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A debilitating consequence of complete spinal cord injury (SCI) is

the loss of motor control. Although the goal of most SCI treatments

is to re-establish neural connections, a potential complication in

restoring motor function is that SCI may result in anatomical and

functional changes in brain areas controlling motor output. Some

animal investigations show cell death in the primary motor cortex

following SCI, but similar anatomical changes in humans are not yet

established. The aim of this investigation was to use voxel-based

morphometry (VBM) and diffusion tensor imaging (DTI) to determine

if SCI in humans results in anatomical changes within motor cortices

and descending motor pathways. Using VBM, we found significantly

lower gray matter volume in complete SCI subjects compared with

controls in the primary motor cortex, the medial prefrontal, and

adjacent anterior cingulate cortices. DTI analysis revealed structural

abnormalities in the same areaswith reduced graymatter volume and

in the superior cerebellar cortex. In addition, tractography revealed

structural abnormalities in the corticospinal and corticopontine

tracts of the SCI subjects. In conclusion, human subjects with

complete SCI show structural changes in cortical motor regions and

descending motor tracts, and these brain anatomical changes may

limit motor recovery following SCI.

Keywords: corticopontine tract, corticospinal tract, diffusion tensor

imaging, motor control, voxel-based morphometry

Introduction

Arguably the most debilitating consequence of complete spinal
cord injury (SCI) is the loss of motor control. Unfortunately,

despite significant ongoing research, the ability to restore
motor function following SCI remains a goal that is yet to be
achieved. One potential barrier to restoring motor function is

that the long-term loss of sensory input and motor output that
occurs following SCI may result in permanent anatomical
changes and functional reorganization of the central nervous

system. Such anatomical changes could provide a significant
obstacle to achieving full and effective motor recovery
following SCI even if significant repair is achieved at the site

of injury.
The issue of whether SCI results in significant supraspinal

changes including the loss of descending corticospinal tract
neurons remains controversial. Some studies report that

corticospinal tract lesions result in very little change in M1
neuron numbers (Tower 1940; Lassek 1942; Wannier et al.
2005), whereas many others report substantial decreases

(Levine and Bradford 1938; Pernet and Hepp-Reymond 1975;

Feringa and Vahlsing 1985; Hains et al. 2003). Some inves-
tigators have reported decreases in both the size and numbers

of corticospinal neurons (Ganchrow and Bernstein 1985;

Tetzlaff et al. 1994; Hains et al. 2003) as well as changes in

synaptic spine density and neuronal morphology (Kim et al.

2006). Indeed, the controversy surrounding whether SCI

results in neuronal death within M1 may be due partly to

technical issues. Many of the above mentioned investigations

were conducted prior to the advent of stereological tools,

without which it is difficult to determine statistical validity.

However, the study by Hains et al. (2003) which does demon-

strate fewer corticospinal neurons following SCI employs the

appropriate stereological tools. In any case, in humans, brain

imaging studies have also reported M1 functional reorganiza-

tion in SCI subjects (Lotze et al. 1999; Mikulis et al. 2002), and

electrophysiological investigations have revealed reduced and

more variable movement-related M1 potentials following SCI

(Green et al. 1999; Lacourse et al. 1999). Although it would

be ideal to use immunohistochemical techniques to examine

changes in neuronal numbers and morphology, it is not pos-

sible to use this technique in living humans, and as a result, it

has been difficult to establish whether anatomical changes

occur in the human brain following SCI.

Two recently developed magnetic resonance imaging (MRI)
approaches, voxel-based morphometry (VBM), and diffusion

tensor imaging (DTI), allow detection of changes in regional

brain structure in living humans. Using conventional T1-

weighted MRI images, VBM analysis identifies changes in

regional gray matter volume, and we have previously used this

technique to report significant gray matter loss in subjects with

obstructive sleep apnea (Macey et al. 2002). DTI measures the

diffusivity of water through brain tissue in multiple directions

and provides indications of tissue integrity (i.e., damage) and

structure (e.g., axonal tracts) not apparent with conventional

T1-weighted anatomical scans. Fractional anisotropy (FA) and

mean diffusivity (MD) are measures obtained from DTI which

are affected by cell size, shape, and integrity (Pierpaoli et al.

1996) and change with increasing tissue barriers, such as cell

membranes and myelin sheaths (Basser et al. 2000). Cellular

degeneration alters FA and MD (Pierpaoli et al. 1993). Further-

more, fiber pathways can be identified using the DTI using

tractography, allowing detection of changes in the structure of

fiber tracts (Kamada et al. 2005; Zarei et al. 2007).
The aim of this investigation was to use the anatomical MRI

approaches mentioned above to determine whether significant

brain anatomical changes occur in humans following SCI. We
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hypothesize that SCI will be associated with significant
decrease in gray matter volume and increased water movement
with the primary motor cortex and that these changes will be
greatest in the region of primary motor cortex that innervates

the paralyzed part of the body (the paracentral lobule). Further-
more, we hypothesize that the descending corticospinal tract
fibers will display changes in their diffusion properties in-

dicative of significant neural loss.

Methods

Subjects

Fifteen male subjects with SCI (mean age 41 ± 3 [±standard error of the
mean]; range 26--57) and 27 male control subjects without SCI (mean
age 37 ± 3; range 23--60) were recruited. All SCI subjects had complete
(American Spinal Injury Association Impairment Classification A) SCIs
between T1 and T10 and were 24--390 months post-SCI (mean 150 ± 33
months) (Table 1). Informed written consent was obtained for all
procedures, and the study was approved by Institutional Human
Research Ethics Committees of Northern Sydney Central Coast Area
Health, the University of Sydney and the University of New South Wales.

MRI Acquisition

Subjects lay supine on the bed of a 3T MRI scanner (Philips, Acheiva,
the Netherlands) with their head immobilized in a head coil. For each
subject, T1-weighted and DTI scans were acquired, with repeated
acquisitions to improve signal-to-noise ratios. Three high-resolution 3-
dimensional T1-weighted anatomical image sets, covering the entire
brain, were collected (turbo field echo; time echo = 2.5 ms, time
repetition [TR] = 5600 ms, flip angle = 8�, voxel size 0.8 3 0.8 3 0.8
mm). The DTI data were acquired with a whole-brain single-shot, spin-
echo echo-planar pulse sequence (TR = 8788 ms; flip angle = 90�, 112 3

112 matrix size, 224 3 224 mm field of view, 2.5 mm slice thickness, 55
axial slices), with 4 image sets collected for each subject. For each slice,
diffusion gradients were applied along 32 independent orientations
with b = 1000 s/mm2 after the acquisition of b = 0 s/mm2 (b0) images.

Analysis

VBM

Using Statistical Parametric Mapping (SPM; Friston et al. 1995), the 3 T1-
weighted images from each subject were coregistered and averaged.
The averaged image was bias corrected using the SPM5 unified
segmentation (Ashburner and Friston 2005). The bias-corrected images
were segmented and spatially normalized using a second pass of the
unified segmentation algorithm. The results of the segmentation and
spatial normalization were whole-brain ‘‘maps’’ of gray matter probabil-
ities spatially normalized into the Montreal Neurological Institute
template space and ‘‘modulated’’ by the volume changes due to the
normalization (Ashburner and Friston 2000). The normalized, modu-
lated gray matter images were smoothed (full width at half maximum =

10 mm). Significant differences in gray matter between SCI subjects and
controls were determined using an analysis of covariance (ANCOVA)
with age as a nuisance variable (P < 0.05, false discovery rate correction
for multiple comparisons) (Holmes and Friston 1998). Significant gray
matter volume differences were overlaid onto an individual’s T1-
weighted anatomical image for visualization.

DTI—Whole-Brain Analysis

DTI data were processed using SPM5 and Matlab-based custom
software, including the SPM ‘‘Diffusion toolbox.’’ The 4 DTI sets were
realigned and averaged to improve the signal-to-noise ratio. Using
diffusion-weighted images collected from 32 directions and b0 images,
the diffusion tensor was then calculated from the averaged images
using a linear model (Basser and Pierpaoli 1996). Once the elements of
diffusion tensor were calculated, FA maps were derived and the images
spatially normalized and smoothed (full width at half maximum =

10 mm). A voxel-by-voxel analysis was performed to search for
significant differences in FA values between control and SCI patients

(ANCOVA, corrected P < 0.05, age as a nuisance variable). Significant FA
differences were overlaid onto an individual’s T1-weighted anatomical
image for visualization.

DT—Tractography

Tractography was performed using mrDiffusion software (Dougherty
et al. 2005), based on the diffusion tensor calculated as described above.
The corticospinal and the corticopontine tracts were targeted; 4
volumes of interest specified anatomically in each individual in native
space: the posterior limb of the internal capsule, the cerebral peduncle,
the entire pons, and the pyramid (Fig. 4). Fibers were tracked with
a minimum FA value of 0.15 and a maximum turning angle of 15�. The
corticospinal tract was defined as fibres that passed through the
posterior limb of the internal capsule, the cerebral peduncles, and the
pyramids. Fibres that passed through the posterior limb of the internal
capsule and the cerebral peduncle, and then terminated in the pons,
were classified as the corticopontine tract (Kamada et al. 2005; Okada
et al. 2006; Zarei et al. 2007). The mean FA, MD, axial diffusivity, and
radial diffusivity values for each of the tracts were calculated for each
individual, and these values were then averaged for the control and SCI
groups. Because we hypothesize that SCI will result in neuronal loss
which would decrease FA and increase MD, we used a 1-tailed, 2-
sample t-test (P < 0.05) to determine significant differences in FA and
MD values between the SCI and control groups. Relations between fiber
tract properties and age, and fiber tract properties and time since
injury, were assessed using regression analyses. Clinical assessment of
the precise level of motor loss in the thoracic regions of SCI subjects is
difficult and was not performed (Marino et al. 2003), and consequently,
comparisons between fiber tract properties and exact injury levels
were not performed.

Results

VBM analysis revealed significantly lower regional gray matter

volume in SCI subjects compared with controls (Fig. 1). These
reductions appeared in the region of left primary motor cortex
innervating the lower limbs, the left and right medial prefrontal
and adjacent perigenual and subgenual anterior cingulate

cortices, the left and right anterior temporal cortex, lateral
hypothalamus, and insular cortex. No region showed greater
gray matter volume in SCI subjects compared with controls.

Whole-brain analysis of DTI indices revealed decreased FA
and increased MD in SCI patients in the region immediately
lateral to and extending into the left and right primary motor

and sensory cortices supplying the lower limbs and in the
superior cerebellar cortex (Figs. 2 and 3). In addition, lower FA
values in SCI subjects occurred in regions associated with the
left and right corticospinal tracts, that is, the corona radiata,

Table 1

SCI subject’s characteristics

Subject Age Time since
injury (months)

Neurological level of SCI
(based on sensory loss)

1 43 252 T8
2 26 92 T10
3 51 60 T7
4 54 324 T2
5 29 48 T5
6 34 96 T4
7 44 324 T5
8 57 390 T4
9 52 108 T3
10 36 192 T3
11 41 168 T3
12 26 24 T1
13 39 72 T5
14 32 72 T3
15 50 33 T9
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posterior limb of internal capsule, ventral pons, and pyramids.
Significantly lower FA values in SCI subjects also occurred
bilaterally in the medial prefrontal and adjacent perigenual and

subgenual anterior cingulate cortices and in the primary
somatosensory and precuneus cortices. No region showed
greater FA in SCI patients compared with controls.

Tractography identified the location of the corticospinal and

corticopontine tracts from the cortex, through the internal
capsule, midbrain, and pons (Fig. 5). The tractography differ-
entiated the 2 fiber tracts at each brain level. The visualization

revealed motor pathways originating in the primary motor
cortex and also in the primary somatosensory and supplemen-
tary motor cortices.

Group analysis of the average FA and MD values in each
individual’s corticospinal and corticopontine tracts revealed
significantly lower FA and axial diffusivity values in SCI subjects
compared with controls in both the corticospinal and cortico-

pontine tracts (Fig. 6). In addition, the corticospinal tract
displayed significantly lower MD values in SCI subjects, whereas
the corticopontine tract did not. No significant correlation was

found between tract properties and age or time since injury
(‘‘corticospinal tract’’: FA vs. age: R2

=0.14, P = 0.20; MD vs. age:
R2

= 0.05, P = 0.82; FA vs. time since injury: R2
= 0.04, P = 0.51; MD

vs. time since injury: R2
= 0.004, P = 0.40 and ‘‘corticopontine

tract’’: FA vs. age: R2
= 0.02, P = 0.68; MD vs. age:R2

= 0.02, P = 0.65;
FA vs. time since injury: R2

= 0.05, P = 0.47; MD vs. time since

injury: R2
= 0.05, P = 0.40).

Discussion

Complete SCI results in anatomical changes in the human motor

cortex and in the descending pathways from the motor cortex.

Decreases in graymatter volumeand increases inMDoccurred in

the region of primary motor cortex that projects to the region of

the spinal cord innervating the paralyzed lower limb muscles

aswell as in the superior cerebellar cortex. In addition, decreases

in FA (indicative of fiber loss and/or demyelination) occurred in

the corticospinal and corticopontine tracts of SCI subjects.

Anatomical changes were also found in areas of the brain not

directly involved in motor control, that is the medial prefrontal

and anterior cingulate cortices.

Over 150 years ago, it was shown that following injury of a
peripheral nerve, axons distal to the injury undergo progressive

retrograde degeneration, a process termed Wallerian degener-

ation (Waller 1850). Although recent evidence suggests that

Wallerian degeneration does indeed occur in the spinal cord of

SCI subjects (Buss et al. 2004), the issue of whether SCI results

in significant central changes including the loss of descending

M1 neurons remains controversial. Some studies report very

little change in M1 neuron numbers following disruption of the

corticospinal tract (Tower 1940; Lassek 1942). For example,

a recent study by Wannier et al. (2005) found that following

disruption of the corticospinal tract in 2 macaque monkeys, no

change in M1 pyramidal cell numbers occurred. However, the

authors reported that the somata of the surviving M1 pyramidal

Figure 1. Regions showing significantly lower gray matter volume (P\0.05) in SCI subjects compared with controls overlaid on a single subject’s T1-weighted anatomical scan.
The location of each slice in Montreal Neurological Institute space is shown at the lower right of each section. ACC, anterior cingulate cortex; M1, primary motor cortex; mPFC,
medial prefrontal cortex.
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neurons shrank significantly compared with those in the

opposite M1 region, a result consistent with the M1 volumetric
changes reported in our investigation.

In contrast, numerous primate investigations report cortico-

spinal neuron death following pyramidotomy or cervical cord
lesions (Levine and Bradford 1938; Pernet and Hepp-Reymond
1975). For example, Pernet and Hepp-Reymond (1975) showed

that following unilateral pyramidotomy, approximately 70%
of pyramidal cells in the contralateral motor cortex were lost.
Recent rodent studies have also demonstrated that thoracic
corticospinal tract transection results in programed death

(apoptosis) of a significant proportion of M1 corticospinal
neurons (up to 40%) (Hains et al. 2003) and that few cortico-
spinal neurons survive 10weeks after a thoracic SCI (Feringa and

Vahlsing 1985). In addition to M1 neuronal loss, some animal
studies have reported that SCI evokes morphometric changes
within descending motor control systems (Feringa and Vahlsing

1985; Ganchrow and Bernstein 1985; Tetzlaff et al. 1994; Hains
et al. 2003), including changes in M1 synaptic spine density
(Kim et al. 2006).

The results from our investigations support the view that SCI
results in significant anatomical changes within the human
brain and in particular the motor system. These changes
include a decrease in gray matter volume, a decrease in FA, and

an increase in MD in the region of M1, specifically in the area
that innervates the lower (paralyzed) body (Schott 1993). In
addition, a significant decrease in FA occurred in the region of

the primary somatosensory cortex and a decrease in FA and

increase in MD occurred in the superior cerebellar cortex.
These cerebellar changes are surprising given that unlike the
primary motor and sensory cortices, which have direct con-

nections with the injured region, that is, the spinal cord; the
bulk of superior cerebellar cortex connections are with the
brainstem and cerebral cortex. This indicates that secondary

changes that do not result directly from the injury itself may
result in long-term anatomical changes.

Previous studies using VBM have found it difficult to detect
changes in gray matter volume in M1 following SCI (Crawley

et al. 2004; Jurkiewicz et al. 2006). Although there was a small
(3.8%) difference in gray matter volume in the study by
Crawley et al., this was insufficient to reach statistical signif-

icance but is nevertheless in line with the results of the present
study. The more robust findings from the current study are
likely due to the selection of only clinically complete, male

paraplegic SCI subjects in contrast to previous studies that have
included subjects with both complete and incomplete injuries.
Although the narrow selection criteria was, in our opinion,

critical for the detection of group differences, it may have
limited our ability to detect significant correlations between
the degree of anatomical change and injury level, that is, we
found no significant correlation between injury level and M1

anatomy. Given the large cortical representation which would
be lost in all complete thoracic SCI subjects (i.e., the sensory
and motor representations to the lower limbs), the additional

Figure 2. Regions showing significantly lower FA (P\ 0.05; higher values indicate greater axonal integrity or more fibres) in SCI versus control subjects overlaid on a single
subject’s T1-weighted anatomical scan. The location of each slice in Montreal Neurological Institute space is shown at the lower right of each section. ACC, anterior cingulate
cortex; IC, internal capsule; M1, primary motor cortex; mPFC, medial prefrontal cortex.
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loss from segments within the thoracic region (which have
relatively sparse cortical representations) would likely not pro-
duce a large difference in the overall cortical loss. We suspect
that the absence of a significant correlation reflects the lack of

sensitivity of the MRI techniques in determining such fine
differences.

In addition to changes in the cerebral and cerebellar cortices,

we found that SCI results in significant changes in the anatomy
of the medial prefrontal and anterior cingulate cortices. These
brain regions are known to be critical for the processing of

emotional relevant information and in modulating attentional
states. It has been shown by Damasio and colleagues that
peripheral arousal levels may influence ones emotional state,

and it has been suggested that the decoupling of the brain from
the body, as happens following SCI, may modify emotional
experience (Damasio 1994). Indeed, a recent fMRI investigation
has revealed reduced activity in the subgenual anterior cingulate

cortex during emotional processing in SCI subjects (Nicotra
et al. 2006). It may be that changes in the anatomy of the
prefrontal/anterior cingulate cortices are reflected in changes in

emotional processing in SCI subjects, although the precise
nature of these anatomical changes cannot be determined using
MRI techniques.

FA values contain information on both the direction and ease
of water movement. When a water molecule lies between
parallel axons, then its movement is restricted to 2 directions
parallel to the axis of those axons. In this situation, the FA

value of that brain region approaches 1. Conversely, in brain
areas where water movement is unrestricted in any direction
(e.g., as in the ventricles), FA approaches 0. Given this, if a brain

region has a lower FA value, then water can move more freely
in multiple directions, and this generally indicates fewer axons
or demyelination. In contrast, MD is a measure of the ease of

water movement, and so as MD increases, the ease of water
movement also increases. Thus MD is affected by cellular size,
shape, and integrity (Pierpaoli et al. 1996). MD declines with

increasing tissue barriers, such as cell membranes and myelin
sheaths (Basser and Pierpaoli 1996) and increases in lesions
with edema, demyelination, and axonal loss (Stevenson et al.
2000; Iannucci et al. 2001). Thus, the decreased FA and

Figure 3. Graphs of mean FA (±standard error of the mean [SEM]) and MD
(±SEM) of the primary motor cortex (M1) and immediately adjacent white matter
and the cerebellar cortex in control and SCI subjects. *P\ 0.05.

Figure 4. Volumes of interest used to define the corticospinal and corticopontine tract. The broken lines indicate the boundaries of each volume of interest overlaid on a vector
RGB map of an individual’s brain.
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increased MD in M1 and cerebellum in SCI subjects indicate
that there are fewer barriers to water movement indicating
a loss of similarly orientated fibres (axons and/or dendrites)

and possibly cell death in people with SCI.
Consistent with anatomical changes in M1 of SCI subjects,

we found water diffusion changes which were indicative of
fiber loss in 2 major descending motor pathways—the cortico-

spinal and corticopontine tracts. The anatomy of these 2 de-
scending motor tracts in lower mammals has been well
established, and recent DTI and lesion studies have elucidated

the precise trajectory patterns of these pathways in humans
(Kuypers 1981; Okada et al. 2006; Zarei et al. 2007). It is known
that the corticospinal tract fibres pass from the cortex through

the ipsilateral posterior limb of the internal capsule, the ipsi-
lateral cerebral peduncle, and enter the ipsilateral pyramid in
the ventral medulla. In humans, the vast majorities of these
fibres then decussate and travel to the contralateral ventral and

intermediate regions of the spinal gray matter via the lateral
funiculus of the spinal cord. Although brain regions such as
secondary motor, cingulate, and even somatosensory cortices

contribute significant numbers of neurons to the corticospinal
tract (see Fig. 5), the corticospinal tract provides an important
output pathway of M1 (see Dum and Strick 1991; Galea and

Darian-Smith 1994; Strick et al. 1998). The integrity of the
corticospinal tract is critical for the performance of fine, skillful
movements, not only those involving the fingers during mani-

pulative behaviors (Lawrence and Hopkins 1976) but also those
involving the foot (Porter and Lemon 1993; Courtine et al.
2005). In monkeys, bilateral pyramidotomy results in the animal

retaining the ability to walk, run, climb, use their feet and hands
to grip cage bars, and hold food; however, the ability to perform
individual finger movements and the precision grip is lost
(Kuypers 1981).

Although corticospinal tract neurons send collaterals to the
pontine nuclei (Ugolini and Kuypers 1986), the corticopontine
tract neurons do not innervate motor neurons in the ventral

horn of the spinal cord but instead synapse on ipsilateral
pontine nuclei (Kuypers 1981; Schmahmann et al. 2004). The
projection from M1 traverses the posterior limb of the internal

capsule and is topographically organized. The pontine nuclei
project to the contralateral cerebellar cortex via the middle
cerebellar peduncle. Although limitations of tractography pre-
clude our demonstration of the crossed connections between

the pons and cerebellum, this cortico--ponto--cerebellar path-
way is quantitatively the most important route by which the
cerebral cortex can influence the cerebellar cortex. It carries

information that the contralateral cerebellum uses to correct
for errors during movements and participates in movement
planning and initiation. Given their functions, we speculate that

the observed changes in the anatomy of the corticospinal and
corticopontine tracts would, on their own, have a detrimental
effect on fine movement as well as movement initiation and

Figure 5. Corticospinal and corticopontine tracts in 1 control and 1 SCI subject overlaid onto a series of axial sections from caudal (left) to rostral (right). M1, primary motor
cortex; S1, primary somatosensory cortex.
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planning. Hence, it is possible that their occurrence following
human SCI would hinder the capacity for full motor recovery
following SCI.

As mentioned above, the change in the corticopontine tract
is surprising given that it is not interrupted by the SCI. As
corticospinal tract neurons also send collaterals to the pontine
nuclei, it is possible that water movement changes in the

corticopontine tract reflect changes in the property of some
corticospinal tract neurons. Furthermore, current spatial reso-
lution limitations of DTI may have hindered our ability to

precisely separate the corticospinal and corticopontine tracts.
However, in contrast to the changes in the corticospinal tract,
the corticopontine tract displayed lower FA and axial diffusivity

values, no change in MD, and a slight increase (although not
significant) in radial diffusivity in SCI subjects. It is thought that
fiber loss per se is not associated with significant decreases in

MD or axial diffusivity (Pierpaoli et al. 2001). It has been shown
histologically that Wallerian degeneration is associated with
gliosis, astrocytic scarring, and an increase in extracellular
matrix, and it is these changes that are thought to be respon-

sible for the reported decreases in MD and axial diffusivity that
accompany Wallerian degeneration (Buss et al. 2004). These
diffusivity changes are similar to those reported here for the

corticospinal tract, and although it is impossible to determine
the microscopic processes using DTI techniques, they are very
similar to those reported associated with Wallerian degenera-

tion and may indicate a retrograde degenerative process
with Wallerian features. In contrast, the diffusion properties
of the corticopontine tract in SCI subjects is not reflective of

Wallerian degeneration and may result from a different de-
generative process that does not involve gliosis or an increase
in the extracellular matrix. Indeed, it has recently been sug-
gested that there may be a direct relationship between the

death of corticospinal tract neurons and oligodendrocytes
following SCI, and the death of these oligodendrocytes may
cause further demyelination of other shared fibres (Hains et al.

2003). In any case, our results suggest that even if a fiber tract
is not directly traumatized by an injury, it can still display
significant changes in its diffusion properties that are indicative

of neural loss.
Despite evidence that compensatory structural changes in-

cluding sprouting can occur in the spinal cord distal to the site
of a spinal cord lesion for at least a few weeks after injury (Hill

et al. 2001; Weidner et al. 2001), only modest functional
improvement in motor control is observed (Blight 1983;
Fehlings and Tator 1995). This recovery may be limited

because in addition to ongoing degeneration of the transected
corticospinal tract, changes are also occurring in fiber tracts
above the SCI level. Furthermore, peripheral nerves also undergo

significant changes at levels below the SCI. Krenz and Weaver
(1998) report time-dependent sprouting of myelinated and
unmyelinated primary afferent fibres within the dorsal horn,

below the level of a SCI. Lin et al. (2007) has also reported
decreases in the excitability of motor axons in the common
peroneal and median nerves of SCI subjects, with the changes
suggestive of motor axon loss and/or changes in ion channel

expression on the axons. In some SCI subjects, motor axons in
major nerves were completely inexcitable.

It is likely that the anatomical changes described in the

present study are associated with the functional changes that
occur in the cortical motor system following SCI. For example,
during imagined and attempted foot movements, SCI subjects

display a reduced volume and variability of M1 activity and
abnormal patterns of motor system activation (Cramer et al.
2005). In addition, M1 displays functional reorganization fol-
lowing SCI with the location of activated M1 maxima during

upper limb movements significantly shifted in complete
thoracic SCI subjects (Lotze et al. 1999), and SCI subjects
display larger areas of M1 activation in tasks involving activation

of regions proximal to the lesion (Curt et al. 2002). Based on
studies using transcranial magnetic stimulation and fMRI, the
degree of this shift may increase with the duration of time

since the lesion (Lotze et al. 2006). Furthermore, even if the
remaining motor fibres within the spinal cord are repaired after
SCI and reinnervate their original targets, permanent deficits in

motor control may persist. Despite the potentially deleterious
functional and anatomical changes in the primary motor cortex
after SCI, there remains coherent volitionally commanded

Figure 6. An individual subject’s corticospinal tract (top panel) and corticopontine
tract (lower panel) overlaid onto the group FA decrease in SCI compared with
controls. Graphs of mean FA (±standard error of the mean [SEM]), MD (±SEM),
axial, and radial diffusivity (±SEM) of the corticospinal and corticopontine tracts in
control and SCI subjects are shown below. *P\ 0.05.
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activity in the primary motor cortex which can be recorded
from implanted intracortical electrodes and then processed
to drive brain--computer interfaces (Hochberg et al. 2006)
or neurorehabilitation devices. Also, remaining pathways are

plastic and can potentially improve with specific training (for
review, see Edgerton et al. 2004).

Efforts to prevent neuronal deathmay be critical for complete

motor recovery following SCI. Although the necrosis that occurs
following SCI is irreversible (as it results from plasma membrane
damage and the subsequent leakage of the cell constituents into

the extracellular space), apoptosis is potentially preventable as it
is initiated by a number of factors including Ca2

+

and free
radicals (Ellis et al. 1991). Indeed, in animals at least some of the

apoptosis that occurs within the spinal cord following SCI is
mediated by a Fas/Fas ligand system (Yoshino et al. 2004).
Furthermore, in animals in which this system is blocked, SCI
results in significantly lower levels of spinal cord apoptosis,

and the level of motor recovery is greater when compared
with animals in which the Fas/Fas ligand system is intact.
Although the evidence is limited, intensive rehabilitation,

physical therapy, and even motor imagery have been suggested
as avenues that may also help prevent and even reverse some of
the structural cortical changes and loss of motor function that

occurs following SCI (Corbetta et al. 2002; Dobkin et al. 2007).
A combination of these techniques may help to limit the loss
of descending motor axons that occurs following SCI. Such
measures may also improve motor recovery when local neuro-

regenerative spinal cord interventions are used. Given the rapid
speed of cell death, these measures would ideally be delivered in
the very early stages following SCI.

Funding

Spinal Cord Injury and Other Neurological Conditions Research
Grants Program awarded by the NSW Office of Science and

Medical Research Australia and Pfizer Australia Neuroscience
Research Grants.

Notes

Conflict of Interest : None declared.

Address correspondence to email: lukeh@anatomy.usyd.edu.au.

References

Ashburner J, Friston KJ. 2000. Voxel-based morphometry—the meth-
ods. Neuroimage. 11:805--821.

Ashburner J, Friston KJ. 2005. Unified segmentation. Neuroimage. 26:
839--851.

Basser PJ, Pajevic S, Pierpaoli C, Duda J, Aldroubi A. 2000. In vivo fiber
tractography using DT-MRI data. Magn Reson Med. 44:625--632.

Basser PJ, Pierpaoli C. 1996. Microstructural and physiological features
of tissues elucidated by quantitative-diffusion-tensor MRI. J Magn
Reson B. 111:209--219.

Blight AR. 1983. Cellular morphology of chronic spinal cord injury in
the cat: analysis of myelinated axons by line-sampling. Neurosci-
ence. 10:521--543.

Buss A, Brook GA, Kakulas B, Martin D, Franzen R, Schoenen J, Noth J,
Schmitt AB. 2004. Gradual loss of myelin and formation of an
astrocytic scar during Wallerian degeneration in the human spinal
cord. Brain. 127:34--44.

Corbetta M, Burton H, Sinclair RJ, Conturo TE, Akbudak E,
McDonald JW. 2002. Functional reorganization and stability of
somatosensory-motor cortical topography in a tetraplegic subject
with late recovery. Proc Natl Acad Sci USA. 99:17066--17071.

Courtine G, Roy RR, Raven J, Hodgson J, McKay H, Yang H, Zhong H,
Tuszynski MH, Edgerton VR. 2005. Performance of locomotion and

foot grasping following a unilateral thoracic corticospinal tract
lesion in monkeys (Macaca mulatta). Brain. 128:2338--2358.

Cramer SC, Lastra L, Lacourse MG, Cohen MJ. 2005. Brain motor system
function after chronic, complete spinal cord injury. Brain. 128:
2941--2950.

Crawley AP, Jurkiewicz MT, Yim A, Heyn S, Verrier MC, Fehlings MG,
Mikulis DJ. 2004. Absence of localized grey matter volume changes
in the motor cortex following spinal cord injury. Brain research.
1028:19--25.

Curt A, Alkadhi H, Crelier GR, Boendermaker SH, Hepp-Reymond MC,
Kollias SS. 2002. Changes of non-affected upper limb cortical
representation in paraplegic patients as assessed by fMRI. Brain.
125:2567--2578.

Damasio AR. 1994. Descartes’ error: emotion, reason and the human
brain. New York: Grosset/Putnam.

Dobkin B, Barbeau H, Deforge D, Ditunno J, Elashoff R, Apple D,
Basso M, Behrman A, Harkema S, Saulino M, et al. 2007. The
evolution of walking-related outcomes over the first 12 weeks of
rehabilitation for incomplete traumatic spinal cord injury: the
multicenter randomized spinal cord injury locomotor trial. Neuro-
rehabil Neural Repair. 21:25--35.

Dougherty RF, Ben-Shachar M, Bammer R, Brewer AA, Wandell BA.
2005. Functional organization of human occipital-callosal fiber tracts.
Proc Natl Acad Sci USA. 102:7350--7355.

Dum RP, Strick PL. 1991. The origin of corticospinal projections from
the premotor areas in the frontal lobe. J Neurosci. 11:667--689.

Edgerton VR, Tillakaratne NJ, Bigbee AJ, de Leon RD, Roy RR. 2004.
Plasticity of the spinal neural circuitry after injury. Annu Rev
Neurosci. 27:145--167.

Ellis RE, Yuan JY, Horvitz HR. 1991. Mechanisms and functions of cell
death. Annu Rev Cell Biol. 7:663--698.

Fehlings MG, Tator CH. 1995. The relationships among the severity of
spinal cord injury, residual neurological function, axon counts, and
counts of retrogradely labeled neurons after experimental spinal
cord injury. Exp Neurol. 132:220--228.

Feringa ER, Vahlsing HL. 1985. Labeled corticospinal neurons one year
after spinal cord transection. Neurosci Lett. 58:283--286.

Friston KJ, Holmes AP, Poline JB, Grasby PJ, Williams SC, Frackowiak RS,
Turner R. 1995. Analysis of fMRI time-series revisited. Neuroimage.
2:45--53.

Galea MP, Darian-Smith I. 1994. Multiple corticospinal neuron
populations in the macaque monkey are specified by their unique
cortical origins, spinal terminations, and connections. Cereb Cortex.
4:166--194.

Ganchrow D, Bernstein JJ. 1985. Thoracic dorsal funicular lesions affect
the bouton patterns on, and diameters of, layer VB pyramidal cell
somata in rat hindlimb cortex. J Neurosci Res. 14:71--81.

Green JB, Sora E, Bialy Y, Ricamato A, Thatcher RW. 1999. Cortical
motor reorganization after paraplegia: an EEG study. Neurology.
53:736--743.

Hains BC, Black JA, Waxman SG. 2003. Primary cortical motor neurons
undergo apoptosis after axotomizing spinal cord injury. J Comp
Neurol. 462:328--341.

Hill CE, Beattie MS, Bresnahan JC. 2001. Degeneration and sprouting of
identified descending supraspinal axons after contusive spinal cord
injury in the rat. Exp Neurol. 171:153--169.

Hochberg LR, Serruya MD, Friehs GM, Mukand JA, Saleh M, Caplan AH,
Branner A, Chen D, Penn RD, Donoghue JP. 2006. Neuronal
ensemble control of prosthetic devices by a human with tetraplegia.
Nature. 442:164--171.

Holmes AP, Friston KJ. 1998. Generalisability, random effects and
population inference. Neuroimage. 7:S754.

Iannucci G, Rovaris M, Giacomotti L, Comi G, Filippi M. 2001. Correlation
of multiple sclerosis measures derived from T2-weighted, T1-
weighted, magnetization transfer, and diffusion tensor MR imaging.
AJNR Am J Neuroradiol. 22:1462--1467.

Jurkiewicz MT, Crawley AP, Verrier MC, Fehlings MG, Mikulis DJ. 2006.
Somatosensory cortical atrophy after spinal cord injury: a voxel-
based morphometry study. Neurology. 66:762--764.

Kamada K, Sawamura Y, Takeuchi F, Kawaguchi H, Kuriki S, Todo T,
Morita A, Masutani Y, Aoki S, Kirino T. 2005. Functional

Cerebral Cortex January 2009, V 19 N 1 231

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
rc

o
r/a

rtic
le

/1
9
/1

/2
2
4
/2

9
3
9
4
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



identification of the primary motor area by corticospinal tractog-
raphy. Neurosurgery. 56:98--109.

Kim BG, Dai HN, McAtee M, Vicini S, Bregman BS. 2006. Remodeling
of synaptic structures in the motor cortex following spinal cord
injury. Exp Neurol. 198:401--415.

Krenz NR, Weaver LC. 1998. Sprouting of primary afferent fibers
after spinal cord transection in the rat. Neuroscience. 85:443--458.

Kuypers HG. 1981. Anatomy of the descending pathways. In: Brookhart
JM, Brooks VB, editors. Handbook of physiology. Bethesda (MD):
American Physiological Society. p. 597--666.

Lacourse MG, Cohen MJ, Lawrence KE, Romero DH. 1999. Cortical
potentials during imagined movements in individuals with chronic
spinal cord injuries. Behav Brain Res. 104:73--88.

Lassek AM. 1942. The pyramidal tract. A study of retrograde degen-
eration in the monkey. Arch Neurol. 48:561--567.

Lawrence DG, Hopkins DA. 1976. The development of motor control in
the rhesus monkey: evidence concerning the role of cortico-
motoneuronal connections. Brain. 99:235--254.

Levine PM, Bradford FK. 1938. The exact origin of the cortico-spinal
tract in the monkey. J Comp Neurol. 68:411--422.

Lin CS, Macefield VG, Elam M, Wallin BG, Engel S, Kiernan MC. 2007.
Axonal changes in spinal cord injured patients distal to the site of
injury. Brain. 130:985--994.

Lotze M, Laubis-Herrmann U, Topka H. 2006. Combination of TMS and
fMRI reveals a specificpatternof reorganization inM1 inpatients after
complete spinal cord injury. Restor Neurol Neurosci. 24:97--107.

Lotze M, Laubis-Herrmann U, Topka H, Erb M, Grodd W. 1999.
Reorganization in the primary motor cortex after spinal cord
injury—a functional magnetic resonance (fMRI) study. Restor
Neurol Neurosci. 14:183--187.

Macey PM, Henderson LA, Macey KE, Alger JR, Frysinger RC, Woo MA,
Harper RK, Yan-Go FL, Harper RM. 2002. Brain morphology
associated with obstructive sleep apnea. Am J Respir Crit Care
Med. 166:1382--1387.

Marino RJ, Barros T, Biering-Sorensen F, Burns SP, Donovan WH,
Graves DE, Haak M, Hudson LM, Priebe MM. 2003. International
standards for neurological classification of spinal cord injury. J
Spinal Cord Med. 26(Suppl 1):S50--S56.

Mikulis DJ, Jurkiewicz MT, McIlroy WE, Staines WR, Rickards L, Kalsi-
Ryan S, Crawley AP, Fehlings MG, Verrier MC. 2002. Adaptation in
the motor cortex following cervical spinal cord injury. Neurology.
58:794--801.

Nicotra A, Critchley HD, Mathias CJ, Dolan RJ. 2006. Emotional and
autonomic consequences of spinal cord injury explored using
functional brain imaging. Brain. 129:718--728.

Okada T, Mikuni N, Miki Y, Kikuta K, Urayama S, Hanakawa T,
Fushimi Y, Yamamoto A, Kanagaki M, Fukuyama H, et al. 2006.
Corticospinal tract localization: integration of diffusion-tensor
tractography at 3-T MR imaging with intraoperative white matter
stimulation mapping—preliminary results. Radiology. 240:849--857.

Pernet U, Hepp-Reymond MC. 1975. Retrograde degeneration of the
pyramidal cells in the motor cortex of apes (Macaca fascicularis).
Acta Anat. 91:552--561.

Pierpaoli C, Barnett A, Pajevic S, Chen R, Penix LR, Virta A, Basser P.
2001. Water diffusion changes in Wallerian degeneration and
their dependence on white matter architecture. Neuroimage. 13:
1174--1185.

Pierpaoli C, Jezzard P, Basser PJ, Barnett A, Di Chiro G. 1996. Diffusion
tensor MR imaging of the human brain. Radiology. 201:637--648.

Pierpaoli C, Righini A, Linfante I, Tao-Cheng JH, Alger JR, Di Chiro G.
1993. Histopathologic correlates of abnormal water diffusion in
cerebral ischemia: diffusion-weighted MR imaging and light and
electron microscopic study. Radiology. 189:439--448.

Porter R, Lemon R. 1993. Corticospinal function and voluntary
movement. Oxford (United Kingdom): Oxford University Press.

Schmahmann JD, Rosene DL, Pandya DN. 2004. Motor projections to
the basis pontis in rhesus monkey. J Comp Neurol. 478:248--268.

Schott GD. 1993. Penfield’s homunculus: a note on cerebral cartogra-
phy. J Neurol Neurosurg Psychiatr. 56:329--333.

Stevenson VL, Parker GJ, Barker GJ, Birnie K, Tofts PS, Miller DH,
Thompson AJ. 2000. Variations in T1 and T2 relaxation times of
normal appearing white matter and lesions in multiple sclerosis. J
Neurol Sci. 178:81--87.

Strick PL, Dum RP, Picard N. 1998. Motor areas on the medial wall of the
hemisphere. Novartis Found Symp. 218:64--75.

Tetzlaff W, Kobayashi NR, Giehl KM, Tsui BJ, Cassar SL, Bedard AM.
1994. Response of rubrospinal and corticospinal neurons to injury
and neurotrophins. Prog Brain Res. 103:271--286.

Tower SS. 1940. Pyramidal lesion in the monkey. Brain Res. 63:36--90.
Ugolini G, Kuypers HG. 1986. Collaterals of corticospinal and pyramidal

fibres to the pontine grey demonstrated by a new application of the
fluorescent fibre labelling technique. Brain Res. 365:211--227.

Waller A. 1850. Experiments on the section of glossopharyngeal and
hypoglossal nerves of the frog and observations of the alternatives
produced thereby in the structure of their primitive fibres. Phil
Trans R Soc Lond. 140:423.

Wannier T, Schmidlin E, Bloch J, Rouiller EM. 2005. A unilateral section
of the corticospinal tract at cervical level in primate does not lead to
measurable cell loss in motor cortex. J Neurotrauma. 22:703--717.

Weidner N, Ner A, Salimi N, Tuszynski MH. 2001. Spontaneous
corticospinal axonal plasticity and functional recovery after adult
central nervous system injury. Proc Natl Acad Sci USA. 98:
3513--3518.

Yoshino O, Matsuno H, Nakamura H, Yudoh K, Abe Y, Sawai T, Uzuki M,
Yonehara S, Kimura T. 2004. The role of Fas-mediated apoptosis
after traumatic spinal cord injury. Spine. 29:1394--1404.

Zarei M, Johansen-Berg H, Jenkinson M, Ciccarelli O, Thompson AJ,
Matthews PM. 2007. Two-dimensional population map of cortical
connections in the human internal capsule. J Magn Reson Imaging.
25:48--54.

232 Brain Anatomical Changes following SCI d Wrigley et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
rc

o
r/a

rtic
le

/1
9
/1

/2
2
4
/2

9
3
9
4
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2


