at 10 weeks post-injury. However, these strong ex vivo correlations
were not observed in vivo in the current study.

Several mechanisms could be posited to explain the increase in
estimated free water in the gray matter and its strong correlation
with injury severity. Previous histologic studies have demonstrated
microscopic changes in the gray matter distant from the injury site
after SCI. Increased expression of chondroitin sulfate proteogly-
cans, neurocan, brevican, and neural/glial antigen 2 in the distant
dorsal columns was reported after a thoracic injury,®*®! with the
greatest increase occurring at the latest time-point. Additionally, a
higher frequency of large motor neurons and a significant decrease
in total number of dendrites and branching remote from the site of
injury have been previously reported,®> which could lead to an
increase in free water. These microscopic changes and the forma-
tion of fluid-filled cavities could lead to changes in free water.

The timeline and mechanics of syrinx formation may also con-
tribute to chronic changes in the cord. Post-traumatic syringomy-
elia following SCI is a disorder characterized by the development
of a progressively expanding fluid-filled cavity within the spinal
cord. Surrounded by this astrogliotic wall, the cavities are filled
with extracellular fluid and may contain residual macrophages,
some connective tissue and blood vessels.> While the cavity is
most frequently initiated in the gray matter at the injury site, it can
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extend above and below the lesion and typically occurs in chronic
injury.®*° The changes in MD and FWF observed in this study do
not implicate any single pathological feature. However, they do
demonstrate that differences in water compartmentalization may
reflect ongoing pathological processes in the injured cord. The lack
of a change in bulk edema, as assessed by wet-dry weights in the
cervical cord, also highlight the greater sensitivity of DWI com-
pared with gross measures of edema. The results of this study are
consistent with results in the human spinal cord demonstrating
persistent changes along the entire neuraxis after a localized trauma
to the spinal cord.'>'*%7® Future studies to address the direct
pathological specificity of the changes and potential clinical im-
plications are needed.

Methodological considerations

The preprocessing pipeline and EPI artifact phase correction
contributed to creating high-quality data sets by reducing noise and
motion artifacts. EPI is susceptible to a Nyquist ghost artifact,
which not only degrades image quality and SNR but also can result
in inaccurate EPI based quantitative diffusion measurements.®’
Further, these artifacts are exacerbated by higher magnetic fields.
Here, the ability to reconstruct images with minimal ghosting ar-
tifacts was shown, and even though the phase correction artifact did
not improve the quantitative metrics substantially, artifacts caused
by motion and scanner miscalibrations were significantly reduced.
Spatial registration was found to be improved using slice-by-slice
registration. While the spinal cord toolbox* has demonstrated
regularized slice-wise registration to be acceptable, the animal
positioning in this study also included some degree of rotation,
which is not corrected using translational or rigid-body transforms.
Likewise, the spatial registration allowed regions of interest anal-
ysis to be performed in a more consistent and reproducible manner
as in previous studies.”™’" This type of spatial registration could
guide future histological studies and allow more direct comparisons
between diffusion and histology.

Some limitations of this study are associated with using BBB
scoring as the only measure of functional recovery. BBB scoring is
subjective, and animals may not move during the short test time.
Previous research has shown that minor injuries to the cord may not
be reflected in the overall BBB scores.”? Further, inflammation,
incisions, and pain may prevent an accurate BBB evaluation at the
early stages of injury.”> The use of somatosensory evoked poten-
tials may provide a more objective measure of function although it
requires additional preparation and instrumentation. Further, bio-
logic biomarkers have also shown promise as predictive biomark-
ers.”*’> Imaging signatures and prognostic markers are highly
sought given the role imaging already plays in clinical diagnosis.

Conclusions

The FWE technique demonstrated potential for use in evaluating
spinal cord injury. It produced a clearer separation between white
matter and CSF compared with conventional DTI and showed
better sensitivity to locomotor recovery metrics. A strong correla-
tion between BBB and diffusion metrics, ADgwg, MDgwg, and
FWFgwg, was observed chronically. Overall, results show that
advanced diffusion imaging techniques are sensitive to biological
mechanisms of spinal cord injury remote to the epicenter and have
the potential to provide imaging biomarkers for clinical diagnosis
and management.
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