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Loss of somatosensory drive results in functional reorganization of the primary somatosensory cortex (SI). While the phenomenon of
functional cortical reorganization is well established, it remains unknown whether in humans, functional reorganization results from
changes in brain anatomy, or simply reflects an unmasking of already existing dormant synapses. In 20 subjects with complete thoracic
spinal cord injuries (SCIs) and 23 controls, we used functional and structural magnetic resonance imaging to determine whether SI
reorganization was associated with changes in SI anatomy. SCI resulted in a significant SI reorganization, with the little finger represen-
tation moving medially toward the lower body representation (i.e., area of sensory loss). Furthermore, although SCI was associated with
gray matter volume loss in the lower body representation, this loss was minimized as reorganization increased. That is, the greater the
medial shift in little finger representation, the greater the gray matter preservation in the lower body representation. In addition, in the
region of greatest SI reorganization (little finger), fractional anisotropy was correlated with SI reorganization. That is, as SI reorganiza-
tion increased, the extent of aligned structures decreased. Finally, although thalamocortical fibers remained unchanged, the ease and
direction of water movement within the little finger representation was altered, being directed more toward the midline in SCI subjects.
These data show that SI reorganization following SCI is associated with changes in SI anatomy and provide compelling evidence that SI
reorganization in humans results from the growth of new lateral connections, and not simply from the unmasking of already existing
lateral connections.

Introduction
It is well established that a loss of afferent sensory drive is fol-
lowed by functional reorganization of the primary somatosen-
sory cortex (SI) (Merzenich et al., 1983, 1984; Allard et al., 1991;
Pons et al., 1991; Flor et al., 1995; Wrigley et al., 2009). That is, the
area of SI deprived of its normal inputs is activated by sensory
stimulation of the surrounding intact body regions. Despite the
well established phenomenon of cortical reorganization, it re-
mains unknown whether in humans, this functional reorganiza-
tion results from physical changes in brain anatomy, such as
dendritic sprouting, or simply reflects an unmasking of already
existing dormant synapses. Although it has recently been re-
ported in humans that SI reorganization can occur within hours
of limb anesthesia, supporting the existence of dormant synapses
(Björkman et al., 2009), it remains unknown whether such an
“unmasking” is responsible for the large SI reorganization that
occurs following limb amputation or spinal cord injury (SCI).

Over 10 years ago, Florence et al. (1998) investigated thalamo-
cortical projection patterns in macaque monkeys with long-
standing arm injuries including amputation. They found that
although microelectrode recordings revealed massive reorgani-
zation of the affected limb SI representation, subsequent tract
tracing revealed normal thalamocortical connections, but signif-
icantly expanded lateral connections. They suggested that the
growth of intracortical, not thalamocortical connections, was
responsible for the observed SI reorganization. Furthermore,
nearly two decades ago, Pons et al. (1991) also reported a sub-
stantial degree of SI reorganization in monkeys with unilateral
dorsal rhizotomies of all cervical spinal segments, with the repre-
sentation of the face expanding by up to 14 mm. The authors
suggested that the physical size of this reorganization was too
great to be accounted for by solely the unmasking of latent con-
nections and overlap of thalamocortical projections and must
involve the growth of lateral connections (Garraghty and Sur,
1990; Rausell and Jones, 1995).

Despite evidence in experimental animals that cortical reor-
ganization can involve physical changes in brain anatomy, it re-
mains unknown whether in humans, SI reorganization involves
changes in cortical anatomy. It is important to understand the
precise nature of the underlying mechanisms of cortical organi-
zation in humans as anatomical changes are likely to be more
resistant to treatments aimed at reversal. The aim of this investi-
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gation is to use voxel-based morphometry of T1-weighted and
diffusion tensor images (DTIs) to determine whether the SI re-
organization that occurs following SCI is associated with changes
in cortical anatomy. Furthermore, using fiber-tracking tech-
niques, we aim to determine whether changes in cortical anatomy
reflect alterations in the properties of thalamocortical axons or
changes within the cortical gray matter itself.

Materials and Methods
Subjects
Twenty subjects with established complete thoracic SCI (18 males, 2
females; aged 22– 63 years) and 23 healthy control subjects without SCI
(20 males; 3 females; aged 23– 60 years) were recruited for the study
(Table 1). For the SCI subjects, the neurological level of injury was de-

termined using the American Spinal Injury Association (ASIA) Impair-
ment Scale (AIS) (Marino et al., 2003). Each subject was examined by a
clinician (P.J.W.) in the research group. The standardized ASIA exami-
nation protocol was used to determine the most caudal level of the spinal
cord with normal sensory and motor function on both sides of the body.
An injury was termed complete when there was an absence of sensory and
motor function, which included the lowest sacral segments.

To assess whether SCI resulted in increased fine upper limb move-
ments, each SCI subject was asked to compare the average use of their
hands for detailed task before and following their SCI. Each SCI subject
was asked the following questions: (1) “Compared to before your SCI, I
use my hands now: very rarely, rarely, in the same manner, more fre-
quently, or much more frequently,” and (2) “Compared to before your
SCI, has the use of your hands for detailed tasks changed (e.g., playing guitar
or piano): I do not use my hands for more for detailed tasks, I sometimes use
my hands for more detailed tasks, I frequently use my hands for detailed
tasks.” Informed written consent was obtained for all procedures and the
study was approved by the Northern Sydney and Central Coast Area Health
Service Institutional Human Research Ethics Committees.

MRI scans
Subjects lay supine on the bed of a 3T MRI scanner (Philips, Intera)
with their head immobilized in a tight-fitting head coil. Four continuous
series of 130 gradient echo, echo-planar images, using blood oxygen
level-dependent contrast and covering the entire brain were collected.
Each functional MRI (fMRI) series was collected over a period of 390 s
(57 axial slices, repetition time � 4 s, echo time � 30 ms, flip angle � 90°,
field of view � 250 mm, raw voxel size � 1.95 � 1.62 � 3.3 mm). A 10
volume baseline period was followed by a 10 volume period during which

either the right corner of the mouth, the pad of
the right thumb, the pad of the right little fin-
ger, or the pad of the right big toe was contin-
uously brushed with a fine plastic brush at �2
strokes/s. This was repeated another 5 times for
a total of 6 baseline and 6 brushing periods.

In addition, using a single-shot multisection
spin-echo echo-planar pulse sequence (repeti-
tion time � 8788 ms; flip angle � 90°, matrix
size � 112 � 112, field of view � 224 � 224
mm, slice thickness � 2.5 mm, 55 axial slices),
four high-resolution DTI image sets covering
the entire brain were collected. For each slice,
diffusion gradients were applied along 32 inde-
pendent orientations with b � 1000 s/mm 2 af-
ter the acquisition of b � 0 s/mm 2 (b0) images.
Four DTI series were collected separately for
subsequent averaging.

MRI analysis
fMRI. Using SPM5 (Friston et al., 1995), fMRI
images were realigned and spatially normalized
to the MNI template, global signal changes
were removed using the detrending method
described by Macey et al. (2004), and the im-
ages were spatially smoothed (6 mm FWHM).
Signal intensity increases were assessed using a

repeated box-car model convolved with a conical hemodynamic re-
sponse function. The maximally activated voxel in contralateral (left) SI
was determined in each individual subject during each of the four brush-
ing paradigms and the Euclidean distance between the maximally acti-
vated voxel and an anatomical marker (dorsal point where the central
sulcus meets the midline) was determined and compared between the
SCI and control groups (two-tailed t test) (for details, see Wrigley et al.,
2009). The degree of cortical reorganization of the little finger was dis-
played as absolute changes compared to healthy controls (difference of
the euclidean distance between controls and SCI).

In no SCI subject did brushing of the big toe evoke a significant change
in SI signal intensity. In 15 of the remaining 152 fMRI scans, brushing did
not result in any significantly activated voxels within the contralateral SI
(3 lip; 0 thumb; 9 little finger; 3 big toe).

Figure 1. SI functional reorganization following complete thoracic SCI. Mean maximally activated SI voxels during innocuous
brushing of the lip, thumb, and little finger are shown for healthy controls (green) and subjects with complete thoracic SCI (blue).
Cortical organization of the lip, the thumb, and the little finger is displayed as difference of the euclidean distance between controls
and SCI. Note that in SCI subjects, the SI representations of the little finger and thumb have moved medially toward the SI region
that would normally receive sensory information from the lower body (the region from which sensory information is lost in SCI
subjects).

Table 1. Spinal cord injury subject characteristics

Subject Age

Years
since
injury

Neurological
level of SCI AIS

Motor level
Sensory
level

Sensory
ZPP

Right Left Right Left Right Left

1 40 5 T7 A T1 T1 T7 T8 T12 T12
2 54 27 T2 A T1 T1 T5 T2 T12 L2
3 29 4 T5 A T1 T1 T6 T5 L1 L1
4 34 8 T4 A T1 T1 T4 T4 T6 T5
5 57 32 T4 A T1 T1 T4 T4 T5 T6
6 41 14 T3 A T1 T1 T4 T3 T6 T6
7 27 2 T1 A T1 T1 T1 T1 T5 T4
8 51 3 T9 A T1 L2 T9 T9 S2 S2
9 63 5 T10 A T1 T1 T11 T10 T12 T12

10 54 37 T3 A T1 T1 T3 T4 T6 T5
11 43 21 T8 A T1 T1 T8 T9 T10 T10
12 26 7 T10 A T1 T1 T10 T10 L1 T12
13 44 27 T5 A T1 T1 T6 T5 L3 S2
14 52 9 T3 A T1 T1 T3 T3 T4 T4
15 40 16 T3 A T1 T1 T3 T3 T4 T4
16 32 7 T3 A T1 T1 T3 T3 T5 T7
17 22 3 T5 A T1 T1 T5 T5 T8 T11
18 37 11 T6 A T1 T1 T6 T9 T11 T12
19 53 17 T6 A T1 T1 T6 T6 T11 T12
20 32 3 T5 A T1 T1 T5 T5 T12 L3
Mean (�SEM) 38 (3) 12 (3) T5 (1)

Neurological level of SCI, The most caudal segment of the spinal cord with normal sensory and motor function on
both sides of the body; AIS A, an absence of sensory and motor function, which includes the lowest sacral segments;
motor/sensory level, the most caudal segment of the spinal cord with normal motor/sensory function; sensory zone
of partial preservation (ZPP), the most caudal sensory dermatome that remains partially innervated.
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For display purposes and for subsequent
DTI tractography, clusters containing the
highest activated 20 contiguous voxels within
the left SI and the left thalamus during each
brushing paradigm were derived and overlaid
onto an individual’s T1-weighted anatomical
image. To take into consideration the bilat-
eral nature of spinal cord injury, these clus-
ters were reflected across the midline for
display on the right SI. The percentage
change in signal intensity (relative to the first
10 volumes) was then calculated from this
cluster for each individual subject and these
were then averaged to create a mean � SEM
signal intensity change time-trend.

VBM of T1-weighted images. Using SPM, the
three T1-weighted images from each subject
were coregistered and averaged. The averaged
image was bias corrected using the SPM5 uni-
fied segmentation (Ashburner and Friston,
2005). The bias-corrected images were seg-
mented and spatially normalized using a sec-
ond pass of the unified segmentation
algorithm. The results of the segmentation and
spatial normalization were whole-brain
“maps” of gray matter probabilities, spatially
normalized into the Montreal Neurological In-
stitute (MNI) template space, and “modu-
lated” by the volume changes due to the
normalization (Ashburner and Friston, 2000).
The normalized, modulated gray matter im-
ages were smoothed (full width at half maxi-
mum � 6 mm). A voxel-by-voxel analysis was
performed to search for gray matter volumes
within SI that were significantly correlated with
the degree of cortical reorganization in SCI
subjects. The degree of reorganization was
measured by the Euclidean distances observed
during brushing of the little finger as changes
in this area were most pronounced (random
effects, uncorrected p � 0.001, age and gender
as nuisance variables). Significant gray matter
volumes were then overlaid onto an individ-
ual’s T1-weighted anatomical image for
visualization.

DTI—indices. The DTI images were pro-
cessed using SPM5 and Matlab-based custom
software. The diffusion-weighted images were
motion corrected, coregistered to one another,
and averaged to increase signal-to-noise ratio.
Using the 32 directions and b0 images, the dif-
fusion tensor was then calculated using the
method proposed by Basser and Pierpaoli (1996). Once the elements of
diffusion tensor were calculated, fractional anisotropy (FA) maps were
derived and the images spatially normalized and smoothed (6 mm
FWHM). A voxel-by-voxel analysis was performed to search for FA val-
ues within SI that were significantly correlated with the degree of cortical
reorganization in SCI subjects, i.e., using the Euclidean distances ob-
served during brushing of the little finger (random effects, uncorrected
p � 0.001, age and gender as nuisance variables). Significant FA clusters were
then overlaid onto an individual’s T1-weighted anatomical image. For
each significant cluster, the relationship between FA and time since
injury was also assessed.

DTI—fiber tracking. Tractography was performed using mrDiffusion
software (Dougherty et al., 2005), based on the diffusion tensor calcu-
lated as described above. Fibers were tracked between the thalamic
region activated during brushing of the lip, little finger, thumb, and toe
and the SI region in which MD was correlated with SI reorganization. For
each subject, these clusters were “un-normalized” into their native space

and the output fibers tracked from this seeding cluster using a minimum
FA value of 0.15 and a maximum turning angle of 30°. These fibers were
then clipped so that any fibers caudal to the thalamus were removed and
the resulting fibers were then normalized into MNI space, binarized, and
added to the output fibers from other subjects to provide an indication of
the frequency of each fiber bundle in all 40 subjects (controls n � 23; SCI
n � 17). The mean FA values of the fibers were calculated in each subject
and averaged for the control and SCI groups, and differences between
the groups were determined (two-sample t tests, two tailed, p � 0.05).

DTI—principal eigenvector analysis. For selected areas in SI showing
functional reorganization, the directional nature of structure was indi-
cated with a vector on a polar plot, corresponding to the direction of the
principal eigenvector of the diffusion tensor (see above, DTI—indices).
The vector was scaled by the fractional anisotropy, so that regions with little
directional organization of structure would show small vectors. This vector
indicates the predominant direction of water diffusion, and therefore is an
indirect measure of axonal direction. We calculated the mean direction

Figure 2. Top, Regions of the SI in which the degree of functional reorganization is significantly correlated with gray matter
volume (hot color scale) in SCI subjects. The value at the bottom of each coronal section indicates the slice location in Montreal
Neurological Institute space. Below are plots of gray matter volume against the degree of SI reorganization (displayed as difference
of the euclidean distance between controls and SCI) and mean (�SEM) gray matter volumes in SCI (blue) and control (green)
subjects. Note that gray matter volume is reduced in SCI subjects in the medial aspect of SI. Furthermore, this gray matter volume
reduction is minimized as the degree of medial displacement of the little finger representation increases. Bottom, Region of SI that
is activated by innocuous brushing the big toe in control subjects (green). Note that this region overlaps the region of gray matter
loss in SCI subjects. To the right is a plot of the mean percentage change in signal intensity during brushing of the big toe in control
and SCI subjects. The vertical gray bars indicate the brushing periods. Note the lack of signal change in SCI subjects.
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across voxels in regions that showed the greatest structural differences (see
above, DTI—indices) to better understand the nature of those structural
changes. We also indicated variation by displaying vectors of the mean � the
mean absolute deviation (in lieu of SD, which is complex for vectors).

Results
Cortical reorganization
All subjects had complete (AIS A; profound loss of sensation and
motor control below the injury level with absence in the sacral seg-
ments) thoracic spinal cord injuries. Fourteen of the twenty SCI
subjects stated that they did not use their upper limbs to perform fine
manipulation more frequently following their SCI than before their
injury. Three SCI patients stated they used their upper limbs more
for detailed tasks, and the remaining three reported they used their
upper limbs for a lot more following their SCI.

The sensory loss was associated with a significant SI reorgani-
zation. That is, the SI representations of the thumb and little

finger were displaced medially in SCI sub-
jects compared to control subjects. Mean
(�SEM) euclidean distance for the lip was
as follows: controls 70.8 � 0.8 mm, SCI
69.5 � 1.5 mm; for the thumb: controls
65.8 � 1.3 mm, SCI 59.3 � 2.6 mm ( p �
0.05); and for the little finger: controls
62.3 � 2.0 mm, SCI 48.8 � 2.2 mm ( p �
0.0005) (Fig. 1). Therefore, compared to
controls, in SCI subjects, the thumb acti-
vation was displaced �7 mm and the little
finger activation 13 mm toward the mid-
line. Although the degree of SI reorgani-
zation was not significantly correlated
with the injury level (r � 0.13; p � 0.05), it
was significantly correlated with time since
injury (r � �0.51; p � 0.05) and age (r �
�0.57; p�0.05). That is, the greater the age
and time since injury, the greater the
medial displacement of the little finger.

Anatomical changes in SI region of
sensory loss (lower body)
Complete thoracic SCI was associated
with a significant reduction in gray matter
volume in the region of SI that would nor-
mally represent the lower body [mean �
SEM (prob � vol): right SI: controls
0.45 � 0.05; SCI 0.33 � 0.02; left SI: con-
trols 0.39 � 0.07; SCI 0.26 � 0.03] (Fig.
2). Although SCI was associated with a
significant decrease in gray matter volume
in the SI region of sensory loss, the mag-
nitude of this gray matter decrease was
minimized with increased medial dis-
placement of the surrounding SI repre-
sentations. That is, the greater the
invasion of surrounding SI representa-
tions (greater medial displacement), the
less gray matter loss (increased gray mat-
ter volume) within the leg area of SI (left
SI: r � 0.71, p � 0.001; right SI: r � 0.62,
p � 0.008). Gray matter loss was not cor-
related with the injury level ( p � 0.05; left
SI: r � 0.05; right SI: r � 0.06). Further-
more, MD values within the area of gray
matter loss were not significantly different

between controls and SCI subjects [mean � SEM (mm 2/s �
10�3): right SI: controls 1.13 � 0.04; SCI 1.17 � 0.04; left SI:
controls 1.61 � 0.05; SCI 1.73 � 0.06] and were not correlated
with the degree of SI reorganization.

Comparison of the locations of SI activations during innocu-
ous brushing of the big toe in control subjects and the region of
gray matter change in SCI subjects confirmed that the gray matter
loss was located in the region of SI previously representing the
lower body. Furthermore, brushing the big toe in SCI subjects did
not evoke a significant signal intensity increase within SI.

Anatomical changes in SI region undergoing reorganization
(little finger)
In addition to change in gray matter volume, in SCI subjects, the
degree of SI reorganization was significantly correlated with FA in
the region of SI representing the hand (Fig. 3). That is, the greater

Figure 3. Top, Regions of the SI in which the degree of functional reorganization is significantly correlated with fractional
anisotropy (hot color scale) in SCI subjects. The value at the bottom of each coronal section indicates the slice location in Montreal
Neurological Institute space. Below are plots of fractional anisotropy against the degree of SI reorganization (displayed as differ-
ence of the euclidean distance between controls and SCI), and average (�SEM) fractional anisotropy in SCI (blue) and control
(green) subjects. Note that fractional anisotropy decreases in a discrete region of SI as medial displacement of the little finger
representation increases. Bottom, Region of SI that is activated by innocuous brushing the little finger in control (green) and SCI
(blue) subjects. Note that this region overlaps the region of fractional anisotropy change in SCI subjects. To the right is a plot of the
mean percentage change in signal intensity during brushing of the little finger in control and SCI subjects. The vertical gray bars
indicate the brushing periods. Note that brushing the little finger evokes signal intensity increases in both SCI and control subjects.
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the little finger activation was displaced
medially compared to controls (greater SI
reorganization), the lower the FA within
the hand area of SI (left SI: r � 0.65, p �
0.005; right SI: r � 0.82, p � 0.00006).
This region did not display a significant
FA difference in SCI compared with con-
trol subjects (mean � SEM: right SI: con-
trols 0.227 � 0.009; SCI 0.209 � 0.008;
left SI: controls 0.145 � 0.009; SCI
0.137 � 0.008). Furthermore, gray matter
volumes in these regions were not signifi-
cantly correlated with the degree of SI re-
organization and were not significantly
different between controls and SCI sub-
jects [mean � SEM (prob � vol): right SI:
controls 0.48 � 0.04; SCI 0.40 � 0.03; left
SI: controls 0.40 � 0.07; SCI 0.37 � 0.02].

Comparison of the locations of SI acti-
vations during innocuous brushing of the
little finger in control and SCI subjects
and the region of FA change in SCI sub-
jects confirmed that the FA change was
located in the region of SI representing the
upper body, the region of SI displaying
reorganization.

Thalamocortical fiber tract properties
Although FA values in area of SI repre-
senting the little finger were altered in ac-
cordance with the degree of SI
reorganization, the fiber tract connecting
the ventroposterior (VP) thalamus to this
SI region was unaffected. That is, the fiber
tract connecting the VP thalamus with the
SI region representing the little finger dis-
played no significant difference in FA values in SCI compared
with controls (mean � SEM FA: right VP-SI tract: controls
0.43 � 0.01; SCI 0.41 � 0.02; left VP-SI tract: controls 0.44 �
0.01; SCI 0.44 � 0.02) (Fig. 4). Further, there was no significant
correlation between the FA values and the degree of SI
reorganization.

Water movement changes in the SI cortex
Although in SCI subjects there was no change in the properties of
thalamocortical fibers, close inspection of the diffusion direc-
tions within the region of decreased MD, revealed significant
changes in the direction and magnitude of the principle eigenvec-
tors (Fig. 5). In controls, the principal eigenvector was directed
anterior–posterior, whereas in SCI subjects it was directed medi-
al–lateral, toward the region that would normally represent the
leg. In contrast, in the coronal plane, both control and SCI sub-
jects had principal eigenvectors that were directed approxi-
mately perpendicular to the cortical surface.

Discussion
Over twenty-five years ago, Merzenich et al. (1984) used electro-
physiological techniques to show that following digit amputation
in the owl monkey, the SI region normally innervated by the now
amputated digit is invaded by neighboring SI representations.
Consistent with this report and subsequent human studies (Flor
et al., 1995; Bruehlmeier et al., 1998), we found that in complete
thoracic SCI subjects, the functional representation of the little

finger shifted toward the region that would normally receive in-
puts from the legs (Wrigley et al., 2009). If this functional reor-
ganization resulted exclusively from the unmasking of dormant
synapses, one would expect no change in SI anatomy. Instead,
our data revealed that SI reorganization following long-standing
SCI is associated with a significant change in SI anatomy. We
therefore propose that in humans, cortical reorganization results
at least in part from changes in cortical anatomy, such as axonal
sprouting.

Gray matter loss in the area of sensory loss
Complete thoracic SCI is associated with SI gray matter loss, the
degree of which is correlated with the degree of SI reorganization.
Although SCI resulted in gray matter loss in the SI region repre-
senting the lower body, this loss was minimized with increased
degrees of reorganization, i.e., the greater the invasion by neigh-
boring SI representations, the less gray matter loss in the lower
body SI representation. Although these changes appear contra-
dictory, they are consistent with the idea that SI reorganization is
associated with physical changes in cortical anatomy. For exam-
ple, it is possible that a loss of ascending input neurons results in a
gray matter volume decrease, which is followed by a physical inva-
sion of neighboring representations, so the greater the SI reorgani-
zation, the smaller the gray matter volume loss. Combined, these two
mechanisms could result in the findings presented here.

Despite variations in injury levels (T1 to T11), neither gray
matter volume, nor the degree of SI reorganization varied with
injury level. This may reflect the relatively little thoracic somato-

Figure 4. Properties of thalamocortical fibers in control and SCI subjects. Fibers connecting the somatosensory ventroposterior
(VP) thalamus (yellow) to the region of SI in which fractional anisotropy was significantly correlated with SI reorganization (pink),
overlaid onto two coronal anatomical images. The thalamocortical fiber frequency was determined by combining all of the control
and SCI subjects. The value at the bottom right of each coronal section indicates the slice location in Montreal Neurological Institute
space. Hot color scale represents the number of subjects in which the voxel was present in the thalamocortical fiber bundle. Note
that the fractional anisotropy of the thalamocortical bundles were not correlated with the degree of SI reorganization (medial
displacement) in SCI subjects. Furthermore, there was no difference in the mean (� SEM) fractional anisotropy values of thalamo-
cortical fibers in controls (green) compared with SCI (blue) subjects.

2634 • J. Neurosci., February 16, 2011 • 31(7):2630 –2637 Henderson et al. • Cortical Anatomy Changes and SI Reorganization



sensory input, as evidenced by poor two-point discrimination
ability (Nolan, 1985). Further, it is unlikely that the change in SI
reorganization following SCI resulted from changes in upper
limb use, since the most SCI patients reported no change in fine
upper limb use following their injuries. We also found that the
degree of gray matter loss and SI reorganization did not diminish
with age and varied considerably between individuals, despite
similar injuries. These findings raise the possibility that the ability
of an individual’s brain to reorganize and remodel following
traumatic injury varies from individual to individual and does
not diminish with age.

Latent lateral synapses
At least some of the cortical reorganization that occurs following
SCI may result from the unmasking of dormant synapses. Calford
and Tweedale (1988) described rapid SI changes (within a single
day) following single digit amputation in flying foxes, and in
humans, cortical reorganization can occur within hours follow-
ing brief limb or digit anesthesia (Rossini et al., 1994; Björkman et
al., 2009). This relatively rapid reorganization likely results from
disinhibition or facilitation of existing subthreshold inputs onto
neighboring cortical representations. The unmasking of latent
synapses may be responsible for at least small shifts in cortical

organization (�2–3 mm), and this pro-
cess may play a role in the cortical reorga-
nization that occurs following complete
SCI. However, given that complete SCI re-
sults in large-scale SI reorganization, with
a shift in the little finger representation of
�13 mm, and the clinical observation that
neuropathic SCI pain commonly devel-
ops months or even years following injury
(Siddall et al., 2003), it is likely that the
major mechanism responsible for this
large reorganization is the relatively slow
growth of lateral connections.

Growth of SI lateral connections
Nearly two decades ago, Pons et al. (1991)
reported a similar degree of SI reorganiza-
tion in monkeys following unilateral cer-
vical dorsal rhizotomies, with the face
representation expanding by up to 14
mm. It was suggested that this extensive
expansion was too great to be accounted
for by the unmasking of latent connec-
tions and overlap of thalamocortical pro-
jections (Garraghty and Sur, 1990; Rausell
and Jones, 1995). Furthermore, in nonin-
jured animals, horizontal intracortical
connections do not exist between areas of
SI innervated by the mandibular nerve
and those innervated by the second cervi-
cal nerve, and limited horizontal inter-
connections exist between hand and lower
jaw/neck SI representations (Manger et
al., 1997). Therefore, large cortical shifts
that occur following massive sensory
losses likely involve multiple mechanisms,
which include the relatively rapid un-
masking of already existing synapses, but
more importantly, the slower growth of
new dendrites.

Evidence in other sensory systems also supports the sugges-
tion that axonal sprouting occurs following sensory denervation.
Following retinal lesions, axonal sprouting of laterally project-
ing neurons accompanies topographic remodeling of the vi-
sual cortex (Darian-Smith and Gilbert, 1994, 1995). Within
the somatosensory system, in macaque monkeys with long-
standing, accidental trauma to a forelimb, “thalamocortical pro-
jections were at least relatively normal, whereas the changes at the
cortical level were immense” (Florence et al., 1998). Further-
more, 5 months after discrete primary motor cortex lesions in
primates, Dancause et al. (2005) reported that new connections
were formed between the ventral premotor cortex and SI, reveal-
ing reorganization between different brain systems.

Our data also support the idea that SI cortical reorganization
is associated with expansion of cortical lateral connections. Not
only were the changes in SI fractional anisotropy localized to the
area that represents the little finger, i.e., the area that displayed
the greatest reorganization, but thalamocortical fibers were un-
affected, although technical limitations may have limited our
ability to detect fine changes in thalamocortical fibers (see below,
Limitations). Furthermore, the direction of the principal water
movement axis changed from being anterior–posterior in the
axial plane to lateromedial, suggesting a greater degree of orga-

Figure 5. Principal eigenvectors in control and SCI subjects in the SI region in which fractional anisotropy decreased as SI
reorganization increased. Mean principle eigenvectors in control (dark green) subjects are directed approximately perpendicular to
the cortical surface, In contrast, the principle eigenvectors in SCI subjects (dark blue) are directed more parallel to the cortical
surface, i.e., toward the area of sensory deprivation. The SDs of the principle eigenvectors for controls (light green) and SCI subjects
(light blue) are also shown.
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nized water movement toward the area representing the lower
body. Indeed, if SI reorganization resulted entirely from the un-
masking of latent synapses, one would expect no change in anat-
omy in the SI region displaying functional reorganization.

Subcortical reorganization
Subcortical structures may also play a role in SI reorganization.
Garraghty and Kaas (1991) described thalamic reorganization
following sectioning of peripheral afferents, and following dorsal
column lesions or arm amputations in adult monkeys, face affer-
ents in the brainstem trigeminal nucleus can grow into the adja-
cent cuneate nucleus (Jain et al., 2000). In humans with complete
SCI, ventral thalamus cells that would normally respond to in-
puts from upper extremity respond to inputs from the neck and
occiput (Lenz et al., 1987), and sensory thalamus stump repre-
sentations expand in amputees (Davis et al., 1998). Further,
Moore et al. (2000) reported in complete SCI patients that re-
ferred sensations were associated with activation of both the SI
region representing the body region being stimulated and the
area SI representing the location of referred sensation, with 2 cm
of nonresponsive cortex in between. Whether changes in subcor-
tical structures underlie the large cortical reorganization reported
in this study remains an open question.

SI reorganization and pain
It is interesting to speculate how this observed SI reorganization
contributes to behavior following SCI, particularly as the changes
are occurring in a sensory rather than motor area of the cortex.
Any observed behaviors are likely to be influenced and compli-
cated by subsequent CNS processing, and thus not surprising is
the evidence from previous work that the strongest link between
reorganization and behavior is an abnormality of sensory pro-
cessing and the presence of pain. We and others have shown that
the degree of SI reorganization following amputation or SCI is
positively correlated with the intensity of ongoing pain (Flor et
al., 1995; Wrigley et al., 2009). Further, the finding that the lip
representation did not alter suggests that the changes in SI orga-
nization following SCI are site specific and stronger in the region
close to the site of deafferentation, rather than global in nature.

Limitations
Although possible, it is unlikely that SI reorganization following
SCI resulted from alterations in upper limb use, since the vast
majority of SCI patients reported no increase in fine upper limb
use following their injury. Furthermore, our data reveal a shift in
SI organization (thumb and little finger representations have
shifted) rather than a simple expansion of the hand representa-
tion, which would have occurred due to somatosensory training.

While the fiber-tracking technique is not suited to detecting
small bundles or nerves, due to resolution and noise limitations,
the present study assessed primarily large tracts with this ap-
proach, which are more reliably detected by the technique;
multiple series also improve signal-to-noise ratios (Turner et
al., 2003). Crossing and sprouting of fiber groups are not well
detected by fiber-tracking techniques, due to partial-volume
and resolution factors, so we were unable to detect fine
changes in thalamocortical connections. Such limitations are
inherent in all current fiber-tracking approaches based on cur-
rent DTI methodology.

Conclusions
We have shown that the functional reorganization in SI following
spinal cord injury is accompanied by structural changes. Specifically,

the functional representation of the little finger shifted toward the
region that would normally receive inputs from the legs, with struc-
tural indications of axonal growth between these areas.
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