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It remains unknown whether spinal cord injury (SCI) could indirectly impair or reshape the white matter (WM) of human brain
and whether these changes are correlated with injury severity, duration, or clinical performance. We choose tract-based spatial
statistics (TBSS) to investigate the possible changes in whole-brain white matter integrity and their associations with clinical
variables in fifteen patients with SCI. Compared with the healthy controls, the patients exhibited significant decreases in WM
fractional anisotropy (FA) in the left angular gyrus (AG), right cerebellum (CB), left precentral gyrus (PreCG), left lateral occipital
region (LOC), left superior longitudinal fasciculus (SLF), left supramarginal gyrus (SMG), and left postcentral gyrus (PostCG)
(𝑝 < 0.01, TFCE corrected). No significant differences were found in all diffusion indices between the complete and incomplete
SCI. However, significantly negative correlation was shown between the increased radial diffusivity (RD) of left AG and total motor
scores (uncorrected𝑝 < 0.05). Our findings provide evidence that SCI can cause not only direct degeneration but also transneuronal
degeneration of brain WM, and these changes may be irrespective of the injury severity. The affection of left AG on rehabilitation
therapies need to be further researched in the future.

1. Introduction

Previous studies on animals and humans have observed brain
cortical reorganization following spinal cord injury (SCI).
For example, animal models have demonstrated significant
anatomical atrophies in the sensorimotor areas following SCI
[1–5]. In human studies, some scholars have researched the
cortical changes following SCI using voxel-basedmorphome-
try (VBM) [6, 7]. Cortical reorganization has been considered
an obstacle to sensorimotor function recovery following SCI
[8]. Notably, most previous studies have focused on the
cortical changes within the SCI [7–13], and the possible
changes inwhitematter (WM) integrity in the brain following
SCI have not been fully clarified.

Because the spinal cord contains large numbers of ascend-
ing and descending fibres that are directly or indirectly

connected to the nuclei and cortices of the brain, SCI will
completely or partially destroy these fibre tracts at the injury
level. However, it remains unknown whether SCI could
indirectly impair or reshape the WM of human brain and
whether these changes are correlated with injury severity,
duration, or clinical performance. Clarifying these questions
will aid the understanding of the mechanisms underlying
WM changes in the brain following SCI and possibly con-
tribute to the development of new rehabilitation therapies
in the future, including transcranial magnetic stimulation
[14–16] and gene chip implantation [17]. To our knowledge,
only a few structural studies have explored SCI-related WM
changes [8, 18–20]. However, these studies did not clarify
whether the changes in the brain WM integrity correlated
with injury severity, duration, or clinical performance. Dif-
fusion tensor imaging (DTI) provides unique noninvasive
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Table 1: Clinical data for the spinal cord injured individuals.

ID Age [yrs] Gender Etiology of the injury Time since injury
[yrs] Level of lesion∗ Side of the injury ASIA∗ Motor Sensory∗ VAS

(0–100) (0–224)
1 55 F Stab wound 0.75 C3-4 Left D 89 113 6
2 50 M Hit by weights 1 C5–7 Bilateral A 24 80 10
3 34 F Vehicle accident 1 L1 Bilateral D 74 190 4
4 38 M Hit by weights 0.08 T12 Bilateral A 50 157 4
5 28 F Fall injury 0.58 L1 Bilateral D 70 160 0
6 51 M Vehicle accident 1.33 L1 Bilateral A 50 84 10
7 55 M Hit by weights 9 L3 Bilateral A 50 144 9
8 42 M Hit by weights 9 T12 Bilateral A 56 160 9
9 38 M Hit by weights 7 T12 Bilateral A 56 144 9
10 40 F Injury by conveyor 12 L1-2 Bilateral D 96 148 8
11 66 F Stab wound 0.17 T8 Bilateral C 80 172 0
12 52 M Stab wound 0.25 T10 Bilateral A 50 168 0
13 60 M Vehicle accident 3 C3–7 Right C 70 204 9
14 33 M Fall injury 0.1 L1 Bilateral B 62 224 0
15 56 M Injury by collapse 33 C4 Bilateral A 60 158 9
∗The level of lesion refers to the neurological level. ∗ASIA impairment scale: A, complete, no sensory or motor function is preserved in sacral segments S4-
S5; B, incomplete, sensory but not motor function is preserved below the neurological level and extends through sacral segments S4-S5; C, incomplete, motor
function is preserved below the neurological level, andmore than half of the keymuscles below the neurological level have a muscle grade of <3; D, incomplete,
motor function is preserved below the neurological level, and at least half of the key muscles below the neurological level have a muscle grade of >3. ∗Sensory
score: sum of segmental light touch and pinprick classifications. ASIA: American Spinal Injury Association. VAS: visual analogue scale.

insights into the structural connectivity of the living brain
that can help us investigate the microstructure and WM
integrity [21]. In the present study, we used tract-based spatial
statistics (TBSS) to investigate regional changes in WM
integrity after chronic SCI. TBSS is a voxel-wise data-driven
method that quantifies the diffusion indices at the centre
of the WM tracts (i.e., WM skeleton), which dramatically
diminishes the registration problems of diffusion indices,
and does not need smoothing before statistics and thus
can improve the accuracy and interpretability of group-wise
statistics [22].We hypothesized thatWMchanges in the brain
following SCI would be found in the sensorimotor system.
Additionally, we are also interested in the impact of the
severity of SCI (i.e., complete SCI (CSCI) versus incomplete
SCI (ISCI)) on the integrity of remote brain WM and the
correlations between WM fibre tract changes and clinical
variables.

2. Materials and Methods

2.1. Subjects. Fifteen right-handed patients with SCI (10 male
and 5 female patients, with amean age of 46.5±11.2 years and
an age range of 28–66 years) were enrolled in this study. Eight
patients were labelled gradeA, and sevenwere labelled grades
B to D according to the American Spinal Injury Association
(ASIA) Impairment Scale 2012 (http://asia-spinalinjury.org).
The courses of the diseases ranged from one month to thirty-
three years, with a mean of 5.2 ± 8.7 years. All patients
had no brain lesions that were confirmed by conventional
MRI, and they had never (previously or at present) suffered

from traumatic brain injury related symptoms such as loss of
consciousness, headache, dizziness, memory loss, attention
deficit, depression, or anxiety. All of the patients suffered from
bilateral sensorimotor dysfunction, with the exceptions of
two patients who exhibited only right- or left-side dysfunc-
tion. All of the patients underwent a comprehensive clinical
assessment prior to the MR scan; this assessment included
a sensory score and motor score that were assessed by a
qualified clinician using the ASIA classification scale [23, 24]
and visual analogue scale (VAS). The sensory levels were
assessed by testing two aspects of sensation, that is, light touch
and pinprick sensation (sharp-dull discrimination), at key
points in each dermatome (C4–S4-5, bilateral). The motor
function assessment involved testing the functions of key
muscles in areas corresponding to 10 paired myotomes (C5–
T1 and L2–S1). Fifteen age-, gender-, and years of education-
matched right-handed healthy volunteers (10 male and 5
female controls with a mean age of 45.0 ± 10.6 years and a
range of 26–65 years) were recruited as NCs. Table 1 provides
detailed information about the SCI patients.

The methods were carried out in “accordance” with the
approved guidelines, including any relevant details. This
study protocol was approved by the Ethics Committee of
XuanwuHospital, CapitalMedical University, Beijing, China.
Written informed consent was obtained from each partici-
pant in accordance with the Declaration of Helsinki.

2.2. Magnetic Resonance Imaging (MRI) Acquisition. All par-
ticipants were scanned on a 3.0 T Magneton Trio Tim
MRI scanner (Siemens Healthcare, Forchheim, Germany).

http://asia-spinalinjury.org
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Table 2: White matter regions showing significantly decreased fractional anisotropy in SCI patients.

White matter regions Peak MNI coordinates Cluster size (voxels) Peak 𝑝 value
𝑋 𝑌 𝑍

L angular gyrus −35 −61 34 50 0.002
R cerebellar 23 −70 −33 57 0.002
L precentral white matter −7 −22 55 65 0.002
L lateral occipital −32 −83 14 107 0.001
L superior longitudinal fasciculus −33 −62 26 114 0.002
L supramarginal gyrus −40 −47 33 129 0.005
L postcentral white matter −11 −34 58 145 0.002

Conventional brain axial fluid-attenuated inverse recov-
ery (FLAIR) and magnetization-prepared rapid acquisition
gradient-echo (MPRAGE) sequences (voxel size 1.0 × 1.0 ×
1.0 mm) were acquired prior to the DTI scan to exclude
abnormal brains.TheDTI experimentswere performedusing
a single-shot gradient-echo echo-planar imaging sequence
with the following imaging parameters: TR = 9500ms, TE
= 90ms, NEX = 1, matrix = 128 × 128, FOV = 256 ×
256mm2, nonzero 𝑏 value = 1000 s/mm2, gradient directions
= 64, slice thickness = 2mm, and slice gap = 0. A total
of 64 contiguous slices parallel to the anterior commissure-
posterior commissure line were acquired.

2.3. Data Processing and Diffusion Tensor Imaging (DTI).
Postprocessing was performed using TBSS implemented
using the FSL 5.0.1 software package (Centre for FMRIB,
OxfordUniversity, Oxford, UK; https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/) [22]. The following postprocessing steps were
included: all DTI images were visually checked by two
experienced radiologists to eliminate images with apparent
artefacts caused by, for example, head motion, suscepti-
bility artefacts, or instrument malfunction; eddy current
corrections were applied, andmotion artefacts were removed
using affine alignment. Next, the nonbrain tissues were
removed using the brain extract tool (BET), which not
only reduces the computation times of the DTI fitting and
tracking processes but also improves the accuracy of the
spatial registration. The diffusion tensor of each voxel was
then fit using a linear least squares algorithm, and the
fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD), and radial diffusivity (RD) maps were
calculated based on the eigenvalues of diffusion tensors
[25]. For the TBSS analysis, the main procedures were as
follows: the entire FA dataset was nonlinearly coregistered
to the Montreal Neurological Institute (MNI) FA template
in the FSL database. Next, a mean FA skeleton from the
mean FA images of all of the subjects was derived and
represented the centre of the white matter tracts common
to the group. An FA threshold of 0.25 [26] was used to
involve only themajor white matter pathways while eliminat-
ing peripheral tracts that are susceptible to misregistration.
Finally, each aligned FA map was then projected back onto

the skeleton to generate a subject-specific FA skeleton. The
processes of nonlinear warping and skeleton projection
of the FA maps were also applied to MD, AD, and RD
maps.

2.4. Statistical Analysis. TBSS using a nonparametric permu-
tation test (5,000 permutations) was performed to compare
the FA differences between the SCI patients and the NCs.The
permutation test was performed with a fixed-effect general
linear model (GLM) with the age and gender as nuisance
covariates. Statistical significance was set at 𝑝 < 0.01 and
corrected for multiple comparisons using the threshold-free
cluster enhancement (TFCE) method. Next, the regions that
exhibited alterations in the FA due to SCI were defined as
the regions of interest (ROIs), and the mean FA, MD, RD,
and AD values of each ROI of each subject were extracted.
Two-sample 𝑡-tests were used to compare the differences in
these diffusion indices between the SCI and NC subjects and
between the CSCI and ISCI patients (𝑞 < 0.05, false discovery
ratio- [FDR-] corrected) after controlling for age and gender
effects. Finally, partial correlation analysis was performed
to explore the associations of the clinical variables with the
diffusion indices in SCI group, with age and gender serving
as nuisance covariates (𝑝 < 0.05, uncorrected).

3. Results

3.1. Brain WM Abnormalities in the SCI Patients. Compared
to the normal controls (NCs), significantly lower fractional
anisotropy (FA) valueswere observed in the left angular gyrus
(AG), right cerebellum (CB), left precentral gyrus (PreCG),
left lateral occipital region (LOC), left superior longitudinal
fasciculus (SLF), left supramarginal gyrus (SMG), and left
postcentral gyrus (PostCG) in SCI patients (𝑝 < 0.01, TFCE
corrected) (Table 2 and Figure 1).

ROI-wise comparisons generally revealed decreases in
the FA and increases in the radial diffusivity (RD) of these
brain regions. Significant increases in mean diffusivity (MD)
were identified in the right CB, left LOC, and left SLF.
In contrast, no significant differences in axial diffusivi-
ty (AD) between the SCI patients and NCs were found

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
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Figure 1: Differences in fractional anisotropy (FA) between the SCI patients and healthy controls based on tract-based spatial statistics
(TBSS) (𝑝 < 0.01, corrected using threshold-free cluster enhancement). Hot color represents 1 − 𝑝 values. It is overlaid on the gyrus skeleton
(green) and the MNI 152 template. Significant decreases in FA following SCI occurred in the left angular gyrus (AG), right cerebellar (CB),
left precentral gyrus (PreCG), left lateral occipital region (LOC), left superior longitudinal fasciculus (SLF), left supramarginal gyrus (SMG),
and left postcentral gyrus (PostCG).
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Figure 2: Differences in diffusion metrics between the SCI patients and healthy controls based on region of interest (ROI) analysis.The ROIs
were extracted based on the findings of TBSS. ∗∗ represents statistical significance with FDR 𝑞 < 0.05; ∗ represents statistical significance
with unadjusted𝑝 < 0.05.The error bar indicated standard deviation (SD). AG: angular gyrus, PreCG: precentral gyrus, LOC: lateral occipital
region, SLF: superior longitudinal fasciculus, SMG: supramarginal gyrus, PostCG: postcentral gyrus, CB: cerebellar, FA: fractional anisotropy,
MD: mean diffusivity, RD: radial diffusivity, AD: axial diffusivity.

(𝑞 < 0.05, corrected using FDR or uncorrected 𝑝 <
0.05; Figure 2). To account for any influence of injury
sides on our data, we further investigated the WM changes
in SCI patients with bilateral injuries (unilateral injured
patients excluded) and observed similar patterns of changes

as before (Figure S1, in Supplementary Material available
online at https://doi.org/10.1155/2017/4671607), which may
suggest that the sides of SCI had little influence on the WM
changes in brain. However, because of the relatively small
sample size, we cannot directly compare the influence of sides

https://doi.org/10.1155/2017/4671607
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Figure 3: The correlation between diffusion metrics and clinical
scores in SCI patients. Pearson correlation showed negative asso-
ciation between the RD of left AG and motor score of ASIA. (𝑟 =
−0.589, 𝑝 = 0.034; uncorrected). RD: radial diffusivity, AG: angular
gyrus, ASIA: American Spinal Injury Association, SCI: spinal cord
injury.

of SCI on the reorganization of the brain, which should be
considered in future studies.

3.2. Differences in the WM Indices between the CSCI and
ISCI Patients. Two-sample 𝑡-tests revealed no significant
differences in the diffusion indices between the CSCI and
ISCI patients, with the exceptions of relatively lower MD and
lower AD values in the right CB of the CSCI relative to the
ISCI patients (𝑝 < 0.05, uncorrected).

3.3. Correlations of the Clinical Variables with the Diffu-
sion Indices in the SCI Patients. Partial correlation analyses
revealed no correlations between any of the diffusion indices
and the injury duration (𝑝 > 0.05, uncorrected; Supplemen-
tary Table S1). A negative correlation was observed between
theRDvalues of the leftAGand themotor scores (𝑟 = −0.589,
𝑝 = 0.034; uncorrected; Figure 3).

4. Discussion

In the present study, decreased FA and increased RD were
found in the distributed WM of the brain of the SCI
patients; these changes occurred not only in the parts of the
sensorimotor system that project to the regions of the spinal
cord that innervate the paralyzed limbs but also in areas of
the brain that are not directly involved in sensation or motor
control. Moreover, no significant differences in any of the
diffusion indices were found between the CSCI and ISCI
patients. Finally, we observed negative correlations between
the RD and the clinical scores that indicated an association
between the brain WM integrity and clinical performance.

4.1. Brain WM Abnormalities in SCI Patients. To our knowl-
edge, only a few studies have addressed the questions of
whether and how WM changes occur in patients following
SCI [8, 18–20, 27]. Our results were not consistent with those

of Wei et al. [20] who failed to find any diffusion changes
in the SCI patients without traumatic brain injury, while
partially consistent with those ofWrigley et al. [8] and Freund
et al. [27] who both detected decreased FA and/or increased
MD in the sensorimotor pathway. The contradictory results
between Wei et al. and us may be explained by the following
factors: First is the difference of method: in Wei et al.’s study,
they adoptedTBSS aswell as theROI technique because TBSS
alone did not find any between-group FA differences. They
focused on five ROIs: ALIC, PLIC, forceps minor, gCC, and
sCC. In addition, they combined bilateral brain structures
into 1 ROI in the cross-subject comparisons (e.g., forceps
minor, ALIC, and PLIC). It is possible that both TBI and SCI
may cause unilateral changes in cerebral axonal organization
or changes in other WM tracts. In the present study, we just
used TBSS to assess between-group FA differences and found
decreased fractional anisotropy (FA) in the left AG, right CB,
left PreCG, left LOC, left SLF, left SMG, and left PostCG.
Second, the difference in duration of SCImay be an important
factor, because the degeneration processes of the injured
ascending and descending fibres tracts are much slower in
the central nerve system [28]. The SCI patients recruited in
Wei et al.’s study were most subacute (mean injury duration
of 93 days), while in the present study and in the studies by
Wrigley et al. and Freund et al., most of the patients were
chronic (mean injury duration 5.2 years, 12.5 years, and 14.6
years, resp.). Finally, the differences in imaging parameter of
DTI might be another factor. The slice thickness of the DTI
images by Wei et al. (5mm) was much thicker than that of
the present and other previous studies (below 2.5mm); thus,
partial volume effect might hide some tiny changes in the
studies byWei et al. Beside, the diffusion decoding directions
of DTI by Wei et al. (15 directions) were much smaller than
the present and other previous studies (30 to 64 directions).
Previous studies have shown that higher number of diffusion
decoding directions contributes tomore robust calculation of
diffusion indices [29]. It should be noted that, in the present
study, we did not identify significant correlation between
diffusion indices and injury duration, which was consistent
with the finding by Freund et al. [27] in 2012. However, as we
did not give a longitudinal study on the brain WM changes
of SCI patients, the exact influence of duration of SCI on the
changes of brain WM integrity should be further clarified in
the future study.

Our present study demonstrated a significantly decreased
FA in the sensorimotor WM that could be partially respon-
sible for the anatomical changes in Somatosensory Cortex
Area (S1) and Primary Motor Cortex Area (M1) [18, 30–
39]. We also observed that the decrease in FA was primarily
attributable to an increased RD rather than a change in
the AD. Because RD increases are primarily caused by
demyelination [40, 41], our findings are strongly suggestive
of demyelination caused by secondary Wallerian degener-
ation or retrograde degeneration after SCI. Following sec-
ondary degeneration, disconnected sensorimotor areas are
preserved, but their efferent motor commands do not reach
the effectors, and they no longer receive appropriate afferent
feedback, leading to severe sensorimotor function deficits
[7, 38, 39].
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Additionally, significant decrease in FA and increase in
RD were observed in the CB. Because the CB has direct
and indirect connections with the spinal cord, direct or
transneuronal degeneration can explain this finding. The
impaired CB WM is approximately located in the cerebellar
crus VIII that is related to sensorimotor function. Thus,
the degeneration of this CB region may be secondary to
the injury of motor-related bundles of spinal cords. We
did not find significant correlations between the changes
in diffusion indices of CB and clinical sensory or motor
measures, indicating that the secondary degeneration of
the CB after SCI had little impact on the motor recovery.
However, because we did not evaluate the finemotor/sensory
skill of SCI patients, we cannot exclude the possible links
between CB degeneration and these fine motor/sensory
skills.

In addition to direct degeneration, SCI can also lead
to transneuronal degeneration, which is related to regions
such as the inferior parietal lobule (IPL), SLF, and LOC.
The IPL contains AG and SMG and is involved in motor
attention [42], motor planning [43], and action coding [44].
The degeneration of the IPLWMmay account for the deficits
in spatial positioning. SLF is the longest fibre tract among
the association fibre bundles. This finding was consistent
with that reported in 2013 by Yoon et al. [19]. The SLF
connects the frontal lobe, parietal lobe, occipital lobe, and
temporal lobe in the brain. Therefore, we hypothesized that
the changes in SLF may result at least partially from the
destruction of the functional connections between some
regions in the brain. However, we did not investigate the
changes in functional connection in our patients; therefore,
the correlations between the SLP changes and functional
connections in the brain cannot be confirmed. In the future,
wewill investigate this issue.TheLOC is responsible for visual
conduction.This finding cannot be reasonably explained and
needs to be explored in future studies.

4.2. Differences in the Brain WM Abnormalities between
the CSCI and ISCI Patients. It remains uncertain whether
the degree of injury affects the WM changes. Although
some studies have found WM changes in either CSCI or
ISCI patients, no study has directly compared the potential
differences between the two groups within a single study.
For example, Villiger et al. [45] found significant white
matter atrophy in the brainstem (medulla oblongata) and
cerebellum (lobule IX) in ISCI patients, whereas Henderson
et al. [18] reported that CSCI patients exhibited significantly
reduced FA values in corticospinal tract, corticopontine
tract, and superior cerebellum. In the present study, we
directly compared the diffusion indices of the brain WM
between CSCI and ISCI patients. Unfortunately, we found
no significant differences in the diffusion indices between
the CSCI and ISCI patients. We can provide the following
possible interpretations for this result: (1) the transneuronal
degeneration is nonspecific ormicrospecific in terms of CSCI
and ISCI; (2) the sample sizes of each of the SCI subgroups
were insufficient to detect the small differences in WM
integrity between the CSCI and ISCI patients.

4.3. Correlations between the Clinical Variables and Diffusion
Tensors in the SCI Group. A few studies have explored the
correlations between WM changes and clinical variables
and the results were controversial. Hou et al. [7] found no
significant correlations between WM changes and clinical
performances in SCI patients. However, Freund et al. [13]
reported that SCI patients with greater corticospinal tract
integrities exhibit better clinical recoveries than those with
lower corticospinal tract integrities. In our current study,
we found that greater WM integrity (lower RD) in the AG
predicted better clinical performance. The AG is involved
in motor attention [42], motor planning [43], and action
coding [44]. Several previous reports have demonstrated that
rehabilitation exercises following SCI can notably influence
the structure and function of the brain [38, 46–49].Thus, this
associationmay indicate the potential of diffusion quantifica-
tion for evaluating injury severity and predicting prognosis.

As the duration in the present study is heterogeneous,
to eliminate its affects on our result, we made partial
correlation analyses between the diffusion indices and the
injury duration and found no significant differences, which
was consistent with Hou et al. [7]. The negative correlation
may be affected by the relative small sample size and the
heterogeneous injured spinal segments.

5. Limitations

Several limitations of the present study should be addressed
when interpreting the results. First, the current study investi-
gatedWM changes in SCI patients with a very broad range of
disease durations. Second, the injured spinal segments were
heterogeneous. Finally, the relative small sample size dimin-
ished the statistical power, particularly when we considered
the CSCI and ISCI patients as separate groups.

6. Conclusions

In conclusion, our findings provide evidence that SCI can
cause changes in the brain’s WM that are not limited to
the sensorimotor system, which directly innervates the par-
alyzed limbs but includes brain areas without such direct
connections. Additionally, the changes of the WM integrity
in the brain can predict clinical performance. Moreover, the
severities of the impairments in the brain’s WM are similar
between CSCI and ISCI patients. These findings indicate
the potential of using diffusion indices in investigations
of secondary WM impairments and the prediction of the
prognoses of SCI. The affection of left AG on rehabilitation
therapies needs to be further researched in the future.
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Mart́ın-Fernández, and S. Aja-Fernández, “Impact of MR
acquisition parameters on DTI scalar indexes: a tractography
based approach,” PLoS ONE, vol. 10, no. 10, Article ID e0137905,
2015.

[30] T. P. Pons, P. E. Garraghty, A. K. Ommaya, J. H. Kaas, E. Taub,
and M. Mishkin, “Massive cortical reorganization after sensory
deafferentation in adult macaques,” Science, vol. 252, no. 5014,
pp. 1857–1860, 1991.

[31] H. Flor, T. Elbert, S. Knecht et al., “Phantom-limb pain as a
perceptual correlate of cortical reorganization following arm
amputation,” Nature, vol. 375, no. 6531, pp. 482–484, 1995.

[32] M. Bruehlmeier, V. Dietz, K. L. Leenders, U. Roelcke, J. Mis-
simer, and A. Curt, “How does the human brain deal with a
spinal cord injury?” European Journal of Neuroscience, vol. 10,
no. 12, pp. 3918–3922, 1998.

[33] T. Schallert, S. M. Fleming, J. L. Leasure, J. L. Tillerson, and S. T.
Bland, “CNS plasticity and assessment of forelimb sensorimotor
outcome in unilateral rat models of stroke, cortical ablation,
parkinsonism and spinal cord injury,” Neuropharmacology, vol.
39, no. 5, pp. 777–787, 2000.

[34] C. P. Hofstetter, P. Schweinhardt, T. Klason, L. Olson, and C.
Spenger, “Numb rats walk—a behavioural and fMRI compari-
son of mild and moderate spinal cord injury,” European Journal
of Neuroscience, vol. 18, no. 11, pp. 3061–3068, 2003.

[35] S. C. Cramer, L. Lastra, M. G. Lacourse, and M. J. Cohen,
“Brain motor system function after chronic, complete spinal
cord injury,” Brain, vol. 128, no. 12, pp. 2941–2950, 2005.

[36] J. Ramu, K. H. Bockhorst, K. V. Mogatadakala, and P. A.
Narayana, “Functional magnetic resonance imaging in rodents:
methodology and application to spinal cord injury,” Journal of
Neuroscience Research, vol. 84, no. 6, pp. 1235–1244, 2006.

[37] J. Ramu, K. H. Bockhorst, R. J. Grill, K. V. Mogatadakala,
and P. A. Narayana, “Cortical reorganization in NT3-treated
experimental spinal cord injury: functionalmagnetic resonance
imaging,” Experimental Neurology, vol. 204, no. 1, pp. 58–65,
2007.

[38] M. T. Jurkiewicz, D. J. Mikulis, W. E. McIlroy, M. G. Fehlings,
and M. C. Verrier, “Sensorimotor cortical plasticity during
recovery following spinal cord injury: a longitudinal fMRI
study,” Neurorehabilitation and Neural Repair, vol. 21, no. 6, pp.
527–538, 2007.

[39] P. J. Wrigley, S. R. Press, S. M. Gustin et al., “Neuropathic pain
and primary somatosensory cortex reorganization following
spinal cord injury,” Pain, vol. 141, no. 1-2, pp. 52–59, 2009.

[40] W. Qin, M. Zhang, Y. Piao et al., “Wallerian degeneration in
central nervous system: dynamic associations betweendiffusion
indices and their underlying pathology,” PLoS ONE, vol. 7, no. 7,
Article ID e41441, 2012.

[41] J. Zhang, M. Jones, C. A. Deboy et al., “Diffusion tensor
magnetic resonance imaging of wallerian degeneration in rat
spinal cord after dorsal root axotomy,” Journal of Neuroscience,
vol. 29, no. 10, pp. 3160–3171, 2009.

[42] M. F. S. Rushworth, A. Ellison, and V. Walsh, “Complementary
localization and lateralization of orienting andmotor attention,”
Nature Neuroscience, vol. 4, no. 6, pp. 656–661, 2001.

[43] N. S. Ward, M. M. Brown, A. J. Thompson, and R. S. J.
Frackowiak, “Neural correlates of motor recovery after stroke: a
longitudinal fMRI study,” Brain, vol. 126, no. 11, pp. 2476–2496,
2003.

[44] L. Fogassi, P. F. Ferrari, B. Gesierich, S. Rozzi, F. Chersi, and G.
Rizzolotti, “Parietal lobe: from action organization to intention
understanding,” Science, vol. 308, no. 5722, pp. 662–667, 2005.

[45] M. Villiger, P. Grabher, M.-C. Hepp-Reymond et al., “Rela-
tionship between structural brainstem and brain plasticity and
lower-limb training in spinal cord injury: a longitudinal pilot
study,” Frontiers in Human Neuroscience, vol. 9, article no. 254,
2015.

[46] M. Corbetta, H. Burton, R. J. Sinclair, T. E. Conturo, E.
Akbudak, and J. W. McDonald, “Functional reorganization
and stability of somatosensory-motor cortical topography in
a tetraplegic subject with late recovery,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 99, no. 26, pp. 17066–17071, 2002.

[47] S. C. Cramer, E. L. R. Orr, M. J. Cohen, and M. G. Lacourse,
“Effects of motor imagery training after chronic, complete
spinal cord injury,” Experimental Brain Research, vol. 177, no. 2,
pp. 233–242, 2007.

[48] J. K. Jung, C. H. Oh, S. H. Yoon, Y. Ha, S. Park, and B. Choi,
“Outcome evaluation with signal activation of functional MRI
in spinal cord injury,” Journal of Korean Neurosurgical Society,
vol. 50, no. 3, pp. 209–215, 2011.

[49] H. Lundell, M. S. Christensen, D. Barthélemy, M. Willerslev-
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