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Accumulating evidence has indicated that amputation induces functional reorganization in the sensory and motor cortices.
However, the extent of structural changes after lower limb amputation in patients without phantom pain remains uncertain. We
studied 17 adult patients with right lower limb amputation and 18 healthy control subjects using T1-weighted magnetic resonance
imaging and diffusion tensor imaging. Cortical thickness and fractional anisotropy (FA) of white matter (WM) were investigated.
In amputees, a thinning trend was seen in the left premotor cortex (PMC). Smaller clusters were also noted in the visual-to-
motor regions. In addition, the amputees also exhibited a decreased FA in the right superior corona radiata and WM regions
underlying the right temporal lobe and left PMC. Fiber tractography from these WM regions showed microstructural changes in the
commissural fibers connecting the bilateral premotor cortices, compatible with the hypothesis that amputation can lead to a change
in interhemispheric interactions. Finally, the lower limb amputees also displayed significant FA reduction in the right inferior
frontooccipital fasciculus, which is negatively correlated with the time since amputation. In conclusion, our findings indicate that
the amputation of lower limb could induce changes in the cortical representation of the missing limb and the underlying WM

connections.

1. Introduction

Human brain plasticity or neuroplasticity refers to the capac-
ity of the nervous system to modify the organization of
the brain structure and function in response to experience.
It is an intrinsic property of the nervous system retained
throughout a lifespan [1]. Previous studies suggested that
both short-term [2, 3] and long-term training [4-6] can
modulate brain structural changes involved with both the
gray matter (GM) and white matter (WM). The candidate
mechanisms for these changes are multifaceted and likely
include gliogenesis, synaptogenesis, and vascularization in
GM, as well as myelination and axonal sprouting in WM [7].

In addition to normal training or experience, a growing
body of evidence has accumulated supporting injury-induced
functional or structural plasticity at different levels in the

adult central nervous system [8-10]. Previous studies suggest
that, at least in primates, plasticity in the cortical repre-
sentation can occur rapidly as a consequence of peripheral
lesions or sensory deprivation [11, 12]. As a drastic limb
injury, amputation in humans has been reported to lead to
extensive reorganization, most prominently in the primary
somatosensory and motor areas, which was suggested to
correlate with phantom limb pain (PLP) [13-16]. Despite
extensive neurobiological research, the underlying nature of
such phenomena remains elusive. While some authors have
argued that cortical reorganization following amputation is
triggered by the loss of sensory input [16, 17], others have
proposed that the mechanisms should be attributed to the
persistent experience of pain [18]. These discrepancies in the
literature raise the fundamental question of whether brain
reorganization occurs in amputees without PLP. On the other
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hand, it also should not be overlooked that the short- and
long-term effects of amputation on the brain may be varied,
as PLP is usually more common in the initial stage after
amputation [19].

Amputees have been found to have structural differences
in both GM and WM. One study using automated voxel-
based morphometric analysis found that subjects with limb
amputation exhibited a GM decrease in the thalamus, which
was unrelated to PLP [20]. However, this investigation did
not distinguish between upper and lower limb amputation.
In addition, reduced GM volume in the primary motor
[21] or sensory [18] cortices was also observed in patients
with amputation or spinal cord injury. In contrast to voxel-
based morphometry, the measurement of cortical thickness
provides a more direct and meaningful index. Preifdler and
colleagues [22] found that cortical thickness in upper limb
amputees was reduced in the motor cortex but increased in
the temporal and parietal lobes. Although GM reorganization
was initially the focus of many brain imaging studies, WM
changes after limb amputation are increasingly being inves-
tigated using neuroimaging techniques, especially diffusion
tensor imaging (DTI), which provides information about
WM tracts and their organization based on water diffusion.
Fractional anisotropy (FA) is the most often used DTT index
of WM integrity, and reduced FA in amputees has been
reported in the corpus callosum (CC) and corticospinal tract
[23]. Although these studies have been carried out to deter-
mine the effects of missing limbs on brain reorganization,
little is known about the associations between GM and WM
changes after amputation.

The purpose of this study was to examine the long-term
patterns of brain reorganization following limb amputation.
To systematically characterize brain reorganization, we first
used a combined tract-based spatial statistics (TBSS) and
tractography analysis, which enables a precise characteriza-
tion of both whole-brain WM and specific anatomical fiber
tracts, to assess the microstructural changes in patients with
unilateral amputation in the lower limb. We then performed
surface-based morphometry across the whole brain GM
and regions of interest (ROI) focusing on the sensorimotor
cortices. Finally, the relationships between GM and WM
changes in amputees were investigated.

2. Materials and Methods

2.1. Subjects. Seventeen adult patients (13 males and 4
females) with right lower limb amputation were recruited
from the Prosthetic and Orthotic Clinics at the Department
of Rehabilitation, Southwest Hospital in Chongging. All
the patients had been fitted with prostheses. Twelve were
amputations following traumatic injury and five were due
to tumors (2 being melanoma and 3 being osteosarcoma).
Ten amputations occurred at the transtibial and seven at
transfemoral levels. Exclusion criteria were the following:
(1) age at amputation of less than 18 years or more than
60 years; (2) amputation at another part of the body; (3)
presence of major systemic disease (e.g., diabetes mellitus,
cardiovascular diseases, and inflammation), psychiatric or
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neurological illnesses; (4) duration between amputation and
magnetic resonance imaging (MRI) scanning of less than 6
months; (5) presence of PLP or stump pain assessed by the
five-category verbal rating scale [24].

Eighteen age- and sex-matched healthy controls without
neurological or psychiatric diseases and with normal brain
MRI were recruited from the local community. All the
participants were dominantly right-handed as determined by
the Edinburgh Handedness Inventory [25] and had a score
of 27 or higher on the Chinese version of the Mini-Mental
Status Examination (MMSE) [26]. The study was approved
by the Medical Research Ethics Committee of Southwest
Hospital, and written informed consent was obtained from
all participants.

2.2. Imaging Data Acquisition. All of the participants were
scanned using a 3.0 Tesla imager (Tim Trio, Siemens,
Erlangen, Germany) with a 12-channel head coil. DTT data
were acquired using a single-shot twice-refocused spin-echo
diffusion echo planar imaging sequence (repetition time
= 10,000 ms, echo time = 92ms, 64 nonlinear diffusion
directions with b = 1000 s/mm?, and an additional volume
with b =0 s/mm?, matrix = 128 x 124, field of view = 256 x 248,
and 2 mm slice thickness without gap). From each participant
75 axial slices were acquired and the diffusion sequence
was repeated twice to increase the signal-to-noise ratio. TI-
weighted three-dimensional magnetization-prepared rapid
gradient echo images were then collected using the following
parameters: repetition time = 1,900 ms, echo time = 2.52 ms,
inversion time = 900 ms, flip angle = 9°, matrix = 256 x 256,
thickness = 1.0 mm, and 176 slices with voxel size =1 x 1 x

I mm°.

2.3. DTI Data Analysis. The DTI data were preprocessed
using the FMRIB Software Library (University of Oxford,
UK). First, the diffusion data were corrected for eddy currents
and head motion, and the two acquisitions were averaged.
The averaged images were masked to remove skull and
nonbrain tissue using the FSL Brain Extraction Tool [27].
Then, the diffusion parametric images were calculated using
the diffusion tensor analysis toolkit [28].

Data were then prepared for statistical analysis using
TBSS [27]. First, FA images for all subjects were nonlin-
early aligned to a study-specific minimal-deformation target
(MDT) brain and resampled to an isotropic 1 mm resolution.
The MDT brain was selected as the brain image that mini-
mizes the deformation from other brain images in the group
through warping all FA images in the group to each other
[29, 30]. Next, the mean FA image was created and thinned
to create a mean FA skeleton that represents the centers of all
fiber tracts. The FA threshold of 0.2 was chosen to restrict the
skeleton to WM tracts. Each subject’s aligned FA data were
then projected onto this skeleton.

2.4. Probabilistic Diffusion Tractography (PDT). Clusters
showing group differences in the TBSS analysis were used as
seed masks for multifiber probabilistic tractography [31] in
each subject’s native space. The steps have been described in
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TABLE 1: Demographic characteristics of the participants.

Patients HC P value
Age (years) 375 + 13.5 (18-60) 37.0 + 12.7 (19-60) 0.91
Male : female 13:4 13:5 0.54
Education level (years) 9.5 + 2.7 (6-15) 9.6 + 3.3 (5-16) 0.94
Age at amputation (years) 32.9 +12.6 (18-59) — —
Time since amputation (months) 71.4 +102.4 (7-336) — —
MMSE score 28.0 + 1.4 (27-30) 28.4 + 1.2 (27-30) 0.37

The data were presented as mean + SD (range). HC, healthy controls; MMSE, Mini-Mental Status Examination.

detail in our previous articles [32, 33]. For each participant,
PDT was run from each voxel in the seed mask to the whole
brain using default parameters. The warp fields of nonlinear
registration and the inverse versions were used for the
translation between the original space and the standard space.
For the elimination of spurious connections, the individual
tracts in standard space obtained by PDT were arbitrarily
thresholded to include only voxels through which at least
25% (1,250) of samples had passed. Each subject’s tracts were
then binarized and summed to produce group probability
maps for each pathway. The group probability maps were also
thresholded at 25% (at least 9 of the 35 subjects) to generate
the masks for each fiber pathway. The WM labels atlas [34]
and tractography atlas [35] implemented in FSL were used
for the structural identification. Individual mean FA values
of each pathway were then extracted from the standardized
whole-brain DTT images.

2.5. Cortical Thickness Analysis. All the structural TI1
images were analyzed using FreeSurfer (version 5.3.0,
https://surfer.nmr.mgh.harvard.edu/) to create anatomical
surface models. The automated processing stream mainly
included removal of nonbrain tissue [36], Talairach
transformation, segmentation of gray/white matter tissue
[37], intensity normalization, topological correction of the
cortical surface [38], and surface deformation to optimally
place the tissue borders [39]. The tissue boundaries were
reviewed and manually edited for technical accuracy.
Cortical thickness was calculated as the shortest distance
between the GM and WM surfaces at each vertex across
the cortical mantle. Moreover, the GM volume in each
hemisphere and total intracranial volume (TIV) was also
calculated from the FreeSurfer processing stream.

Finally, using the Brodmann Areas (BA) atlas in Free-
Surfer (https://surfernmr.mgh.harvard.edu/fswiki/Brodman-
nAreaMaps), we measured the individual mean cortical
thickness values in the sensorimotor regions, including the
bilateral BA 1, 2, 3a, 3b, 4a, 4p, and 6. In order to avoid the
overlap among these labels, they were all thresholded at 80%
probability.

2.6. Statistical Analyses. Group differences in age, years of
education, and neuropsychological scores were examined
using independent samples ¢-tests. Sex data were analyzed
with a chi-square test. Differences in FA between the

amputees and controls were determined using the FSL “ran-
domize” tool, which is specifically designed for permutation
testing with nonparametric values. Age and sex were used as
the covariates. Clusters were reported reaching a significance
level of P < 0.05, corrected for multiple comparisons across
image using the null distribution of the maximum cluster
mass (t > 3) [32]. Cluster mass is the sum of all statistic values
within the cluster and has been reported to be more sensitive
than cluster size [40].

Whole-brain vertex-wise group comparisons for cortical
thickness were performed on a standardized surface [41] and
the data were smoothed using a full-width/half-maximum
Gaussian kernel of 10 mm on the surface. Regional differences
between amputees and controls were assessed using a vertex-
by-vertex general linear model controlling for the potential
confounding effects of age, sex, and TIV. The statistical
analyses were performed with the SurfStat toolbox based on
Random Field Theory (RFT) [42]. Clusters were first reported
reaching a significant level of RFT-corrected P < 0.05, and
then those reaching a looser significance level of uncorrected
P < 0.005 were also indicated.

Analyses of covariance (ANCOVA) adjusting for age
and sex were used to explore the group differences in the
mean FA value for each of the fiber tracts generated by
PDT and in the mean cortical thickness for each of the
selected sensorimotor regions in both hemispheres. Finally,
the relationships between the WM and GM changes were
investigated using partial correlation analyses (adjusted for
age and sex). A false discovery rate (FDR) corrected threshold
of 0.05 was considered as significant for these analyses.

3. Results

3.1. Demographics and Clinical Measures. Demographic and
relevant clinical information is listed in Table 1. There were no
significant differences in sex ratio, age, education, and MMSE
scores between the amputees and controls.

3.2. WM Differences Revealed by TBSS and PDT. Compared
with controls, the amputees showed a decreased FA in the
right superior corona radiata and WM regions underlying the
right temporal lobe and left premotor cortex (PMC) (Figures
1(a), 1(c), and 1(e); Table 2). No FA increase was found in
amputees relative to controls.

PDT from the above clusters revealed that the contribut-
ing WM tracts were the commissural fibers connecting the
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FIGURE 1: Results of TBSS analysis of FA maps (a, ¢, and e) and group probability maps (b, d, and f) from the corresponding regions. The
mean white matter FA skeleton is shown in green. The blue mask indicates the PMC obtained from the Jilich histological atlas. The group
probability maps were thresholded at 25% (at least 9 persons from the 35 subjects) and the color bar indicates the number of participants in

whom the generating fiber pathways pass through that voxel.

TABLE 2: Regions showing significant FA reduction in the amputees.

MNI coordinates

Region Cluster index Hemisphere Voxels P value
x y z

Superior corona radiata 3 R 17 -6 38 105 0.03

Temporal WM 2 R 43 -24 -13 95 0.03

WM underlying PMC 1 L -15 14 50 76 0.04

The output was thresholded at cluster level (¢ > 3) and corrected for multiple comparisons using the null distribution of the maximum (across image) cluster
size (P < 0.05). MNI, Montreal Neurological Institute; PMC, premotor cortex; WM, white matter.
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TaBLE 3: The differences of FA values in fiber tracts generated from tractography.
Region Cluster index FA value P value
Controls Patients
WM connecting bilateral PMC 3 0.48 +0.02 0.44 +0.04 0.009
Right IFOF 2 0.47 £0.03 0.45+0.02 0.009
WM underlying left PMC 1 0.36 +0.02 0.33 £0.02 0.0003

The P value was adjusted for multiple comparisons. IFOF, inferior frontooccipital fasciculus; PMC, premotor cortex; WM, white matter.

TABLE 4: Regions showing significant differences of cortical thickness across the whole brain.

Coordinates

Mean thickness

Region H BA P value Peak T score Vertex number
x y z Patients Controls
PMC L 6 —41 6 54 2.44 + 0.40 2.81+0.27 0.001 3.84 169
V1 R 17 12 -96 1.68 £ 0.16 1.89 + 0.21 0.001 3.64 167
TOJ R 37 43 -65 2 2.20 + 0.15 2.45+0.21 0.001 3.49 127
preCG R 4 52 -8 43 2.62+0.24 2.83 +0.16 0.001 3.55 108
V2/V3 R 18 30 -95 8 1.88 £ 0.21 2.14 +0.19 0.001 3.52 104
Precuneus R N.A. 16 -37 46 2.01+0.17 2.22+0.17 0.001 3.38 94
V1 L 17 -10 —88 6 1.42 +0.11 1.62 £ 0.19 0.003 3.40 89
IPL L 7 -29 -71 40 212 +0.16 2.33 +0.16 0.001 3.76 86
OFC L 47 —46 42 -10 1.94 £ 0.21 214 +0.21 0.002 3.17 59

The results were reported at P < 0.005 (uncorrected) and vertex number >50. BA, Brodmann Area; H, hemisphere; IPL, inferior parietal lobule; N.A., not
available; OFC, orbital frontal cortex; PMC, premotor cortex; preCG, precentral gyrus; TOJ, temporooccipital junction; V1, primary visual cortex; V2/V3,

extrastriate visual areas 2/3.

bilateral premotor cortices and the association fibers that
exactly overlapped with the inferior frontooccipital fasciculus
(IFOF) (Figures 1(b) and 1(d)). The cluster underlying the left
PMC also generated local premotor and transcallosal paths
(Figure 1(f)).

The results of ANCOVA demonstrated that the mean
FA values extracted from the thresholded group probability
maps in amputees were all significantly reduced (P < 0.05,
FDR correction for multiple comparisons) in all the fiber
tracts (Table 3).

3.3. Cortical Thickness Differences. The GM volume (controls
versus amputees: left, 0.25 + 0.02 versus 0.24 + 0.03 L, P =
0.13; right, 0.25 + 0.02 versus 0.24 + 0.03 L, P = 0.17) and
TIV (1.56 + 0.15 versus 1.51 + 0.14, P = 0.17) of amputees did
not differ significantly from those of controls. The amputees
showed a thinning trend (P < 0.005, uncorrected) in different
cerebral lobules, with the largest one in the left PMC. Smaller
clusters of cortical thinning were also noted in the bilateral
occipital lobes, the right temporooccipital junction, precen-
tral gyrus, precuneus lobe, the left inferior parietal lobule, and
frontal orbital cortex (Figure 2; Table 4). However, no clusters
survived after RFT correction for multiple comparisons. We
did not find any clusters exhibiting thickness increase in the
amputees compared with the control group (P < 0.005,
uncorrected).

The results of ANCOVA for the ROI confirmed that the
cortical thickness was only significantly decreased in the left
premotor area (BA 6) in the amputees relative to the controls
(2.73 £ 0.14 versus 2.84 + 0.12; P = 0.02). The difference

remained significant (P = 0.03) even when we added TIV
as an extra covariate (Table 5).

3.4. Associations between WM and GM Changes in Amputees.
No significant associations were found between the cortical
thickness in the affected regions (as shown in Table 4) and the
DTI parameters of the fiber tracts generated from the PDT in
the amputees. However, partial correlation analyses revealed
that the FA value of the IFOF (as shown in Figure 1(d)) was
negatively correlated to the time since amputation (r = —0.55,
P =0.03).

4. Discussion

In the present study, we explored brain structural reor-
ganization in lower limb amputees without PLP. Cortical
thickness and FA values were used as measures to evaluate
the GM and WM microstructural changes across the whole
brain compared with normal controls. As a consequence,
we found that patients with amputation at the right lower
limb exhibited cortical thinning in the left premotor area and
the right visual-to-motor regions. Additionally, the integrity
of the fiber tracts connecting the bilateral PMC and those
underlying the right visual-to-motor regions was also signif-
icantly reduced in the patients.

Our study demonstrates that cortical reorganization
occurs in lower limb amputees, even in the absence of PLP.
We observed a thinning trend in different cerebral lobules,
especially in the PMC contralateral to the affected side. The
PMC encompasses the anterior lip of the precentral gyrus,
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TaBLE 5: The differences of mean cortical thickness in the sensorimotor cortices between the amputees and normal controls.
Region Hemisphere Mean cortical thickness ) P value® P value”
Controls Patients
BA1 L 2.27 +0.22 2.16 +0.21 0.14 0.19

R 2.25+0.26 2.21+0.21 0.65 0.73
BA 2 L 2.17 £ 0.19 2.08 £0.18 0.17 0.24
R 211+ 0.15 2.05+0.17 0.27 0.46
BA 3a L 1.67 + 0.09 1.66 + 0.10 0.79 0.86
R 1.67 £ 0.10 1.65 + 0.09 0.61 0.71
BA 3b L 1.53 £0.09 1.49 £ 0.09 0.18 0.15
R 1.54 +0.11 1.52 £ 0.12 0.6 0.61
BA 4a L 2.74 +0.15 2.63+0.21 0.06 0.09
R 2.85+0.19 2.77 £0.17 0.21 0.22
BA 4b L 2.41+0.17 2.31+0.20 0.13 0.15
R 2.39+0.15 2.35+0.20 0.53 0.40
BA6 L 2.84 +£0.12 2.73+0.14 0.02 0.03
R 2.83 +0.12 2.76 +£0.18 0.20 0.23

 Adjusted for age and sex; badjusted for age, sex, and total intracranial volume. BA, Brodmann Area; L, left; R, right. Bold indicates P < 0.05 (FDR correction

for multiple comparisons).

3.85

3.5

t value

3.85

3.5

t value

3

FIGURE 2: Regional cortical thinning in amputees compared with the controls. P < 0.005 (t > 3), uncorrected.

the posterior portion of the middle frontal gyrus, and the
superior frontal gyrus on the superolateral surface of the
brain, corresponding to part of BA 6 [43]. The time-specific
studies of the PMC and primary motor cortex reflect the
distinct roles of the two areas: the PMC is involved in move-
ment selection, whereas the latter is involved in movement
execution [44, 45]. The activity of PMC neurons is also
responsible for the specification of movement parameters
such as amplitude, direction, and speed of movement [43].
Additionally, the PMC also seems to be involved in the

control of eye movements and eye-related neural activity
or in specific tasks that require eye-limb coordination [46,
47]. As amputation in the lower limb will lead to a lack of
movement selection and disorders of movement parameters
and coordination, it can be inferred that the GM loss in the
PMC following amputation is possibly attributed to long-
term use-dependent blockage.

Reduced GM volume in the left primary motor cortex
had also been reported in patients with right upper limb
amputation [22] but was not found in the current lower limb
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amputees. One possible reason for the discrepancy could be
the sample heterogeneity between studies. As the upper limb
representation is much bigger than the lower limb in the brain
[48], the morphological changes due to functional nonuse
could be less significant for the patients with lower limb
amputation. In line with our reports, one previous study, in
which 19 of the 28 patients were amputated at the lower limb,
also did not find alterations in the primary motor cortex [20].
In addition, reorganization in the primary somatosensory
and motor areas after amputation has been suggested to
correlate with PLP [15, 16]. In our study, the amputees with
PLP were not included. Therefore, our findings would provide
an update on the distinctive patterns of brain plasticity in
lower limb amputees without PLP.

In this study, TBSS allowed us to obtain subcortical
WM changes across the whole brain in amputees. The
PDT approach was used to reconstruct the tracts from the
WM skeleton regions characterized by FA decrease in lower
limb amputees. This allowed the investigation of abnormal
structural connectivity. Our TBSS analysis revealed that right
lower limb amputees displayed significant FA reduction in
the right superior corona radiata and WM underlying the left
PMC. Further fiber tracking generated the transcallosal paths
linking the homologous PMC of the bilateral hemispheres.
These findings are very consistent with one pioneering DTI
study, which reported the reduced integrity in the body of the
CC in amputees [23]. It is known that unilateral movement
requires sequential processing in bihemispheric motor areas.
Using transcranial magnetic stimulation, previous studies
found that the PMC modulates the activity of contralateral
motor areas during the preparatory period of a voluntary
movement with the ipsilateral limb [49, 50]. Such modulation
is mediated by interhemispheric inhibition through fibers
within the CC [51] and enables healthy adults to perform
complex motor tasks without the activation of contralateral
muscles [52]. Therefore, the FA reduction within the CC
connecting the bilateral PMC may reflect adaptive WM
modification following the changes of movement patterns, as
the transcallosal inhibition function is disused in unilateral
lower limb amputees.

Beyond the left PMC, smaller clusters of cortical thin-
ning in amputees were also noted, mainly in the brain
regions constituting visual-to-motor networks, including the
bilateral visual cortices, the right temporooccipital junc-
tion, left inferior parietal lobule, and orbital frontal cortex.
Functional MRI has found that human parietal and tem-
porooccipital cortices constitute the core nodes for cross-
modal vision-action representations [38]. Meanwhile, the
inferior parietal lobule, particularly in the left hemisphere,
contributes to motor attention and is activated in neu-
roimaging experiments when subjects prepare movements
or switch intended movements [53]. Contralateral atrophy
in the parietal lobe has also been reported in upper limb
amputees [54]. Visual-motor transformation also engages the
orbital frontal cortex, which becomes active during response
preparation and execution [55]. Further functional/structural
connectivity studies confirm that the PMC integrates visual
and somatosensory information from the intraparietal area
to allow effective exchange and elaboration of information

[56]. The connections within the neural networks are plastic
and are modified in response to injuries [57, 58], training,
and treatments [59]. Previous imaging studies demonstrated
that stimulation of afferent input could result in functional
reorganization and a corresponding structural expansion of
the cortical and subcortical areas [2, 60]. Accordingly, the
loss of afferent input following limb amputation should cause
“negative” structural alterations with a decrease in GM.

Lower limb amputees also display significant FA reduc-
tion in the right IFOF, which is negatively correlated with the
time span after amputation. The IFOF connects the inferior
frontal lobe to the posterior temporal-occipital regions and
provides the main anatomical connections for the ventral
(bottom-up) attention system [61], which is specialized for
the detection of behaviorally relevant stimuli [62]. Reduction
of WM integrity in the IFOF has been reported to be
associated with deficits in executive function in patients with
chronic trauma [63]. Furthermore, our previous DTI study
showed that the right hemispheric IFOF confers an advantage
for the executive function of attention [33], which is in line
with the well-described rightward dominance of visuospatial
processing [64]. Interestingly, the amputees presented time-
related microstructural abnormalities of the IFOF in the right
rather than the left hemisphere, indicating the degenerative
function of visuospatial processing following amputation
[65]. Future studies including neuropsychological assess-
ments should be used to investigate the underlying explana-
tions for the associations between brain WM plasticity and
visuospatial function in amputees.

The negative findings of GM increase are supported by
one MRI study [20] but are incongruent with another [22].
The differences might be due to the status of PLP, prosthesis
use, amputation sites, or time span after amputation. Using a
smaller sample size, Preifiler et al. [22] found that upper limb
amputees with slight PLP showed GM increase in regions of
the visual stream. They initially hypothesized that it might be
a compensatory effect for the lack of sensorimotor feedback
and could serve as a protection mechanism against high PLP
development [22]. However, in their following study using
the same patients, a negative association between prosthesis
use and cortical volume in the posterior parietal and occipital
lobes, which greatly overlap with the regions with GM loss
in our findings, was reported [66]. As prosthesis use has
been shown to have a beneficial influence on the prevention
of cortical reorganization and PLP [67, 68], and patients
rely less often on bottom-up or stimulus-driven control with
increasing prosthesis use [66]; we could speculate that the
cortical thinning and FA reductions in the ventral visual
stream also reflect adaptive brain plastic changes along with
the transformation of human abilities and might be beneficial
for the prevention of PLP.

Although these findings are robust, some limitations
of the present study need to be addressed. First, the rel-
atively small sample size in this study may mask subtle
differences between groups, especially in the vertex-based
cortical thickness analysis across the whole brain. Therefore,
the uncorrected results were reported to minimize type II
errors. Second, we only included patients with amputation
at the right side. Left lower limb amputation might result



in different morphological and functional changes, especially
with respect to the contralateral PMC and the structures
in the visual stream. It will be of interest to determine
whether the individuals with amputation at the left side
will demonstrate the analogous changes at the homologous
regions of the other hemisphere. Finally, our explanation of
reduced interhemispheric inhibition in amputees is just spec-
ulative. Future studies should be performed to confirm the
interhemispheric interactions using noninvasive transcranial
current or magnetic stimulation.

5. Conclusion

In this study, we combined high-resolution brain structural
MRI and DTI to investigate the existence and extent of
cortical and WM plasticity in subjects with right lower
limb amputation. In summary, we found specific motor and
somatosensory plastic changes in amputees without PLP and
provided an update on the plasticity of the human brain
involving both GM and underlying WM after limb injury.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution

Guangyao Jiang and Xuntao Yin contributed equally to this
paper.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China for Young Scholars (no. 81301205) and
the Open Project Program of the National Laboratory of
Pattern Recognition (NLPR) in China (no. 201306283).

References

[1] A.Pascual-Leone, A. Amedi, F. Fregni, and L. B. Merabet, “The
plastic human brain cortex,” Annual Review of Neuroscience, vol.
28, pp. 377-401, 2005.

[2] B.Draganski, C. Gaser, V. Busch, G. Schuierer, U. Bogdahn, and
A. May, “Changes in grey, matter induced by training,” Nature,
vol. 427, no. 6972, pp. 311-312, 2004.

[3] Y.-Y. Tang, Q. Lu, M. Fan, Y. Yang, and M. 1. Posner,
“Mechanisms of white matter changes induced by meditation,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 109, no. 26, pp. 10570-10574, 2012.

[4] J. Hénggi, S. Koeneke, L. Bezzola, and L. Jancke, “Structural
neuroplasticity in the sensorimotor network of professional
female ballet dancers,” Human Brain Mapping, vol. 31, no. 8, pp.
1196-1206, 2010.

R. Huang, M. Lu, Z. Song, and J. Wang, “Long-term intensive
training induced brain structural changes in world class gym-
nasts,” Brain Structure and Function, vol. 220, no. 2, pp. 625-644,
2013.

[5

Neural Plasticity

[6] R.].Zatorre, “Predispositions and plasticity in music and speech
learning: neural correlates and implications,” Science, vol. 342,
no. 6158, pp. 585-589, 2013.

[7] R.J. Zatorre, R. D. Fields, and H. Johansen-Berg, “Plasticity in
gray and white: neuroimaging changes in brain structure during

>

learning,” Nature Neuroscience, vol. 15, no. 4, pp. 528-536, 2012.

[8] C. Weiller, E. Chollet, K. J. Friston, R. J. S. Wise, and R. S. J.
Frackowiak, “Functional reorganization of the brain in recovery
from striatocapsular infarction in man,” Annals of Neurology,
vol. 31, no. 5, pp. 463-472, 1992.

[9] S. Lui, L. Chen, L. Yao et al., “Brain structural plasticity in
survivors of a major earthquake,” Journal of Psychiatry and
Neuroscience, vol. 38, no. 6, pp. 381-387, 2013.

[10] P. M. Rossini, C. Calautti, F. Pauri, and J.-C. Baron, “Post-stroke
plastic reorganisation in the adult brain,” Lancet Neurology, vol.
2, no. 8, pp. 493-502, 2003.

[11] M. M. Merzenich, J. H. Kaas, J. T. Wall, M. Sur, R. J. Nelson, and
D. J. Felleman, “Progression of change following median nerve
section in the cortical representation of the hand in areas 3b and
1 in adult owl and squirrel monkeys,” Neuroscience, vol. 10, no.
3, pp. 639-665, 1983.

[12] 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.

[13] 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.

[14] P. Montoya, K. Ritter, E. Huse et al., “The cortical somatotopic
map and phantom phenomena in subjects with congenital limb
atrophy and traumatic amputees with phantom limb pain,
European Journal of Neuroscience, vol. 10, no. 3, pp. 1095-1102,
1998.

[15] H.Flor, C. Denke, M. Schaefer, and S. Griisser, “Effect of sensory
discrimination training on cortical reorganisation and phantom
limb pain,” The Lancet, vol. 357, no. 9270, pp. 17631764, 2001.

[16] K. Maclver, D. M. Lloyd, S. Kelly, N. Roberts, and T. Nurmikko,
“Phantom limb pain, cortical reorganization and the therapeu-
tic effect of mental imagery;” Brain, vol. 131, part 8, pp. 2181-2191,
2008.

(17] H. Flor, L. Nikolajsen, and T. S. Jensen, “Phantom limb pain:
a case of maladaptive CNS plasticity?” Nature Reviews Neuro-
science, vol. 7, no. 11, pp. 873-881, 2006.

[18] T. R. Makin, J. Scholz, N. Filippini, D. Henderson Slater, 1.
Tracey, and H. Johansen-Berg, “Phantom pain is associated
with preserved structure and function in the former hand area,”
Nature Communications, vol. 4, article 1570, 2013.

[19] T.S.Jensen, B. Krebs, J. Nielsen, and P. Rasmussen, “Immediate
and long-term phantom limb pain in amputees: incidence,
clinical characteristics and relationship to pre-amputation limb
pain,” Pain, vol. 21, no. 3, pp. 267-278, 1985.

[20] B. Draganski, T. Moser, N. Lummel et al., “Decrease of thalamic
gray matter following limb amputation,” NeuroImage, vol. 31, no.
3, pp. 951-957, 2006.

[21] P. Freund, N. Weiskopf, N. S. Ward et al., “Disability, atrophy
and cortical reorganization following spinal cord injury,” Brain,
vol. 134, no. 6, pp. 1610-1622, 2011.

[22] S. Preifiler, J. Feiler, C. Dietrich, G. O. Hofmann, W. H. R.
Miltner, and T. Weiss, “Gray matter changes following limb
amputation with high and low intensities of phantom limb
pain,” Cerebral Cortex, vol. 23, no. 5, pp. 1038-1048, 2013.



Neural Plasticity

(23]

[24]

[25

(26]

(27]

(28]

[29]

[30]

(31]

(32]

(36]

(37]

(38]

(39]

E. L. Simodes, I. Bramati, E. Rodrigues et al., “Functional
expansion of sensorimotor representation and structural reor-
ganization of callosal connections in lower limb amputees,” The
Journal of Neuroscience, vol. 32, no. 9, pp. 3211-3220, 2012.

I. Lund, T. Lundeberg, L. Sandberg, C. N. Budh, ]. Kowalski, and
E. Svensson, “Lack of interchangeability between visual ana-
logue and verbal rating pain scales: a cross sectional description
of pain etiology groups,” BMC Medical Research Methodology,
vol. 5, article 31, 2005.

R. C. Oldfield, “The assessment and analysis of handedness: the
Edinburgh inventory,” Neuropsychologia, vol. 9, no. 1, pp. 97-113,
1971.

M. Y. Zhang, R. Katzman, D. Salmon et al., “The prevalence of
dementia and Alzheimer’s disease in Shanghai, China: impact
of age, gender, and education,” Annals of Neurology, vol. 27, no.
4, pp. 428-437,1990.

S. M. Smith, “Fast robust automated brain extraction,” Human
Brain Mapping, vol. 17, no. 3, pp. 143-155, 2002.

S. M. Smith, M. Jenkinson, M. W. Woolrich et al., “Advances in
functional and structural MR image analysis and implementa-
tion as FSL,” Neurolmage, vol. 23, supplement 1, pp. S208-S219,
2004.

P. Kochunov, D. C. Glahn, J. L. Lancaster et al., “Genetics of
microstructure of cerebral white matter using diffusion tensor
imaging,” NeuroImage, vol. 53, no. 3, pp. 1109-1116, 2010.

X. Yin, L. Zhao, J. Xu et al., “Anatomical substrates of the alert-
ing, orienting and executive control components of attention:
focus on the posterior parietal lobe,” PLoS ONE, vol. 7, no. 11,
Article ID 50590, 2012.

T. E. J. Behrens, H. J. Berg, S. Jbabdi, M. E S. Rushworth,
and M. W. Woolrich, “Probabilistic diffusion tractography with
multiple fibre orientations: what can we gain?” Neurolmage, vol.
34, no. 1, pp. 144-155, 2007.

J. Zhang, X. Yin, L. Zhao et al., “Regional alterations in cortical
thickness and white matter integrity in amyotrophic lateral
sclerosis,” Journal of Neurology, vol. 261, no. 2, pp. 412-421, 2014.
X. Yin, Y. Han, H. Ge et al., “Inferior frontal white matter
asymmetry correlates with executive control of attention,”
Human Brain Mapping, vol. 34, no. 4, pp. 796-813, 2013.

S. Mori, S. Wakana, and P. C. M. van Zijl, MRI Atlas of Human
White Matter, Elsevier, Amsterdam, The Netherlands, 2005.

K. Hua, J. Zhang, S. Wakana et al., “Tract probability maps in
stereotaxic spaces: analyses of white matter anatomy and tract-
specific quantification,” Neurolmage, vol. 39, no. 1, pp. 336-347,
2008.

E Ségonne, A. M. Dale, E. Busa et al., “A hybrid approach to the
skull stripping problem in MRI,” Neurolmage, vol. 22, no. 3, pp.
1060-1075, 2004.

A. Tosoni, M. Corbetta, C. Calluso et al., “Decision and action
planning signals in human posterior parietal cortex during
delayed perceptual choices,” European Journal of Neuroscience,
vol. 39, no. 8, pp- 1370-1383, 2014.

N. N. Oosterhof, A. J. Wiggett, J. Diedrichsen, S. P. Tipper, and
P. E. Downing, “Surface-based information mapping reveals
crossmodal vision-action representations in human parietal
and occipitotemporal cortex;” Journal of Neurophysiology, vol.
104, no. 2, pp. 1077-1089, 2010.

B. Fischl and A. M. Dale, “Measuring the thickness of the
human cerebral cortex from magnetic resonance images,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 97, no. 20, pp. 11050-11055, 2000.

(40]

(41]

(42]

[43]

[46]

(47]

(48]

(51]

(54]

E. T. Bullmore, J. Suckling, S. Overmeyer, S. Rabe-Hesketh, E.
Taylor, and M. J. Brammer, “Global, voxel, and cluster tests, by
theory and permutation, for a difference between two groups of
structural mr images of the brain,” IEEE Transactions on Medical
Imaging, vol. 18, no. 1, pp. 32-42, 1999.

B. Fischl, M. I. Sereno, and A. M. Dale, “Cortical surface-based
analysis: II. Inflation, flattening, and a surface-based coordinate
system,” NeuroImage, vol. 9, no. 2, pp. 195-207, 1999.

K. J. Worsley, S. Marrett, P. Neelin, A. C. Vandal, K. J. Friston,
and A. C. Evans, “A unified statistical approach for determining
significant signals in images of cerebral activation,” Human
Brain Mapping, vol. 4, no. 1, pp. 58-73, 1996.

S. S. Kantak, J. W. Stinear, E. R. Buch, and L. G. Cohen,
“Rewiring the brain: potential role of the premotor cortex in
motor control, learning, and recovery of function following
brain injury;” Neurorehabilitation and Neural Repair, vol. 26, no.
3, pp. 282-292, 2012.

N. D. Schluter, M. E S. Rushworth, R. E. Passingham, and K.
R. Mills, “Temporary interference in human lateral premotor
cortex suggests dominance for the selection of movements. A
study using transcranial magnetic stimulation,” Brain, vol. 121,
no. 5, pp. 785-799, 1998.

J. O’Shea, C. Sebastian, E. D. Boorman, H. Johansen-Berg, and
M. E S. Rushworth, “Functional specificity of human premotor-
motor cortical interactions during action selection,” European
Journal of Neuroscience, vol. 26, no. 7, pp. 2085-2095, 2007.

G. Luppino and G. Rizzolatti, “The organization of the frontal
motor cortex,” News in Physiological Sciences, vol. 15, no. 5, pp.
219-224, 2000.

C. Amiez and M. Petrides, “Anatomical organization of the eye
fields in the human and non-human primate frontal cortex,”
Progress in Neurobiology, vol. 89, no. 2, pp. 220-230, 2009.

J. D. Meier, T. N. Aflalo, S. Kastner, and M. S. A. Graziano,
“Complex organization of human primary motor cortex: a high-
resolution fMRI study,” Journal of Neurophysiology, vol. 100, no.
4, pp. 1800-1812, 2008.

G. Liuzzi, V. Horniss, J. Hoppe et al., “Distinct temporospatial
interhemispheric interactions in the human primary and pre-
motor cortex during movement preparation,” Cerebral Cortex,
vol. 20, no. 6, pp. 13231331, 2010.

J. Kroeger, T. Baumer, M. Jonas, J. C. Rothwell, H. R. Siebner,
and A. Minchau, “Charting the excitability of premotor to
motor connections while withholding or initiating a selected
movement,” European Journal of Neuroscience, vol. 32, no. 10,
pp. 17711779, 2010.

B.-U. Meyer, S. Roricht, and C. Woiciechowsky, “Topography
of fibers in the human corpus callosum mediating inter-
hemispheric inhibition between the motor cortices,” Annals of
Neurology, vol. 43, no. 3, pp. 360-369, 1998.

V. Beaulé, S. Tremblay, and H. Théoret, “Interhemispheric
control of unilateral movement,” Neural Plasticity, vol. 2012,
Article ID 627816, 11 pages, 2012.

M. E S. Rushworth, H. Johansen-Berg, S. M. Gébel, and J.
T. Devlin, “The left parietal and premotor cortices: motor
attention and selection,” NeurolImage, vol. 20, supplement 1, pp.
$89-5100, 2003.

E Hamzei, J. Liepert, C. Dettmers et al., “Structural and
functional cortical abnormalities after upper limb amputation
during childhood,” NeuroReport, vol. 12, no. 5, pp. 957-962,
2001.

V. P. Ferrera and J. Grinband, “Perception, memory, and
action in frontal and parietal cortex. Focus on ‘selection and



10

[56]

(57

(58]

[59

(60

]

]

(61]

(62

(63

(67

]

]

]

maintenance of saccade goals in the human frontal eye fields}’
Journal of Neurophysiology, vol. 95, no. 6, pp. 3309-3310, 2006.

P. Hagmann, L. Cammoun, X. Gigandet et al., “Mapping the
structural core of human cerebral cortex,” PLoS Biology, vol. 6,
no. 7, article 159, 2008.

N. Erpelding, L. Simons, A. Lebel et al., “Rapid treatment-
induced brain changes in pediatric CRPS,” Brain Structure and
Function, 2014.

C. B. Mikell, G. P. Banks, H. P. Frey et al., “Frontal networks
associated with command following after hemorrhagic stroke;”
Stroke, vol. 46, no. 1, pp. 49-57, 2014.

H. Johansen-Berg, H. Dawes, C. Guy, S. M. Smith, D. T. Wade,
and P. M. Matthews, “Correlation between motor improve-
ments and altered fMRI activity after rehabilitative therapy,”
Brain, vol. 125, part 12, pp. 2731-2742, 2002.

C. Gaser and G. Schlaug, “Gray matter differences between
musicians and nonmusicians,” Annals of the New York Academy
of Sciences, vol. 999, pp. 514-517, 2003.

R. M. Umarova, D. Saur, S. Schnell et al., “Structural connectiv-
ity for visuospatial attention: significance of ventral pathways,”
Cerebral Cortex, vol. 20, no. 1, pp. 121-129, 2010.

M. Corbetta and G. L. Shulman, “Control of goal-directed
and stimulus-driven attention in the brain,” Nature Reviews
Neuroscience, vol. 3, no. 3, pp. 201-215, 2002.

M. E Kraus, T. Susmaras, B. P. Caughlin, C. J. Walker, J.
A. Sweeney, and D. M. Little, “White matter integrity and
cognition in chronic traumatic brain injury: a diffusion tensor
imaging study,” Brain, vol. 130, no. 10, pp. 2508-2519, 2007.

A. W. Toga and P. M. Thompson, “Mapping brain asymmetry,”
Nature Reviews Neuroscience, vol. 4, no. 1, pp. 37-48, 2003.

J. E. Kline, A. M. Clark, B. L. Chan, C. L. McAuliffe, K. M.
Heilman, and J. W. Tsao, “Normalization of horizontal pseudon-
eglect following right, but not left, upper limb amputation,”
Neuropsychologia, vol. 47, no. 4, pp. 1204-1207, 2009.

S. Preifiler, C. Dietrich, K. R. Blume, G. O. Hofmann, W. H.
R. M. Miltner, and T. Weiss, “Plasticity in the visual system is
associated with prosthesis use in phantom limb pain,” Frontiers
in Human Neuroscience, vol. 7, article 311, 2013.

M. Lotze, W. Grodd, N. Birbaumer, M. Erb, E. Huse, and H.
Flor, “Does use of a myoelectric prosthesis prevent cortical
reorganization and phantom limb pain?” Nature Neuroscience,
vol. 2, no. 6, pp. 501-502, 1999.

T. Weiss, W. H. R. Miltner, T. Adler, L. Briickner, and E. Taub,
“Decrease in phantom limb pain associated with prosthesis-
induced increased use of an amputation stump in humans,
Neuroscience Letters, vol. 272, no. 2, pp. 131-134, 1999.

Neural Plasticity



