Alternations of Brain Structural Connectivity after Unilateral Upper-
limb Amputation
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Abstract

Previous studies have indicated that amputation induces reorganization of functional brain
network. However, the influence of amputation on structural brain network remains unexplored.
In this study, using diffusion tensor imaging (DTI), we aimed to investigate the alternations of
fractional anisotropy (FA) network after unilateral upper-limb amputation. The FA network of
the dominant-side amputees showed reduced mean strength, density and increased
characteristic path length compared with that of healthy controls; while the nondominant-side
amputees showed comparable global metrics of FA network as healthy controls. The nodal
strength in the contralateral sensorimotor system and visual areas was reduced in both
dominant- and nondominant-side amputees. In particular, the strength of the contralateral
postcentral gyrus was significantly negatively correlated with residual limb usage in the
dominant-side amputees, representing a use-dependent reorganization. In addition, the strength
of the contralateral middle temporal gyrus was significantly positively correlated with the
magnitude of phantom limb sensation. Our results suggested degeneration of FA network after
unilateral upper-limb amputation, which was especially prominent in the dominant-side

amputees.
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Introduction

Limb amputation not only impacts the peripheral nervous system, but also induces
reorganization of the brain, mostly due to the lack of sensory input from and overt motor output
to the missing limb. Neuroimaging studies have shown that limb amputation induces
morphometric changes as well as functional remapping in gray matter (GM), prominently in
the primary sensory (S1) and motor (M1) cortices [1]. In addition, cortical reorganization after
limb amputation has also been observed at a network-level scale. Using resting-state functional
magnetic resonance imaging (fMRI), Pawela et al. reported a substantial disruption of
interhemispheric sensorimotor cortical connectivity in animals after limb deafferentation [2],
and Makin et al. found reduced inter-regional functional connectivities in the primary
sensorimotor cortex in amputees [3, 4]. Using electroencephalography (EEG), Lyu et al. found
that the alpha network of upper-limb amputees presented increased clustering coefficient,
decreased characteristic path length and increased small-worldness compared with that of
healthy controls [5].

Brain reorganization following limb amputation is not restricted to the GM but also
happens in the white matter (WM). Using diffusion tensor imaging (DTI), reduction in
fractional anisotropy (FA) values in the corpus callosum (CC) [6], unaffected superior corona
radiate, WM regions underlying the unaffected temporal lobe and affected premotor cortex [7],
and increased in axial diffusivity (AD), radial diffusivity (RD) and mean diffusivity (MD)
values in region II of the CC [8], have been found in lower-limb amputees. However, the
change of WM after upper-limb amputation has been not yet explored.

In addition to WM microstructures, graph theoretical analysis provides a framework for
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understanding the topological organization of the WM structural networks [9]. The WM
networks, which are considered as structural substrates of functional networks, also exhibit
small-worldness and modularity [10]. We hypothesized that amputation might also disrupt the
structural network topology. However, to our knowledge, no studies have reported the
topological changes in the WM structural networks after amputation. In the present study, using
DTTI tractography and graph theoretical approaches, we aimed to explore the topological
changes in the WM networks after upper-limb amputation. Considering the influence of white
matter asymmetry between two hemispheres [11] and the possibility for different brain
reorganization involved in amputees who lost their dominant or nondominant hand [12], right-
and left-side upper-limb amputees were compared with healthy controls, respectively.
Materials and Methods
Participants

Sixteen right-side upper-limb amputees (age: 53.44 + 8.09 years; sex: 11M/5F; time since
amputation: 25.81 £ 11.35 years), seven left-side upper-limb amputees (age: 50.57 + 7.76 years;
sex: 6M/1F; time since amputation: 18.00 = 16.94 years), and fifteen healthy controls (age:
51.20 £ 9.43 years; sex: 11M/4F) participated in this study. Independent t-tests showed that
either right-side or left-side amputees did not differ significantly with controls in age (both p >
0.483). All participants except one amputee (A19) were right-handed according to a Chinese
version of a standardized handedness inventory [13]. A19 could not complete the inventory
because he received an amputation at the age of two. All participants reported no history of
neurological or mental disorders. Each subject signed written informed consent before the

experiment and received financial compensation after the experiment. The protocols of this
4



study were in compliance with the Declaration of Helsinki.

Phantom limb pain and non-painful phantom limb sensation were assessed by a
standardized interview [14] and a modified version of the West Haven-Yale Multidimensional
Pain Inventory [15]. If amputees reported pain/sensation experience within the past three
months, they were required to localize the pain/sensation, and describe the quality of the
pain/sensation. Then each amputee reported a score on a 0-10 scale based on the average
intensity of his/her pain/sensation within the last month (0 = no pain/no sensation; 10 = worst
pain imaginable/most intense sensation). The use of the residual arm in daily activities was
assessed using a questionnaire designed and validated by Makin, Scholz [4], which focuses on
the frequency with which participants incorporate their residual arm (either directly or by using
a prosthesis) in daily activities. The questionnaire includes 27 items in total, covering a
comprehensive range of commonly encountered actions, such as holding up a phone or carrying
bags. Each item was scored according to the frequency of residual limb usage (0: never; 1:
sometimes; 2: very often). The sum of all items, ranging from 0 to 54, was used as the score of
residual limb usage. Four amputees (1M/3F, amputation side: 3R/1L, amputation level: all
below elbow) wore cosmetic prostheses in their everyday life (only when awake). The detailed
demographic and amputation-related information of the amputees is summarized in Table 1.

Table 1 Demographic and amputation-related information of amputees.

Age Amputation Residual
D Sex Prosthesis PLP PLS
(yrs) Side and level Cause Time (yrs) limb Usage
Al M 59 R, below shoulder Accident 32 0 N 8 6
A2 M 71 R, below shoulder Accident 39 2 N 0 5
A3 M 55 R, below elbow Accident 16 8 N 0 9
A4 M 57 R, below elbow Accident 20 13 N 0 7
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M = Male, F = Female; yrs = years; L = left, R = right; prosthesis = whether or not wearing any prosthesis; Y =

yes, N = no; PLP = phantom limb pain, PLS = phantom limb sensation.

PLP and RLP were reported on a 0-10 scale based on the average intensity of his/her pain/sensation within the

last month (0 = no pain/no sensation, 10 = worst pain imaginable/most intense sensation).

MRI Acquisition

All MRI brain scans were acquired at the Second People’s Hospital of Changzhou on a

3T system (Philips, Achieva 3.0T TX, Netherlands) with an 8-channel head coil. Whole brain

anatomical T1-weighted images were obtained in a sagittal direction with a 3D-TFE sequence

(TR = 8.2 ms, TE =3.7 ms, flip angle = 8°, FOV = 250 x 250 mm2, number of slices = 162,

imaging matrix = 256 x 256, voxel size = 0.976 x 0.976 x 1.00 mm3). Diffusion tensor images

(DTI) were acquired using a spinecho echo-planar imaging sequence (TR = 7444.428 ms, TE



= 85 ms, flip angle = 90°, NSA =2, FOV =224 X 224 mm2, number of slices = 60, slice
thickness = 2 mm, no gap, matrix = 112 x 112)
orientation = axial; 32 nonlinear diffusion weighting gradient directions
with b = 800 s/mm2 and 1 additional image without diffusion weighting [i.e., b = 0 s/mm?2]).
DTI Data Pre-Processing and Network Definition

DTI data preprocessing was performed using a matlab toolbox “Pipeline for Analyzing
braiN Diffusion imAges (PANDA)” [16]. First, the DTI images were corrected for head motion
and eddy current distortions using the FMRIB’s Diffusion Toolbox (FDT, version 5.0;
http://www.fmrib.ox.ac.uk/fsl) [17]. Then, the skull and non-brain tissue were remove from
images using the FSL Brain Extraction Tool (BET) [18]. Next, the fractional anisotropy (FA),
a marker of fiber tract integrity, was calculated for each voxel using the DTIFIT tool [19].

The brain network includes 90 nodes, which were defined using the Automated
Anatomical Labeling (AAL) atlas [20]. Briefly, individual TI1-weighted images were
coregistered to the b0 images in the DTI space using an affine transformation. The transformed
T1 images were nonlinearly registered to the MNI-ICBM152 2mm template. Using the inverse
transformations, the AAL atlas was warped from the MNI space to the DTI native space. DTI
tractography was carried out using a deterministic tractographic method based on fiber
assignment by continuous tracking (FACT) algorithm [21], which was terminated when it
turned an angle greater than 45° or reached a voxel with an FA less than 0.15. In order to reduce
the risk of false-positive connections, two nodes were considered structurally connected only
when at least 3 fibers were reconstructed between them [22, 23]. FA weighted network was

constructed, in which the weight of the edges was defined as the mean FA value of the
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connected fibers between each two nodes.
Graph Analysis
(1) Global and Nodal Strength
For a weighted undirected network G with N nodes and E edges, the mean strength of G

is calculated as the average of the strengths across all the nodes in the network:

1 N
5(6) = NZ S;.
j=1

Here, S; is the strength of node j, which is calculated as the sum of the edge weights linking
to the node ;.
(2) Density

The density of a network is defined as the ratio of the number of real edges to the number

of total possible edges:

2E
N(N-1)

D(G) =
(3) Global Clustering Coefficient
The clustering coefficient of a network is defined as the mean of clustering coefficients

across all the nodes:

1 N
C(G) = NZ .
j=1

C; isthe clustering coefficient of node j. Ina weighted undirected network, it is calculated as:

1 WijtWijk
Cj—Sj(kj_l)Z(i,k) - QijAik Ak

Here, S; is the strength of the node j, k; is the degree of node j, w;; is the edge weight
between nodes i and j,and a;; = 1, if w;; > 0, otherwise a;; = 0.

(4) Characteristic path length



The characteristic path length of a network is defined as:

[ = _NO-1
YRS RV

where [;; is the shortest path length between nodes i and j. The length of an edge is obtained
by computing the reciprocal of the edge weight w;;.
Statistical Analysis

In order to identify changes in FA network after unilateral upper-limb amputation,
independent two-tailed t-tests were employed to compare global strength, density, clustering
coefficient, characteristic path length, and nodal strength between amputees and controls. Left-
side or right-side amputees were compared with controls respectively to exclude influence of
white matter asymmetry [24]. Rough false discovery rate (rFDR) correction was used for
multiple comparisons in the statistical analysis of nodal strength (p < 0.025) [25].

Then, we tested whether the observed changes in FA network in amputees are related to
amputation-related variables using Pearson’s correlation. In particular, we were interested in
identifying the potential roles of time since amputation, residual limb usage, PLP and PLS. To
exclude the potential influence of age, the observed significant correlations were further

verified using partial correlation analyses (adjusted for age).

Results
Global Metrics

Overall, the connectivity pattern of FA network was similar in healthy controls and
amputees (Fig. 1A). However, the FA network of the right-side amputees was significantly

reduced in mean strength (right-side amputees = 2.429 +0.164, controls = 2.628 +0.159, p =
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0.002, Fig. 1B), either in the right (p = 0.023, Fig. 1C) or left (p = 0.005, Fig. 1D) hemisphere,
suggesting a global impairment of the FA network after right-side upper-limb amputation. The
mean strength in the left hemisphere was higher than that in the right hemisphere in healthy
control (left: 2.696 +=0.219, right: 2.555 +0.205, p = 0.003), while the mean strength was
comparable in two hemispheres in the right-side amputees (left: 2.461 +0.216, right: 2.396 +
0.163, p = 0.205). The density of the FA network was also significantly decreased in the right-
side amputees (right-side amputees = 0.071 +0.004, controls = 0.075 £0.004, p = 0.003, Fig.
1E). The clustering coefficient of the FA network of the right-side amputees was comparable
to healthy controls (right-side amputees = 0.481 +0.020, controls = 0.476 £0.019, p = 0.493,
Fig.1F), while the characteristic path length was significantly increased in the right-side
amputees (right-side amputees = 2.835 +0.102, controls = 2.732 £0.095, p = 0.007, Fig.1G).
However, these global parameters of FA network did not show significant correlations with
amputation-related variables in the right-side amputees (all p > 0.22).

No significant differences in global parameters of FA network were observed when

comparing between the left-side amputees and healthy controls (all p > 0.19, Fig.1).
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Figure 1. Comparison of global metrics of FA network among right-side amputees, left-side amputees and healthy controls.
(A) The mean matrices; (B) global mean strength; (C) mean strength in the left hemisphere; (D) mean strength in the right
hemisphere; (E) density; (F) clustering coefficient; (G) characteristic path length. Error bars indicate the standard deviation
from the mean.

Nodal Strength

The nodal strength was asymmetric between two hemispheres in healthy controls. The
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nodal strength was significantly larger in the left middle frontal gyrus, olfactory cortex, medial
superior frontal gyrus, lingual gyrus, middle occipital gyrus and inferior temporal gyrus
compared with the right counterparts; while the nodal strength was significantly larger in the
right angular gyrus, temporal pole/ middle temporal gyrus, calcarine fissure and surrounding
cortex compared with the left counterparts (all p < 0.025, see Fig. 2A and Table 2).

Table2. Brain regions showing significantly different nodal strength between two hemispheres in healthy controls.

Region Nodal Strength t value p value
Right Left

Brain regions with larger nodal strength in the left hemisphere

Middle frontal gyrus 1.86 +0.46 2.64 £0.69 -3.301 0.005
Olfactory cortex 1.65 +0.40 2.40 +0.64 -4.023 0.001
Medial superior frontal gyrus 1.61 +0.66 2.09 +0.76 -2.604 0.021
Lingual gyrus 2.53 +0.65 3.34 x0.74 -3.308 0.005
Middle occipital gyrus 2.66 £0.93 4.38 £0.88 -7.222 <0.001
Inferior temporal gyrus 2.03 £0.35 2.35+0.44 -3.467 0.004
Brain regions with larger nodal strength in the right hemisphere

Angular gyrus 2.87 £0.71 1.22 +0.54 5.907 <0.001
Temporal pole/ middle temporal gyrus 1.63 +0.37 1.24 +0.38 3.164 0.007
Calcarine fissure and surrounding cortex 4.96 +1.69 401 +1.21 2.771 0.015

The right-side amputees presented a reduced strength in widely distributed brain regions,
including the postcentral gyrus, paracentral lobule, temporal pole/middle temporal gyrus,
middle and inferior temporal gyrus and inferior occipital gyrus in the left hemisphere which is
contralateral to the amputation side, and the right (ipsilateral) calcarine fissure and surrounding
cortex, supramarginal gyrus and inferior temporal gyrus (all p < 0.025, see Fig. 2B and Table
3). The left-side amputees presented a reduced nodal strength in the right (contralateral)
precentral gyrus, medial superior frontal gyrus, temporal pole/middle temporal gyrus, inferior
occipital gyrus, and the left (ipsilateral) paracentral lobule and parahippocampal gyrus, and

showed an increased nodal strength in the left (ipsilateral) superior parietal gyrus (all p < 0.025,
12



see Fig. 2C and Table 4).

Table 3. Brain regions showing reduced nodal strength in the right-side amputees.

Region Nodal Strength t value p value
Amputees Controls
Left postcentral gyrus 2.79 +£0.57 3.50 +0.65 -2.657 0.013
Left inferior occipital gyrus 1.23 +0.28 1.77 +£0.61 -3.120 0.006
Left paracentral lobule 1.23 +£0.45 1.71+0.24 -2.426 0.022
Left temporal pole/middle temporal gyrus 0.89 +0.42 1.63 +0.37 -2.451 0.021
Left middle temporal gyrus 2.42 +0.48 2.93 +0.48 -2.946 0.006
Left inferior temporal gyrus 1.74 +0.53 2.35+0.44 -3.527 0.001
Right calcarine fissure and surrounding cortex 3.71 +0.80 4.96 +£1.69 -2.608 0.017
Right supramarginal gyrus 2.06 +0.76 2.56 £0.94 -3.049 0.005
Right inferior temporal gyrus 1.67 +0.45 2.35+0.44 -2.429 0.022

Table 4. Brain regions showing different nodal strength between the left-side amputees and controls.

Region Nodal Strength t value p value

Amputees Controls

Brain regions with reduced nodal strength in the left-side amputees

Right precental gyrus 3.80 +0.64 450 +0.74 -2.461 0.024
Right medial superior frontal gyrus 0.94 +0.40 1.61 +0.66 -2.476 0.022
Right temporal pole/middle temporal gyrus 1.18 £0.17 1.63 +0.37 -3.003 0.007
Right inferior occipital gyrus 1.02 +=0.58 1.56 +0.45 -2.425 0.025
Left paracentral lobule 1.05 +0.34 1.57 +0.34 -3.384 0.003
Left parahippocampal gyrus 1.50 +0.38 2.25+0.93 -2.671 0.015

Brain regions with increased nodal strength in the left-side amputees

Left superior parietal gyrus 2.09 +0.49 1.56 +0.41 -2.644 0.016

In the right-side amputees, the strength of the contralateral postcentral gyrus was
significantly negatively correlated with residual limb usage (Pearson’s correlation, r = -0.610,
p =0.012, Fig. 3A). The strength of the contralateral middle temporal gyrus was significantly
positively correlated with the PLS magnitude (Pearson’s correlation, r = 0.703, p = 0.002, Fig.

3B). Partial correlation analyses (controlled for age) suggested that these correlations were not
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affected by age (r = -0.647, p = 0.009; r = 0.762, p = 0.001, respectively). In the left-side
amputees, we did not find any significant correlation between FA network parameters and

amputation-related variables.

03222
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Figure 2. (A) Differences in nodal strength between brain regions in two hemispheres in healthy controls. (B) Differences in

nodal strength between right-side amputees and healthy controls. (C) Differences in nodal strength between left-side amputees

and healthy controls.
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Figure 3 Correlations between the nodal strength and amputation-related variables in the right-side amputees. (A) Plots
showing the significant negative correlation between the strength of the left (contralateral) postcentral gyrus and residual limb
usage. (B) Plots showing the significant positive correlation between the strength of the left (contralateral) middle temporal
gyrus and the magnitude of phantom limb sensation.
Discussion

The FA network was degraded after right-side upper-limb amputation. The right-side
amputees presented a global reduction in the strength and density of the FA network. FA which
reflects myelination degree, axonal density and/or integrity [26, 27], is often used as an
indicator of WM integrity [28]. Therefore, our results suggested a typical amputation-related
neurodegenerative phenomenon with a disruption of WM integrity in the whole brain. Both the
global and nodal strength suggested that the degeneration of FA network was significant either
in the contralateral or ipsilateral hemisphere, which might due to the reduced interhemispheric
connectivity after amputation [6, 8]. The characteristic path length, which reflects the global
integration of brain networks [29], was significantly increased in the right-side amputees,
suggesting that large-scale interactions of spatially segregated modules was affected by
dominant-side upper-limb amputation. The alternations of FA network seemed only significant
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in the cases with dominant-side amputation. The left-side amputees who lost their nondominant
hand showed comparable global FA network metrics with healthy controls. Although the power
of statistical analyses might be hindered by the small sample size of the left-side amputees (n
= 7), the results from the mean value suggest that alternations after nondominant-side
amputation were subtle. In daily activities, people usually rely more on their dominant hand
[30], and the speed, precision, and coordination of the dominant hand are superior to those of
the nondominant hand [31]. Therefore, it is reasonable that loss of the dominant hand would
change a lot in daily experiences and result in more extensive brain reorganization than loss of
the nondominant hand.

Nodal strength analyses suggested that FA connectivity in the contralateral sensorimotor
network (i.e., postcentral gyrus and paracentral lobule in the right-side amputees, and
precentral gyrus in the left-side amputees) was susceptible to upper-limb amputation. We
speculated that the lack of sensory input from and overt motor output to the missing limb after
amputation resulted in reduced FA connectivity in the contralateral sensorimotor network. The
precentral and postcentral gyri are the location of the M1 and S1, respectively, which have been
demonstrated as main areas with extensive reorganization after amputation [1]. A continuous
loss of GM in the contralateral M1 and S1 has been reported in a case study covering a 21-
week period after upper-limb amputation [32]. Reduced GM volume in the missing hand area
was also observed in upper-limb amputees compared with healthy controls [4]. Reduced
interhemispheric functional connectivity of the contralateral M1 and S1 was found in animals
after forelimb deafferentation [2] or upper-limb amputees [4]. Our results suggest that not only

the GM and functional connectivity in the contralateral M1 and S1, but also the WM and
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structural (FA) connectivity were affected by upper-limb amputation.

Reorganization in WM underlying the contralateral postcentral gyrus seems use-
dependent. The nodal strength of the contralateral postcentral gyrus was reduced only in the
right-side amputees, and it was negatively correlated with the residual limb usage. Our results
indicated that less usage of the residual limb could help maintain the WM integrity underlying
the contralateral S1 after dominant-side upper-limb amputation. This result might be associated
with the compensational usage of the intact limb in daily activities and remapping of the intact
limb representation into the deprived S1 cortex. After amputation, there are mainly two
adaptive patterns of limb usage, i.e., relying on the intact limb [33] and using their residual
limb or a prosthesis [34], and the usage of the intact limb and the residual limb are negatively
correlated [4]. The left-side amputees could still rely on their dominant (intact) hand as before,
and therefore they did not show significant changes in FA connectivity in the contralateral S1.
While the right-side amputees usually have to use their nondominant (intact) hand extensively
to compensate the loss of the dominant hand, which might result in significant reduction in FA
connectivity in the contralateral S1. FMRI studies have suggested the intact limb representation
might be expanded to the deprived S1 cortex, which might attribute to increased use of the
intact limb [4, 35, 36]. Amputees that rely more on their intact limb (and report less frequent
residual limb usage) showed increased intact limb representation in the deprived cortex [4]. In
this case, the contralateral S1 cortex received sensory inputs from the intact limb after
amputation, which might slow down degeneration of the WM induced by sensory deprivation
from the lost limb. Intact limb fMRI activation within the deprived cortex has shown positive

correlations with FA in the corticospinal tract and the inferior fronto-occipital fasciculus in the
17



deprived hemisphere [37]. In the present study, FA connectivity in the contralateral S1 also
might be associated with the remapping of the intact limb representation into the deprived
cortex, and therefore we speculate a potential positive correlation between the FA connectivity
in the contralateral S1 and the intact limb usage. However, the intact limb usage was not
measured. Instead, we observed a negative correlation between the residual limb usage and FA
connectivity in the contralateral S1.

Both the right-side and left-side amputees showed reduced nodal strength in visual areas,
such as the contralateral temporal pole/middle temporal gyrus, middle and inferior temporal
gyrus, inferior occipital gyrus, the ipsilateral calcarine fissure and surrounding cortex,
supramarginal gyrus, and inferior temporal gyrus in the right-side amputees, and the
contralateral temporal pole/middle temporal gyrus and inferior occipital gyrus in the left-side
amputees. The reduction of FA connectivity in visual areas might due to the lack of visual
feedback from the missing limb. Previous studies have reported that amputees presented
changes in GM or WM in the visual areas, but the results remain inconsistent. Jiang et a/. found
progressive thinning of V5/middle temporal visual area as well as a trend of cortical thinning
in the V3d [38], the bilateral occipital lobes and the contralateral temporooccipital junction,
and FA reduction in WM regions underlying the contralateral temporal lobe and inferior
frontooccipital fasciculus [7] in lower-limb amputees. However, Preiller et al. found an
increase in GM volume in brain regions that belong to the dorsal and ventral visual stream in
upper-limb amputees [39], which also contradicts with our observation. A possible explanation
for the discrepancy in upper-limb amputees might be a differential use of functional prostheses.

In PreiBler et al.’s study, more than half of the participants used a myoelectric prosthesis
18



regularly at an advanced level [39]; while in this study, only 4 of 21 amputees used a (cosmetic)
prosthesis. It has been suggested that compensational visual feedback from prosthesis could
help retain normal visual processing of hand [40]. In addition, visually control the proper action
of the myoelectric prosthesis is needed in daily activities, and this enhanced need for visual
control also might lead to cortical plasticity resulting in GM increase [39].

The nodal strength of the contralateral middle temporal gyrus, which was reduced in the
right-side amputees, was significantly positively correlated with the PLS magnitude. The
middle temporal gyrus has been suggested to be involved in sensory perception and body
representation. The BOLD response in the middle temporal gyrus was significantly correlated
with perceptual intensity of heat sensation [41]. Extrastriate body area (EBA), which is partially
located in the middle temporal gurus, is recruited in body detection and perceiving the
configuration of one's own body [42, 43]. Damage to the left temporal lobe has been found to
be associated with deficits in body structural description and body image [44]. In our study, the
FA connectivity of the contralateral middle temporal gyrus was reduced in amputees, which
might be a result of reorganization induced by an incomplete body representation after loss of
a limb. The phantom limb, which is usually perceived to be an integral part of the body by
amputees [45], compensatorily substitute the missing limb so as to maintain a relatively intact
body representation. Therefore, the FA connectivity of the contralateral middle temporal gyrus
was less affected if amputees experienced more intensity of PLS, showing a positive correlation
between the nodal strength of the contralateral middle temporal gyrus and the PLS magnitude.

In this study, the left-side and right-side amputees were analyzed respectively rather than

because of the following two reasons. First, the FA network was asymmetric between two
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hemispheres. The nodal strength was significantly larger in the left middle frontal gyrus,
olfactory cortex, medial superior frontal gyrus, lingual gyrus, middle occipital gyrus and
inferior temporal gyrus compared with the right counterparts; while the nodal strength was
significantly larger in the right angular gyrus, temporal pole/ middle temporal gyrus, calcarine
fissure and surrounding cortex compared with the left counterparts in healthy controls.
Similarly, previous DTI studies have also reported FA asymmetry, such as a left-greater-than-
right (leftward) asymmetry of the arcuate fasciculus, cingulum and corticospinal tract, and/or
a rightward asymmetry of uncinate fasciculus and posterior corpus callosum [11, 24, 46].
Second, the left-side and right-side amputees showed distinct reorganization patterns from the
aspect of either global metrics or nodal strength of FA network, which might be due to a
differential experience induced by the loss of the dominant or nondominant hand [47]. Our
results suggest that it is more reasonable to analyze the dominant- and nondominant-side
amputees separately rather than to combine together and conclude from contralateral and
ipsilateral aspects.
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