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Accumulating evidence has indicated that amputation or deafferentation of a limb induces
functional or structural reorganization in the visual areas. However, the extent of the visual
areas involved after lower limb amputation remains uncertain. In this investigation, we
studied 48 adult patients with unilateral lower limb amputation and 48 matched healthy
controls using T1-weighted magnetic resonance imaging. Template-based regions of
interest analysis was implemented to detect the changes of cortical thickness in the spe-
cific visual areas. Compared with normal controls, amputees exhibited significantly lower
thickness in the V5/middle temporal (V5/MT+) visual area, as well as a trend of cortical
thinning in the V3d. There was no significant difference in the other visual areas between
the two groups. In addition, no significant difference of cortical thickness was found
between patients with amputation at different levels. Across all amputees, correlation
analyses revealed that the cortical thickness of the V5/MT+ was negatively correlated
to the time since amputation. In conclusion, our findings indicate that the amputation of
unilateral lower limb could induce changes in the motor-related visual cortex and provide
an update on the plasticity of the human brain after limb injury.
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INTRODUCTION

Plasticity in the human brain can occur rapidly as a consequence of peripheral lesions or sensory
deprivation, such as amputation (Cohen et al., 1991; Schwenkreis et al., 2001). Previous studies
largely focused on plasticity in the primary sensorimotor cortex of the hemisphere contralateral to
the amputation (Flor et al., 2001; Xie et al., 2013), which has been shown to correlate with phantom
limb pain (PLP) and been considered to reflect maladaptive plasticity (Maciver et al., 2008; Houze
etal., 2013). On the other hand, mirror training could alleviate PLP, suggesting that pain and corti-
cal reorganization can potentially be altered by visual feedback (Brodie et al., 2003; Moseley, 2005;
Chan et al., 2007). In addition, unilateral arm amputees show impaired spatial perception near their
affected hand (Makin et al., 2010), as well reduction in visuomotor object affordances (Wilf et al.,
2013). Therefore, plasticity following limb amputation is not only restricted to local remapping
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within the sensorimotor region but also extends to the brain
regions associated with visual information processing.

Our understanding of the functional and structural organiza-
tion of visual information processing has evolved considerably in
the last decade. Initially, anatomical and lesion studies revealed
that outputs from the primary and secondary visual cortex (V1
and V2) to middle temporal complex (V5/MT+) and visual area
4 (V4) initiate two segregated but interacting parallel processing
streams, i.e., the dorsal “where/how” and ventral “what” visual
streams. A rough summary of their function is that the ventral
stream represents vision for perception, while the dorsal stream
represents vision in service of action (Wandell et al., 2007). The
dorsal stream may actually consist of two relatively segregated
subcircuits (Saur et al., 2008). The dorso-dorsal pathway provides
the dominant input to the superior parietal lobule through visual
area 6 (V6) and plays an important role in goal-directed visuomo-
tor transformation, such as reaching and grasping, whereas the
ventral-dorsal pathway through V5/MT+ to the inferior parietal
lobule is assumed to be relatively more involved in multimodal
motion detection and tool use (Binkofski and Buxbaum, 2013;
Pitzalis et al., 2013; Van Kemenade et al., 2014; Yu et al., 2014;
Ajinaetal., 2015). Newer findings emphasize the role of area V3ab
in motion processing and its role in the dorsal stream (Serences
and Boynton, 2007).

Although few studies have reported that amputees presented
gray matter changes in the visual areas, it is still unclear which
subregions are specifically involved. Besides, most of existing
studies included only patients with upper limb amputation, and
the brain reorganization following lower limb amputation might
be distinguishable as the functions and brain circuits of the upper
and lower extremities are differentiated. We hypothesized that
amputation at the lower limb can result in neural changes in the
specific visual areas that are measurable with brain imaging. In
order to systematically characterize the brain reorganization, the
mean cortical thickness in each of the visual areas was measured
using surface-based morphology and regions of interest (ROI)
approach. In addition, the relationships between imaging meas-
ures and clinical variables were also investigated.

MATERIALS AND METHODS

Participants

Forty-eight adult patients (38 males and 10 females) with uni-
lateral lower limb amputation were recruited consecutively and
prospectively from the Prosthetic and Orthotic Clinics at the
Department of Rehabilitation, Southwest Hospital in Chongqing
between December 2012 and June 2015. Thirty-two patients were
amputated following traumatic injury and the others were due
to tumors or osteomyelitis (two melanoma, five osteosarcoma,
one ameloblastomas, and eight osteomyelitis). All the patients
had been fitted with prostheses. The PLP and stump pain was
assessed by the five-category verbal rating scale (Lund et al.,
2005). Exclusion criteria were: (1) age at amputation or magnetic
resonance imaging (MRI) of less than 18 years or more than
60 years; (2) amputation at another part of the body; (3) history of
brain injury due to trauma; (4) presence of major systemic disease

(e.g., diabetes mellitus or cardiovascular diseases), psychiatric, or
neurological illnesses; (5) duration between amputation and MR
scanning of less than 1 month.

Forty-eight 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
HandnessInventory (Oldfield, 1971)andhadascoreof27 orhigher
on the Chinese version of the Mini-Mental Status Examination
(MMSE) (Zhang et al., 1990). The study was approved by the
Medical Research Ethics Committee of Southwest Hospital, and
written informed consent was obtained from all participants.

Structural MRI Acquisition

The MRI experiment was performed using a 3-Tesla scan-
ner (Magnetom Trio, Siemens, Erlangen, Germany) with an
12-channel phased-array head coil. The subjects were required
to close their eyes and avoid any movement during the image
acquisition. 3D high-resolution structural images were obtained
using a T1-weighted magnetization prepared rapid acquisition
gradient echo (MPRAGE) sequence (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, 176 slices with voxel
size=1mm X 1 mm X 1 mm).

MRI Data Processing

Cortical reconstruction and volumetric segmentation was per-
formed with FreeSurfer (version 5.3.0, http://surfer.nmr.mgh.
harvard.edu). The automated processing stream mainly included
removal of non-brain tissue (Segonne et al, 2004), Talairach
transformation, segmentation of gray/white matter tissue (Fischl
etal., 2004), intensity normalization, topological correction of the
cortical surface (Saur et al., 2008), and surface deformation to
optimally place the tissue borders (Fischl and Dale, 2000).

After creation of the cortical representations, the visual areas
were parcellated based on existing atlases. The delineation of
the V1 label was based on the study by Hinds et al. (2008) and
corresponded to Brodmann area (BA) 17, and the V2 label was
described by Fischl et al. (2008) and corresponded to BA 18.
The delineation of the V5/MT+ label was based on the work of
Malikovic et al. (2007). This V5/MT+ area was located close to
the intersection of the anterior occipital and the inferior lateral
occipital sulci in the region of the temporo-occipital junction. To
avoid the overlap among these labels, the above atlases were all
thresholded at 80% probability. As the V3, V4, and V6 templates
are not available in FreeSurfer, we extracted the V3ab, dorsal V3
(V3d), ventral V3 (V3v), and V4 using the probabilistic atlas of
retinotopic visual areas, which was constructed based on the
object mapping data from 15 subjects (Henriksson et al., 2012).
The human V3ab borders the anterior portion of V3d. The V3v
is buried deep in the collateral sulcus, and V4 is located on the
lateral bank of this sulcus but also reaches the fusiform gyrus in
the occipital section. The V6 was described by Pitzalis et al. (2006)
and located on the dorsal margin of the parieto-occipital sulcus.
The labels were registered to the surface of each subject using the
spherical parameters of the cortical surface (Fischl et al., 1999).
For each subject, the eight visual areas were visually inspected for

Frontiers in Human Neuroscience | www.frontiersin.org

March 2016 | Volume 10 | Article 79


http://www.frontiersin.org/Human_Neuroscience/archive
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org
http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu

Jiang et al.

Thinned Visual Cortex in Amputees

any inaccuracies in parcelation and manually corrected if neces-
sary. The final parcelation of these visual cortices was illustrated
in Figure 1.

Cortical thickness was calculated as the average of the dis-
tance from the white matter surface to the closest point on the
pial surface and from that point back to the closest point on the
white matter surface (Fischl and Dale, 2000). The thickness maps
produced are not limited to the voxel resolution of the image due
to the interpolation procedure (Fischl and Dale, 2000) and thus
sensitive to sub-millimeter differences between groups. For each
visual area, we computed the average cortical thickness across the
unilateral area.

Statistical Analysis

Continuous variables were tested for normality using the Shapiro—
Wilk test. Differences in the demographic measurements were
assessed using two sample t-tests, and the chi-square test was
used for gender. Exploratory two sample ¢-tests were conducted
to investigate the possible differences of cortical thickness for
each of visual areas between patients with amputation at the left
side and those at the right side, and no significant difference was
found. Therefore, we computed the mean cortical thickness values
for the homogenous regions across the two hemispheres. Then,
multiple analyses of covariance (MANCOVAs) were conducted

FIGURE 1 | Maps of visual areas shown in lateral, medial, and
flattened views of the bilateral hemispheres (RH). Light gray indicates
gyri (convex curvature); dark gray indicates sulci (concave curvature). The
area V6 adjoins the borders of the medial-most parts of V3d and V3ab. ITS,
inferior temporal sulcus; POS, parietal-occipital sulcus.

to examine the differences of the cortical thickness measure-
ments between amputees and normal controls, using age and
gender as covariates. The results were corrected for multiple
comparisons using false discovery rate (FDR) correction. A
two-tailed p < 0.05 was considered statistically significant.

Furthermore, mixed-model multivariate analysis of variance
(MANOVA) designs with amputation side (left vs. right) and
amputation site (femur vs. tibia) as between-group factors, age
and gender as covariates, and the different subregions of the
visual cortex as repeated measures were used to investigate the
effects of confounding variables on the imaging measurements
in amputees. Finally, spearman correlation analyses adjusted for
age and gender were used to explore the associations between the
clinical variables and the mean cortical thickness of bilaterally
homologous visual areas across the whole patient group. All of the
statistical analyses were conducted using SPSS software (version
18.0, Chicago, IL, USA).

RESULTS

Demographic and Clinical Data

The demographic characteristics were summarized in Table 1.
There was no significant difference in age, gender, education level,
and MMSE score between the amputees and normal controls.
Twenty-two patients suffered amputation at the left side and 26
were amputated at the right. Twenty-three amputations occurred
at the transfemoral and 25 at transtibial levels. PLP was present in
14 patients and 10 patients were suffering stump pain.

Cortical Thickness Differences

The TIV (controls vs. amputees: 1.54 + 0.14 vs. 1.51 + 0.11 L,
p=0.21) or total gray matter volume (0.65 + 0.06 vs. 0.64 + 0.05 L,
p = 0.41) of amputees did not differ from that of controls signifi-
cantly. Differences in cortical thickness between the two groups
for each visual region are shown in Table 2. Compared with
normal controls, amputees had significantly lower thickness in
the V5/MT+ (p = 0.03) (Table 2). The V3d also exhibited a thin-
ning trend (p = 0.055) in patients. There was no significant dif-
ference in the other visual areas between the two groups. Further
MANOVA model found no significant effects of amputation sides
(p = 0.76), sites (p = 0.12) or their interaction (p = 0.49) on the
cortical thickness.

TABLE 1 | Demographic data of the participants.

Characteristics Amputees (n =40) Controls (n =40) p value

Gender (male/female) 38/10 36/12 0.81

Age (years) 40.0 +13.0 39.9 +12.3 0.96
(range: 18-60) (range: 18-60)

Education (years) 9.2+4.0 9.5+34 0.69

MMSE score 282 +1.4 284 +1.3 0.47

Time since amputation 57.3+81.8 = -

(months) (range: 1-336)

Amputation at left/right 22/26

The data were presented as mean + SD. MMSE, Mini-Mental Status Examination.
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TABLE 2 | Comparison of cortical thickness in the visual regions.

Regions Cortical thickness (mm) p value
Amputees Controls

\al 1.66 +0.10 1.66 +0.10 0.83
V2 1.89 +0.11 1.91 +0.09 0.41
V3d 1.99 +0.15 2.05+0.15 0.052
V3v 2.08 +0.16 2.09 +0.13 0.57
V3ab 210+ 0.12 212 +0.14 0.75
V4 249 +0.14 249 +0.18 0.87
V5 2.36 +0.20 244 £0.16 0.03
V6 2.09 +0.17 2.09 +0.19 0.96

Bold indicates p < 0.05. The cortical thickness was presented as the mean value
between the two hemispheres.
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FIGURE 2 | Correlations between mean cortical thickness of the
bilateral V5 and time since amputation. The partial correlation coefficient
(p) was corrected for age and gender.

Correlations between Cortical Thickness

and Clinical Measurements

Across all the amputees, partial correlation analyses revealed that
the cortical thickness of the V5/MT+ was negatively correlated
to the time since amputation (p = —0.37, p = 0.01; Figure 2). No
significant correlation was found between the cortical thickness
of the visual areas and the levels of PLP or stump pain.

DISCUSSION

In the present study, we explored brain structural reorganization
in lower limb amputees. Cortical thickness was used as the proxy
to evaluate the gray matter structural changes in visual areas in
amputees compared with normal controls. We found that patients
with lower limb amputation exhibited reduced cortical thickness
in the V5/MT+ area. Additionally, correlation analyses revealed
that the cortical thickness of the V5/MT+ was negatively corre-
lated to the time since amputation, indicating that the visual cortex
exhibited progressive thinning after lower limb amputation.

V5/MT+ projects to a number of satellite areas including the
fundus of the superior temporal area and multiple parts of the
medial superior temporal area (Borroni et al., 2008; Kolster et al.,
2010; Becker et al., 2013). Studies on the electrophysiological
properties of neurons in the V5/MT+ showed that a large portion
of cells are tuned to the speed and direction of moving visual
stimuli (Maunsell and Van Essen, 1983; Bridge et al., 2014).
Functional characteristics of the V5/MT+ cluster also include
responsiveness to moving visual stimuli (Kamitani and Tong,
2006; Van Kemenade et al., 2014). These results suggested that
neurons in V5/MT+ play a significant role in the motion percep-
tion, and enable subjects to perceive where objects are located in
the peripheral space. On the other hand, V5/MT+ also contains
direction-specific information about tactile moving stimuli (Van
Kemenade et al., 2014). Furthermore, V5/MT+ overlaps con-
siderably with the extrastriate body area (EBA) in the posterior
inferior temporal sulcus and the middle temporal gyrus, which
are recruited in body detection and perception of body movement
(often referred to as “biological motion”) (Peelen and Downing,
2005; Weiner and Grill-Spector, 2013; Palermo et al., 2014).

Human V5/MT+ is especially sensitive to the changes of the
individual health or experience. Previous imaging studies revealed
increased gray matter density in the visual motion areas in expert
jugglers (Draganski et al., 2004; Gerber et al., 2014), or after
training of processing speed (Takeuchi et al., 2011). The positive
neuroanatomical plasticity in the V5/MT+ might be associated
with enhanced demand for visual motion perception or eye-hand
coordination. In contrast, the cortical atrophy of the V5/MT+
area in lower limb amputees might be related to the blockage of
motion perception, especially for the tactile moving modality, or
the absence of body detection and eye-limb coordination due to
the loss of limb. Biological interpretation of the imaging changes
might be attributed to the synaptic and dendritic changes, and/or
the decrease in local vasculature (Scholz et al., 2009).

Negative association between the time since amputation and
cortical thickness of the V5/MT+ was also detected in the lower
limb amputees. Some recent MRI morphologic studies have dem-
onstrated brain reorganization in either thalamus (Draganski
et al., 2006; Makin et al., 2015) or visual streams (Preissler
et al, 2013) following amputation. However, the majority of
these studies mainly focused on the patients with upper limb
amputation, and did not found the progressive changes occur-
ring in the corresponding regions. As there was no significant
difference in the V5/MT+ thickness in patients with amputation
at the transfemoral and transtibial levels, the atrophy may not
be related to the loss of knee coordination. Future rehabilitation
treatments should pay attention to the progressive changes in V5/
MT+ area, and validate whether the atrophy could be reversed/
modulated by motion exercises or prosthesis use. Besides, no
significant difference was observed in the visual areas between
the right and left lower limb amputees. On possible explanation
is that the visual cortices of the human brain exist interaction
between hemispheres (Stephan et al., 2007). Previous studies also
found substantial connectivity between the bilateral V5/MT+
(Ninomiya etal., 2011), and unilateral V1 damage would result in
the alternation of cortico-cortical connection between V5/MT+
bilaterally (Bridge et al., 2008).
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Parallel visual pathways in the primate brain, known as the
dorsal and ventral streams, receive retinal inputs mainly through
the magnocellular and parvocellular layers of the lateral geniculate
nucleus. Growing evidence suggests that the functional speciali-
zation of the two cortical visual pathways may not be as distinct as
it was proposed originally. Both ventral and dorsal visual streams
contribute to shape perception, but that location processing
appears to be essentially a function of the dorsal visual pathway
(Zachariou et al., 2014). The negative findings of the reorganiza-
tion in the ventral visual stream suggested that the ability of form
perception was not disrupted in lower limb amputees.

Rizzolatti and Matelli (2003) proposed that the dorsal stream
may actually consist of two relatively segregated subcircuits: the
dorso-dorsal pathway through V6 and the superior parietal
lobule concerned with the control of action “online” and the
ventral-dorsal pathway through V5/MT+ and the inferior
parietal lobule mediated space perception and “action under-
standing” Neuroimaging studies on patients with optic ataxia,
as characterized by the deficits in online motor control, such as
reaching and grasping, highlighted the specificity of the superior
parietal region and the parieto-occipital junction for direct goal-
directed visuomotor transformations (Binkofski and Buxbhaum,
2013). Therefore, previous findings on the gray matter increase in
these areas in upper limb amputees (Preissler et al., 2013) could be
due to the compensatory adaptation for online motor control. In
contrast, the reaching and grasping performance should by defi-
nition be preserved in lower limb amputees, and thus we did not
found the abnormal cortical changes in the dorso-dorsal stream.

Limitations and Future Directions

There were some limitations in our study. First, only a small num-
ber of patients were recruited, and our results should therefore
be regarded as preliminary. Larger populations are required to
disentangle the influences of the causes of amputation and the
use of prostheses on the cortical reorganization in amputees.
Second, as the patients were amputated at different sides, it is
inappropriate to perform vertex-based morphological analysis
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