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Brain functional remodeling caused by sciatic nerve 
transposition repair in rats identified by multiple-
model resting-state blood oxygenation level-dependent 
functional magnetic resonance imaging analysis
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Abstract  
Lower extremity nerve transposition repair has become an important treatment strategy for peripheral nerve injury; however, brain changes 
caused by this surgical procedure remain unclear. In this study, the distal stump of the right sciatic nerve in a rat model of sciatic nerve injury 
was connected to the proximal end of the left sciatic nerve using a chitin conduit. Neuroelectrophysiological test showed that the right lower 
limb displayed nerve conduction, and the structure of myelinated nerve fibers recovered greatly. Muscle wet weight of the anterior tibialis 
and gastrocnemius recovered as well. Multiple-model resting-state blood oxygenation level-dependent functional magnetic resonance 
imaging analysis revealed functional remodeling in multiple brain regions and the re-establishment of motor and sensory functions through a 
new reflex arc. These findings suggest that sciatic nerve transposition repair induces brain functional remodeling. The study was approved by 
the Ethics Committee of Peking University People’s Hospital on December 9, 2015 (approval No. 2015-50).
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Introduction 
Trauma-induced peripheral nerve injury is common, and 
has a generally poor prognosis. Peripheral nerve injury is 
found in 1.46–2.8% of traumatic injuries, and the incidence 
is increasing year by year (Li et al., 2020b). In addition to the 
severe loss of motor and sensory functions of the affected 
limbs, peripheral nerve injury can also be accompanied by 
afferent pain, significantly impacting physical, psychological 
and cognitive functions, as well as overall mental health 
(Yang et al., 2015a, b). There are different forms of nerve or 

neuronal injury, including long-segment nerve defect, nerve 
root avulsion injury, and central hemiplegia, which usually lead 
to functional loss of the limbs and are the most difficult to 
treat. Traditional treatment methods are ineffective, especially 
for central lesions, and even nerve transplantation does not 
effectively restore the function of the target organ. Nerve 
transposition repair is an ideal treatment option; choosing a 
suitable donor for nerve translocation to repair and innervate 
limbs may not only help form a functional reflex arc with the 
center, but also reduces complications (Kotani et al., 1971; 
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Graphical Abstract The rs-fMRI data of the rats with the proximal end of the left sciatic 
nerve and the distal end of the right sciatic nerve are connected through 
a nerve conduit
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Kawabata et al., 2001; Lam Van Ba et al., 2018; Zheng et al., 
2018; Li et al., 2020a). However, even with an appropriate 
nerve repair method, the recovery of nerve function, to date, 
is not ideal. There is a therapeutic limit to repairing the nerve 
from the periphery determined by the tissue characteristics 
of the nerve itself. Treating a nerve injury through a central 
approach can improve the prognosis of peripheral nerve 
injury.

Brain neuroplasticity has been extensively studied in recent 
years. The brain can regain lost functions caused by injury 
through learning and training. Brain neuroplasticity can be 
divided into structural plasticity and functional plasticity 
(Dąbrowski et al., 2019; Chen et al., 2020). In structural 
plasticity, synapses and neurons establish new connections 
during learning and experience, thereby affecting behavior. In 
functional plasticity, a function controlled by an affected brain 
area can be taken over by an adjacent area through learning 
and training, and the injured region can regain some function 
through learning and training as well (Zhang and Chopp, 2009).

In recent years, resting-state blood oxygenation level-
dependent functional magnetic resonance imaging (rs-fMRI) 
has become a promising method in brain science (Barkhof 
et al., 2014). Rs-fMRI is a non-invasive imaging method that 
can avoid task interference (Chao-Gan and Yu-Feng, 2010). 
To clearly obtain visual information on brain functional areas 
post central remodeling induced by translocation repair, we 
designed a model of lower extremity nerve translocation 
repair. Herein, we investigated the features of functional 
remodeling of brain functional areas following sciatic nerve 
injury repair by nerve transposition in the lower limbs, with 
the aim of providing insight for future investigations and 
clinical treatments. To the best of our knowledge, this study 
is the first to describe brain remodeling processes following 
lower limb nerve transposition repair in rats.
 
Materials and Methods
Animals
Because male rats would become very large by the end of the 
study duration of nearly 1 year, which would make it difficult 
to carry out experimental procedures, only female rats were 
included in this study. A total of 36 specific-pathogen-free 
grade 6-week-old female Sprague-Dawley rats (weighing 
200–220 g) were obtained from Beijing Weitong Lihua 
Experimental Animal Co., Ltd. (license No. SCXK (Jing) 2016-
0006). The generation of the animal model and breeding were 
carried out in the Animal Center of Peking University People’s 
Hospital under a 12-hour light/dark cycle, and 40% humidity. 
All experimental and feeding procedures were approved by 
the Ethics Committee of Peking University People’s Hospital 
on December 9, 2015 (approval No. 2015-50). Experimental 
animal suffering was minimized in all experimental procedures 
to the best of our ability.

Groups and surgery
A total of 36 rats were randomly divided into the following 
two groups: the sciatic nerve transposition repair group 
(surgery group, n = 21) and the normal control group (control 
group, n = 15). In the surgery group, the right hind limb was 
termed the cross group, while the left hind limb was termed 
the denervation group during analysis.

Rats in the surgery group were placed in a prone position 
following isoflurane (Shenzhen Reward Life Technology Co., 
Ltd., Shenzhen, China) anesthesia (5% induction anesthesia, 
5% maintenance anesthesia, 100 mL/min). The lower limbs 
and the rear half of the back were shaved. The skin was cut 
along the long axis of the left femur after disinfecting to 
expose the sciatic nerve. The sciatic nerve was freed and 
cut at the bifurcation. The distal stump of the left sciatic 
nerve was ligated after the left sciatic nerve was cut off. After 

covering the left sciatic nerve with muscle, the right sciatic 
nerve was exposed, disconnected at the deep surface of the 
piriformis muscle, and the proximal stump of the sciatic nerve 
was ligated. The back skin was cut along the line of the upper 
iliac crests. A 4-mm chitin conduit (Peking University People’s 
Hospital and Chinese Textile Academy, Patent No. 01136314.2) 
was used to cover the proximal end of the left sciatic nerve 
and the distal end of the right sciatic nerve with 10-0 suture, 
with a gap of about 2 mm between the nerve ends. The fascia 
and skin were sequentially sutured. Rats were placed in a new 
rat cage after the blood stains on the skin were wiped off. The 
control group received no treatment.

Neuroelectrophysiological testing
Six rats in each of the experimental and control groups 
were tested at 8 months after the operation. The skin was 
cut along the axial line of the right hind limb to expose the 
tibialis anterior and gastrocnemius muscles after isoflurane 
anesthesia (5% induction anesthesia, 5% maintenance 
anesthesia, 100 mL/min). The sciatic nerve and its branches 
were bluntly separated. Stimulation electrodes were placed 
at two locations in the common peroneal nerve, at 10 
mm apart, and induction electrodes were placed on the 
tibialis anterior muscle. The stimulation parameters on 
the electrophysiological device (Synergy Electrophysiology 
Instrument, Oxford, UK) were 0.09 mA current intensity and 
0.1 ms duration. The ∆t between the two incubation periods 
and length (L) of the neural stem between the two stimulation 
points were calculated. The motor nerve conductive velocity 
(MNCV) was measured in L/t, with t representing the time 
between the two stimulations. The MNCV of the tibial nerve 
was measured by the same method.

Osmium acid staining
Eight months post-surgery, the transpositioned repaired nerves 
(n = 6 rats/group) were exposed along the surgical incision 
after nerve electrophysiological testing was completed. Then, 
3-mm nerve sections at the proximal and distal ends of the 
conduit were harvested, fixed with 4% paraformaldehyde, 
and stained with 1% osmium acid (Beijing Chemical Factory 
Co., Ltd., Beijing, China) for 12 hours. After rinsing for 6 hours 
under running water, a graded ethanol series was used for 
dehydration, and xylene was used for clearing. Samples were 
embedded in paraffin, sliced into 1-μm sections, and sealed 
with neutral resin after dewaxing. The sections were observed 
under the light microscope (Olympus Corporation, Tokyo, 
Japan) and imaged.

Wet muscle weight
The anterior tibialis and gastrocnemius tendon were severed 
from the ankle joint, peeled away from the far and near ends, 
and cut off at the proximal ends after electrophysiological 
testing was completed. The muscles were weighed on an 
electronic balance (FA2004, Shanghai Shunyu Hengping 
Scientific Instrument Co., Ltd., Shanghai, China) immediately 
after wiping the muscle surface with gauze.

Hematoxylin-eosin staining of muscle tissue
The central part of the anterior tibialis was hematoxylin-
eosin-stained after measuring the wet weight. Muscles were 
fixed with 4% paraformaldehyde and stored at 4°C overnight. 
A graded ethanol series was used for dehydration, and 
xylene was used for clearing. Samples were embedded in 
paraffin and sliced into 5-μm sections. Sections were used 
for conventional hematoxylin-eosin staining and sealed with 
neutral resin after dewaxing. The slices were observed under 
the light microscope and imaged.

Magnetic resonance imaging data acquisition
At 12 months post-surgery, fMRI data acquisition was carried 
out on a 7.0T small animal magnetic resonance imager 
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(PharmaScan 70/16 US, Bruker, Switzerland). Rats (n = 9 in the 
surgery group and 5 in the control group) were anesthetized 
with isoflurane gas (5% induction anesthesia, 5% maintenance 
anesthesia, 100 mL/min). The following scan sequences and 
parameters were used to obtain axial imaging information of 
the rat brain.

T2-weighted imaging: the scanning sequence was T2_
TurboRare. Specific parameters: repetition time/echo time 
= 5600/33 ms; image size: 256 × 256; field of view: 35 mm × 
35 mm; slice thickness: 0.55 mm; slices: 50; averages: 2; scan 
time: 5 minutes, 58 seconds.

Rs-fMRI: The scanning sequence was T2star_FID_EPI. Specific 
parameters: repetition time/echo time = 2.000/20 ms; image 
size: 64 × 64; Field of view: 35 mm × 35 mm; slice thickness: 
0.55 mm; slices: 50; averages: 1; repetition: 600; scan time: 20 
minutes.

Fractional amplitude of low frequency fluctuations and 
regional homogeneity data analysis
Data pre-processing was performed with the spmratIHEP 
toolbox using statistical parametric mapping (SPM8; https://
www.fil.ion.ucl.ac.uk/spm/software/spm8/) and resting-
state fMRI Data Analysis Toolkit (REST) software (http://www.
restfmri.net/forum). The regional homogeneity (ReHo) and 
fractional amplitude of low frequency fluctuations (fALFF) 
measurements were analyzed and compared between the 
control and surgery groups using spmratIHEP with SPM8 and 
REST software which, as described by Nie et al. (2010, 2013, 
2014).

A linear model was used to remove any observed trends in 
the normalized images. To reduce the effects of low-frequency 
and high-frequency drift, the images were temporally band-
pass-filtered. Kendall’s coefficient was calculated to assess the 
ReHo value (Nie et al., 2010, 2013, 2014).

Rs-fMRI data analysis
All functional image post-processing and data analysis 
were done with the spmratIHEP toolbox in SPM8 software, 
consisting of an fMRI rat standard brain template and atlas 
in Paxinos & Watson space (Liang et al., 2017), as previously 
described (Nie et al., 2010, 2013, 2014). Seed-based 
correlational analyses on a voxel-by-voxel basis were used to 
evaluate brain functional connectivity with spmratIHEP. The 
time course attributes were calculated and used to quantify 
the strength of the functional connectivity to establish a 
functional connectivity map.

Statistical analysis
All data are expressed as mean ± standard deviation (SD). The 
results of related data of neurological function testing were 
statistically analyzed with SPSS 17.0 software (SPSS, Chicago, 
IL, USA). An independent samples t-test was performed to 
assess differences in MNCV, fALFF and ReHo values. The 
cerebral regions with significant differences in fALFF and 
ReHo values between the two groups were selected, with a 
voxel-level height threshold of P < 0.005 and a cluster-extent 
threshold of 20 voxels. Cronbach’s α of the MNCV was 0.05.

One-way analysis of variance was used to assess differences 
in muscle weight that conformed with normality and 

homoscedasticity. Least significant difference test was used 
for further pairwise analysis. Non-parametric test (Kruskal–
Wallis k samples) was conducted if the data did not conform 
with normality or homoscedasticity. Cronbach’s α was set at 
0.05.

Graph metrics between the surgery and control groups were 
compared with two-sample t-test. For global metrics, we 
compared the metrics at all thresholds. For nodal metrics, 
we compared the area under the curve first, and then 
compared the metrics at all thresholds. We also compared 
the differences in functional connectivity between the surgery 
and control groups using network-based analysis in MATLAB 
(https://www.mathworks.com) and BrainNet Viewer (https://
www.nitrc.org/projects/bnv). Cronbach’s α was 0.05.

Results
General observation of sciatic nerve transposition repair in 
rats
A total of five rats in the surgery group and four rats in the 
control group died prior to final testing. A brain tumor was 
detected by MRI in one of the rats in the surgery group, and 
was accordingly excluded. Six rats in each group received 
electrophysiological testing and histological staining at 8 
months after surgery. Nine rats in the surgery group and five 
rats in the control group were tested by fMRI, 12 months after 
surgery.

At 8 months post-surgery, the nerve suture area was covered 
with connective tissue with no neuroma or neuroedema. The 
conduits were partially absorbed. In the denervation group, 
the foot ulcer was found to be swollen, and normal foot 
anatomy could not be distinguished. The cross group showed 
obvious signs of atrophy and some autophagy (Figures 1 and 
2).

Motor nerve conduction velocity in rats with sciatic nerve 
transposition repair
When the right common peroneal nerve and tibial nerve 
were stimulated in the surgery group, dorsiflexion and plantar 
flexion of the right hind limb was observed. The conduction 
velocities of the common peroneal and tibial nerves in the 
cross group were lower compared with the control group (P < 
0.05; Table 1).

Regeneration of the sutured nerve in rats with sciatic nerve 
transposition repair
Osmium acid staining showed that compared with the control 
group, the myelin sheath of myelinated nerve fibers in the 
cross group was thinner, sparsely distributed, and lighter in 
color. The nerves in the cross group were regenerated to an 
extent, and many myelinated nerve fibers were visible (Figure 
3).

Muscle wet weight in rats with sciatic nerve transposition 
repair
The cross and denervation groups had obvious signs of atrophy 
of the anterior tibialis and gastrocnemius. The anterior tibialis 
and gastrocnemius in the denervation group resembled a 
tendon, and the anterior tibialis and gastrocnemius muscles 
in the cross group were also indistinguishable in terms of 

Table 1 ｜ Results of neuro-electrophysiological tests and muscle wet weights in rats with sciatic nerve transposition repair at 8 months post-surgery

Group PN MNCV (m/s) TN MNCV (m/s) Gastrocnemius (g) Anterior tibialis (g)

Control (n = 5) 66.28±1.15 77.32±3.67 1.85±0.06# 0.62±0.07#

Denervation (n = 9) NA NA 0.10±0.01* 0.11±0.02*

Cross (n = 9) 40.50±1.78* 42.36±1.37* 0.75±0.06*# 0.42±0.03*#

All data are expressed as mean ± SD, and were analyzed by independent samples t-test (MNCV) or one-way analysis of variance followed by the least significant 
difference test (muscle weight). *P < 0.05, vs. control group; #P < 0.05, vs. denervation group. MNCV: motor nerve conduction velocity; NA: not applicable; PN: 
common peroneal nerve; TN: tibial nerve.
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their muscle tendon, tendon-abdominal joint, and abdominal 
muscle content. The wet weights of the anterior tibialis and 
gastrocnemius were significantly lower in the cross group 
compared with the control group (P < 0.05), but significantly 
greater compared with the denervation group (P < 0.05; Table 1).

Muscle fibers in the central part of the anterior tibialis in 
rats given sciatic nerve transposition repair
The muscle fibers in the control group were tightly arranged, 
with sharp edges and corners, and no pathological features 
were observed. The gaps between the muscle fibers in the 
cross group were increased and the diameter of the muscle 
fibers was smaller compared with the control group. Circular 
muscle fibers were seen, with less infiltration of connective 
tissue. In the denervation group, muscle fibers were filled with 
fat and connective tissue, and they showed signs of obvious 
atrophy (Figure 4).

Magnetic resonance imaging in different brain regions in 
rats given sciatic nerve transposition repair
fALFF value
The fALFF values of eight brain regions in the left hemisphere 

and 13 brain regions in the right hemisphere were significantly 
higher in the surgery group compared with the control group 
(P < 0.005; Table 2 and Figure 5). The fALFF values of 10 brain 
regions in the left hemisphere and 6 brain regions in the right 
hemisphere were lower in the surgery group compared with 
the control group (P < 0.005; Table 2 and Figure 5).

ReHo value
The ReHo values of eight brain regions in the left hemisphere 
and 11 brain regions in the right hemisphere were significantly 
higher in the surgery group compared with the control group 
(P < 0.005; Table 3 and Figure 6). The ReHo values of 16 brain 
regions in the left hemisphere and 19 brain regions in the 
right hemisphere were lower in the surgery group compared 
with the control group (P < 0.005; Table 3 and Figure 6).

Global metrics in different brain regions in rats with sciatic 
nerve transposition repair
A significantly different normalized characteristic path length 
(lambda) was found between the surgery and control groups 
at low range thresholds (P < 0.05). There was no significant 
difference in other indicators (Figure 7).

Table 2 ｜ Fractional amplitude of low frequency fluctuation values in different brain regions in rats with sciatic nerve transposition repair at 8 months 
post-surgery

Region Hemisphere Max_T

Montreal Neurological Institute Coordinates

X Y Z

Surgery group > control group
Dentate gyrus Left 4.0078 –2.75 3.4372 –5.158
Hippocampus Left 3.9634 –1.94 2.5779 –4.918
Insular cortex Left 3.7013 –6.3 6.5554 0.1221
Midbrain periaqueductal gray matter Left 3.9588 –0.6 5.6393 –5.638
Midbrain superior colliculus Left 4.6283 –2.47 3.779 –5.638
Midbrain tegmentum of midbrain Left 4.5716 –0.88 5.8816 –5.158
Pt pretectal area Left 5.1933 –2.47 3.7364 –5.158
Thalamus lateral nucleus group Left 5.7444 –2.75 4.0213 –5.158
Dentate gyrus Right 3.1065 2.881 3.8261 –5.878
Hippocampus Right 3.9101 2.614 3.5731 –6.598
Insular cortex Right 3.1406 2.614 3.874 –6.598
Midbrain inferior colliculus Right 3.9022 2.63 3.9805 –7.798
Midbrain superior colliculus Right 3.7519 2.354 3.5581 –6.598
Nucleus ccumbens Right 3.4274 1.706 6.6084 1.5621
Olfactory cortex Right 3.8294 3.7 7.5258 –7.558
Pontine basilar part of pons Right 3.2318 3.706 7.8516 –8.038
Pontine tegmentum of pons Right 3.1309 3.447 7.2525 –8.038
Retrosplenial cortex Right 3.4198 1.811 2.9004 –6.118
Sensory cortex Right 3.4476 5.439 2.1303 1.8021
Striatum Right 4.7854 3.871 6.2761 0.1221
Thalamus lateral nucleus group Right 3.8114 2.627 3.6583 –7.558

Surgery group < control group
Aanterior lobe of cerebellum Left 5.4965 –4.024 3.7436 –9.4779
Frontal association cortex Left 3.5961 –1.554 1.9513 5.8821
Hippocampus Left 5.5734 –4.031 3.4001 –8.9979
Olfactory bulb Left 4.0005 –1.561 1.3246 6.3621
Olfactory cortex Left 3.6063 –5.11 3.0123 –8.5179
Poaterior lobe of cerebellum Left 7.6226 –4.024 3.1595 –9.4779
Retrosplenial cortex Left 7.8249 –4.031 2.816 –8.9979
Temporal association cortex Left 6.0339 –5.37 2.4132 –8.5179
Visual cortex Left 4.752 –5.376 2.0697 –8.0379
Anterior lobe of cerebellum Right 3.8287 2.6732 3.9565 –10.918
Olfactory bulb Right 3.8047 0.8407 2.0264 6.6021
Olfactory cortex Right 5.2012 4.7887 4.1897 –8.7579
Olfactory tract Right 3.3828 1.0903 2.5616 7.3221
Poaterior lobe of cerebellum Right 3.822 2.6732 2.7883 –10.918
Visual cortex Right 3.9557 3.4599 0.9126 –8.9979

P < 0.005; cluster size = 20 voxels.
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A B

Figure 1 ｜ Observation of the surgical zone in rats given sciatic nerve 
transposition repair.
(A) Surgical zone just post-surgery. (B) Surgical zone at 8 months post-surgery. 
The sutured nerve under the skin. The white triangles mark the conduit.

Figure 2 ｜ Observation of the hind limbs in rats with sciatic nerve 
transposition repair.
(A) Full muscle and normal skin of a normal foot. (B) The foot is swollen, 
ulcerated, and bones are visible in the denervation group. (C) The foot 
muscles are atrophied, and the skin is ruptured in the cross group.

Figure 3 ｜ Morphology of myelinated nerve fiber sheaths in rats with 
sciatic nerve transposition repair at 8 months post-surgery (osmium acid 
staining).
(A) The myelin sheath of the control group was darker. Myelinated nerve 
fibers were densely arranged. (B) The myelin sheaths of the cross group were 
light. Myelinated nerve fibers were sparsely arranged. Black circles represent 
the sheaths of myelinated nerve fibers. Scale bar: 50 μm.

Figure 4 ｜ Morphology of muscle fibers in the central part of the anterior 
tibialis of rats given sciatic nerve transposition repair at 8 months post-
surgery (hematoxylin-eosin staining).
(A) The muscle fibers in the control group were round and full, and were 
tightly arranged. (B) The muscle fibers in the denervation group showed 
significant atrophy, with a large amount of connective tissue between the 
muscle fibers. (C) The muscle fibers in the cross group were slightly atrophic. 
Scale bars: 100 μm.

A B C

Figure 5 ｜ Resting-state fALFF maps of the whole brain compared between 
sciatic nerve transposition repair and normal rats at 8 months post-surgery.
Each column represents coronal slices. The color bar reflects mean values. 
The red and blue respectively represent increased and decreased fALFF 
signals relative to the control group. fALFF: Fractional amplitude of low 
frequency fluctuations.

Figure 6 ｜ Resting-state ReHo maps of the whole brain compared between 
sciatic nerve transposition repair and normal rats at 8 months post-surgery.
Each column represents coronal slices. The color bar reflects mean values. 
The red and blue respectively represent increased and decreased ReHo 
signals relative to the control group. ReHo: Regional homogeneity.
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Figure 8 ｜ Local metric differences in different brain regions in rats with 
sciatic nerve transposition repair.
Compared with the control group, the surgery group showed higher AUC of 
the nodal clustering coefficient in the right olfactory bulb (yellow node) and 
thalamus (yellow node), and lower AUC values of nodal efficiency in the right 
temporal association cortex (blue node). All data are expressed as mean ± SD 
(n = 9 in the surgery group, and n = 5 in the control group), and were analyzed 
by two-sample t-test. AUC: Area under the curve.
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Figure 9 ｜ Overall topological properties of the brain in rats with sciatic nerve transposition repair.
(A) Bilateral motor cortex, orbital cortex, sensory cortex and visual cortex were hubs (red nodes) (defined as having a nodal degree of at least 1 standard 
deviation above the mean nodal degree across all regions) of the functional network. (B) There was no significant difference in the rich-club, feeder or local 
strength between the surgery group (n = 9) and the control group (n = 5) (P > 0.05). Data were analyzed by two-sample t-test.

Local metrics in different brain regions in rats with sciatic 
nerve transposition repair
The right olfactory bulb, right thalamus and right temporal 
association areas showed significant differences between the 
control and surgery groups (P < 0.05). However, only the right 
temporal association cortex showed significant differences at 
a low threshold (P < 0.05; Figure 8).

Rich-club in different brain regions of rats with sciatic nerve 
transposition repair
There was no difference in rich-club, feeder or local strength 
between the control and surgery groups (P > 0.05; Figure 9).

Discussion
The human brain network is extremely complex and 
eff ic ient ,  and i s  formed by  mult ip le  bra in  reg ions 
responsible for different functions based on the principles of 
compartmentalization and integration. This system enables 
internal functional coordination, monitoring, and feedback 
from the surroundings. The functional characteristics of 
the brain’s structural organization reveal the coordination 
of different functional brain regions. This requires efficient 
coordination in functional partitioning and functional 
integration to form a brain topological network, i.e. brain 
connectivity (Gorrostieta et al., 2012). Numerous studies have 
demonstrated that the loss of motor and sensory functions 
leads to disturbances in functional connections involving the 
sensorimotor cortex. As sensory-motor network activities 
change, some advanced functional networks, such as the 
default mode network, dorsal attention network, salience 
network, executive control network, and other cognitive 
association networks, may undergo direct or indirect changes 
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Figure 7 ｜ Global metric differences in 
different brain regions in rats with sciatic 
nerve transposition repair at 8 months post-
surgery.
(A–G) Global efficiency (A), local efficiency 
(B), cluster efficiency (C), shortest path length 
(D), gamma (E), lambda (F) and sigma (G). 
A significantly different lambda was found 
between the surgery group and control group 
at low range thresholds. All data are expressed 
as mean ± SD (n = 9 in the surgery group and 
n = 5 in the control group) and were analyzed 
by two-sample t-test.
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Table 3 ｜ Regional homogeneity values in different brain regions in rats with sciatic nerve transposition repair

Region Hemisphere MAX_T

Montreal Neurological Institute coordinates

X Y Z

Surgery group > control group
Auditory cortex Left 4.6054 –7.3107 3.288 –3.2379
Cerebellum anterior lobe of cerebellum Left 7.2665 –2.4155 2.3675 –9.4779
Insular cortex Left 4.3425 –0.8602 2.2252 –6.8379
Midbrain inferior colliculus Left 4.5611 –2.4221 2.3249 –8.9979
Midbrain superior colliculus Left 4.3155 –0.8569 2.2465 –7.0779
Retrosplenial cortex Left 4.389 –1.1164 1.9483 –7.0779
Sensory cortex Left 5.035 –7.3173 2.9622 –2.7579
Corpus callosum Right 3.508 1.818 1.7748 –6.5979
Dentate gyrus Right 3.5521 2.8807 3.8261 –5.8779
Flocculonodular lobe Right 7.0706 5.5977 6.6573 –9.7179
Hippocampus Right 4.9564 2.8939 3.9113 –6.8379
Insular cortex Right 4.4977 2.6138 3.874 –6.5979
Midbrain inferior colliculus Right 4.8041 2.9071 3.9965 –7.7979
Midbrain superior colliculus Right 4.0694 2.6171 3.8953 –6.8379
Olfactory cortex Right 3.834 5.5878 6.2925 –8.9979
Retrosplenial cortex Right 3.964 1.8312 1.5768 –7.5579
Thalamus lateral nucleus group Right 5.3878 2.9038 3.9752 –7.5579
Visual cortex Right 3.2309 1.5313 0.8276 –5.8779

Surgery group < control group
Accumbens nucleus Left 3.2652 –0.9691 6.7792 1.0821
Basilar part of pons Left 4.6385 –0.3272 9.545 –6.5979
Bed nucleus of stria terminalis Left 3.3486 –1.2121 7.1716 –0.1179
Dentate gyrus Left 4.0171 –5.1432 5.7198 –6.1179
Hippocampus Left 3.9521 –3.5244 6.4608 –6.8379
Hypothalamus_preoptic region Left 4.1003 –1.2154 7.1503 0.1221
Medulla oblongata Left 4.8437 0.0486 7.2795 –13.7979
Olfactory cortex Left 3.4662 –3.5145 6.5247 –7.5579
Poaterior lobe of cerebellum Left 5.0251 –1.0174 6.3751 –14.2779
Ptpretectal area Left 3.2488 –2.7418 6.1207 –5.8779
Septal area Left 3.6481 –0.689 6.8165 0.8421
Striatum Left 4.5272 –1.222 7.1077 0.6021
Tegmentum of midbrain Left 3.9067 –2.9782 6.2548 –7.5579
Tegmentum of pons Left 4.6226 –3.2616 6.1962 –7.0779
Thalamus_lateral nucleus group Left 4.2983 –3.2616 5.913 –7.0779
Thalamus_medial nucleus group Left 5.1254 0.0552 7.0212 –14.2779
Accumbens nucleus Right 3.0662 2.7883 7.6016 0.8421
Amygdaloid body_right Right 3.8378 0.0222 10.0296 –11.8779
Anterior commissure Right 4.2099 0.0486 6.6954 –13.7979
Basilar part of pons Right 4.5343 –0.0504 9.561 –6.5979
Cerebellar nucleus Right 3.4858 3.5259 5.1441 –13.7979
Corpus callosum Right 5.4826 5.8316 6.6796 –6.5979
Dentate gyrus Right 3.5026 5.2887 6.606 –6.1179
Hippocampus Right 5.8376 6.0845 6.652 –6.1179
Insular cortex Right 3.3252 4.6534 7.1042 1.0821
Medulla oblongata Right 7.0274 0.5849 7.0096 –13.7979
Olfactory cortex Right 5.5562 6.0911 6.6946 –6.5979
Olfactory tubercle Right 3.3254 3.0346 7.8323 1.8021
Piriform cortex Right 4.2667 3.8609 7.3804 0.8421
Poaterior lobe of cerebellum Right 3.7767 3.2161 1.9946 –11.3979
Septal area Right 5.2281 0.0486 6.9786 –13.7979
Striatum Right 4.1367 3.5841 7.3644 0.8421
Tegmentum of midbrain Right 4.5186 0.0189 10.2915 –11.6379
Tegmentum of pons Right 3.6476 1.5841 7.5935 –9.7179
Thalamus_medial nucleus group Right 3.7575 0.0453 6.9573 –13.5579

P < 0.005; cluster size = 20 voxels.

(Gao and Lin, 2012). These changes are not only limited to 
movement and sensory-related cortical connections, but also 
occur at a higher cognitive level (Auer et al., 2009; Makin et 
al., 2015; Feng et al., 2016; Bhat et al., 2017).

Nerve repair therapy takes advantage of the brain’s intrinsic 
plasticity through neuronal remodeling, neurogenesis, and 
axonal regeneration (Ciumas et al., 2008). During motor 
learning, changes in temporal accuracy and flexibility involve 
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multiple overlapping processes (Diedrichsen and Kornysheva, 
2015). Learning recruits new neurons that were not previously 
involved in the learning process (Costa et al., 2004). Bhat et 
al. (2017) found that compared with the control group, the 
functional connection of the anterior cingulate gyrus, right 
upper frontal gyrus, and left insular cortex in patients with 
unilateral brachial plexus ganglion injury was reduced. In 
patients with improved muscle strength following surgery, 
the functional connections of the left auxiliary motor cortex, 
medial frontal gyrus, and anterior cingulate cortex were 
enhanced (Bhat et al., 2017). Lu et al. (2016) found that 
compared with the normal control group, the functional 
connectivity of the supplementary motor area and multiple 
brain areas, including the anterior wedge, posterior cingulate 
gyrus and anterior cingulate gyrus, were decreased in patients 
with unilateral brachial plexus injuries. However, their findings 
remain controversial. Liu et al. (2013) found no difference 
in functional connectivity between patients with unilateral 
brachial plexus injury and a healthy control group, while Feng 
et al. (2016) found that the functional connectivity between 
the default mode network and executive control network in 
patients with unilateral total brachial plexus injury was greater 
than that in healthy controls.

Nerve transposition repair technologies are increasingly 
valued and considered an important treatment method for 
certain types of nerve injury (Yu et al., 2019; Xie et al., 2020). 
This repair technique constructs a new nerve reflex arc. Based 
on the method of contralateral brachial plexus nerve repair 
using the healthy C7 nerve root (Zheng et al., 2018), the 
left sciatic nerve was translocated to repair the right sciatic 
nerve. The nerve was found to have regenerated, based 
on histological observations, at 8 months post-surgery. The 
electrophysiological testing results showed that the nerve 
conduction (transmission) function of the nerve was restored 
to an extent, and that it was able to control the movement of 
the right hind limb. Some signs of autophagy were observed 
in the toes of the right hind limb, while the left hind limb 
looked significantly better, indicating that the sensory function 
of the right hind limb had also been restored to a degree (Tos 
et al., 2009). The muscle atrophy of the right hind limb was 
significantly less severe than that of the denervated muscle 
on the left, indicating that the repaired nerve could effectively 
innervate and protect the target organ. The results of the 
nerve function tests showed that following transposition 
repair, the nerves could effectively handle the motor and 
sensory functions of the receptor area, indicating that the 
central nervous system had indeed been remodeled.

The ALFF analysis method first passes the time series of 
each voxel through a 0.01–0.08 Hz band-pass filter to retain 
the blood oxygenation level-dependent signal in the low 
frequency band. This method reflects functional connectivity 
by measuring the spatiotemporal correlation between spatially 
separated brain regions (Yang et al., 2007). The ALFF method 
reflects the spontaneous activity of brain neurons by directly 
observing the amplitude of the baseline changes of the brain’s 
blood oxygenation level-dependent signal (Fox and Raichle, 
2007). Zou et al. (2008) improved the original ALFF method, 
defining the low frequency band (0.01–0.08 Hz) relative to the 
full-frequency power spectrum as the fALFF, effectively solving 
the problem linked to using ALFF in physiological noise-
sensitive contexts.

In this study, the fALFF values of the bilateral dentate gyrus, 
hippocampus, insular cortex, midbrain superior colliculus 
and thalamic lateral nucleus were higher in the surgery 
group than in the control group. This may indicate that the 
remodeling of these regions was caused by the responses 
of all brain regions involved in the default mode network 
and dorsal attention network. The higher fALFF values of the 
midbrain periaqueductal gray matter, midbrain tegmentum 
and pretectal area in the left hemisphere of the surgery 

group may be caused by the loss of target innervation. The 
higher fALFF values in the midbrain inferior colliculus, nucleus 
accumbens, olfactory cortex, basilar part of the pons, pontine 
tegmentum, retrosplenial cortex, sensory cortex and striatum 
in the right hemisphere indicate that the transposition repair 
not only changed the motor functions of the cortex, but also 
the sensory functions in this animal model.

The ReHo assumes that the time series of adjacent voxels in 
an active functional area are similar. The Kendall’s Coefficient 
of Concordance is used to measure this similarity (also called 
the ReHo value). The ReHo value reflects the synchronization 
of the local blood oxygenation level-dependent signal time 
series in the brain area, not the signal strength (Zang et al., 
2004). Compared with the control group, the ReHo values 
of the bilateral insular cortex, midbrain inferior colliculus, 
midbrain superior colliculus, hippocampus and retrosplenial 
cortex were higher in the surgery group. This may suggest 
that these regions manipulate the whole brain to adapt to 
the changes caused by surgery. Accordingly, the regional 
homogeneity of the sensory brain regions of the right 
hemisphere, including the thalamic lateral nucleus, olfactory 
cortex and flocculonodular lobe, were also enhanced.

There was no difference in fALFF or ReHo value in the motor 
cortex in the whole brain between the two groups, which 
might be caused by the resting state. Differences might be 
revealed in the task state.

There was no difference in whole brain connectivity between 
the two groups, except for the lambda values at low range 
thresholds, demonstrating that the information delivery 
efficiency decreased after remodeling. However, these 
changes do not imply that the functional connectivity of the 
entire brain had changed, which would entail that sciatic nerve 
transposition repair surgery does not fundamentally change 
the efficiency of the functional connectivity of the brain.

There are some limitations to this study. Ideally, a group 
should have been added to exclude the effects of nerve 
damage. However, the changes in the right hemisphere of 
rats in the surgery group can represent the results of sciatic 
nerve transposition repair to a degree from fMRI data. The 
changes in the left cerebral hemisphere could be regarded 
as the result of paw denervation to an extent. Therefore, 
we reduced the number of groups based on animal ethics 
considerations. We will undertake a more detailed study in the 
future. Brain remodeling is a very complicated process. Here, 
we only examined a single time point in this cross-sectional 
study, which therefore cannot evaluate the dynamic processes 
inherent in brain remodeling. However, to the best of our 
knowledge, this is the first study of brain remodeling following 
the creation of a new reflex arc across the length of the spinal 
cord caused by nerve transposition repair, thereby shedding 
light on brain remodeling caused by nerve transposition repair 
of the lower extremities.

In summary, the brain regions in the dorsal attention network 
and default mode network may be remodeled at rest following 
nerve transposition repair, which may incur permanent 
changes to neurological functions. Brain regions function 
through complex network systems involving the entire brain. 
In other words, the sensorimotor cortex is not independent, 
and the remodeling of sensorimotor regions may cause a 
series of changes in other regions of the brain responsible for 
other complex functions, as similarly concluded by Markov 
et al. (Markov et al., 2013). The metabolic and other changes 
in the corpus callosum of the hemisphere that had lost the 
target organ could enhance the efficiency of information 
transfer between the two hemispheres. The regional 
homogeneity of the motor cortex and vision-related brain 
regions corresponding to the repaired limb were enhanced 
following nerve repair. Sciatic nerve transposition repair did 
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not change the brain’s functional connectivity network nor 
its efficiency at a resting state, potentially due to the inactive 
neurons in the resting state.

The sciatic nerve transposition created a new reflex arc to 
make it possible for the brain functional zone to control a new 
target organ based, at least to a degree, on the functional 
remodeling of brain networks during the resting state. 
Functional remodeling in the task state and the structural 
changes in the brain will be investigated by diffusion tensor 
imaging in a future study, to clarify the spatio-temporal 
remodeling changes caused by nerve transposition repair.
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