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A B S T R A C T

Objective: The main purpose of the present study was to investigate the possible somatosensory-related brain
functional reorganization after traumatic spinal cord injury (SCI).
Methods: Thirteen patients with subacute incomplete cervical cord injury (ICCI) and thirteen age- and sex-
matched healthy controls (HCs) were recruited. Eleven patients and all the HCs underwent both sensory task-
related brain functional scanning and whole brain structural scanning on a 3.0 Tesla MRI system, and two
patients underwent only structural scanning; the process of structural scanning was completed on thirteen pa-
tients, while functional scanning was only applied to eleven patients. We performed sensory task-related
functional MRI (fMRI) to investigate the functional changes in the brain. In addition, voxel-based morphometry
(VBM) was applied to explore whether any sensory-related brain structural changes occur in the whole brain
after SCI.
Results: Compared with HCs, ICCI patients exhibited decreased activation in the left postcentral gyrus (postCG),
the brainstem (midbrain and right pons) and the right cerebellar lobules IV-VI. Moreover, a significant positive
association was found between the activation in the left PostCG and the activation in both the brainstem and the
right cerebellar lobules IV-VI. Additionally, the decrease in gray matter volume (GMV) was detected in the left
superior parietal lobule (SPL). The decrease of white matter volume (WMV) was observed in the right temporal
lobe, the right occipital lobe, and the right calcarine gyrus. No structural change in the primary sensory cortex
(S1), the secondary somatosensory cortex (S2) or the thalamus was detected.
Conclusion: These functional and structural findings may demonstrate the existence of an alternative pathway in
the impairment of somatosensory function after SCI, which consists of the ipsilateral cerebellum, the brainstem
and the contralateral postCG. It provides a new theoretical basis for the mechanism of sensory-related brain
alteration in SCI patients and the rehabilitation therapy based on this pathway in the future.

Non-standard abbreviations

ASIA American Spinal Injury Association
GM gray matter
GMV gray matter volume
WM white matter
WMV white matter volume
CSF cerebrospinal fluid
HC healthy control
SCI spinal cord injury
ICCI incomplete cervical cord injury

VBM voxel-based morphometry
ROI region of interest
PostCG postcentral gyrus
SPL superior parietal lobule
TBI traumatic brain injury
MNI Montreal Neurological Institute

1. Introduction

In addition to motor dysfunction, the loss of sensory function after
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traumatic spinal cord injury (SCI) also seriously affects the patients'
quality of life and functional independence (Siddall and Loeser, 2001;
Siddall et al., 2003; Wrigley et al., 2018). Therefore, understanding the
mechanism of sensory impairment and the potential recovery of sensory
function can help us to find a better method of rehabilitation for pa-
tients with sensory dysfunction. To date, many studies have shown that
the brain reorganization after SCI is the key factor affecting the motor
function and rehabilitation of patients (Grabher et al., 2017; Ilvesmäki
et al., 2017; Villiger et al., 2015; Wrigley et al., 2018), while the
number of studies on somatosensory functions is still relatively small
(Grabher et al., 2015; Höller et al., 2017; Wrigley et al., 2018).

Prior studies have shown that sensory-related brain alterations oc-
curred in SCI patients with somatosensory impairment (Aguilar et al.,
2010; Chen et al., 2012; Freund et al., 2013; Freund et al., 2011; Ghosh
et al., 2009; Grabher et al., 2015; Höller et al., 2017; Humanes-Valera
et al., 2013; Jurkiewicz et al., 2006; Jutzeler et al., 2015, 2016; Qi
et al., 2011; Wrigley et al., 2009b), such as the reorganization of gray
matter (GM) in the primary sensory cortex (S1) or secondary somato-
sensory cortex (S2) (Grabher et al., 2015; Höller et al., 2017; Hou et al.,
2014; Jurkiewicz et al., 2006; Jutzeler et al., 2016) and the changes of
white matter (WM) in the corticospinal or spinothalamic tracts (Cohen-
Adad et al., 2011; Freund et al., 2012a,b). The reorganization of GM
resulted from the atrophy of cell size or apoptotic cell death in ax-
otomized sensory fibers, while the alteration of WM was caused by
demyelination and degeneration along the sensory pathway after SCI.
To date, task-related research is still the main method to investigate
somatosensory-related brain functional changes (Aguilar et al., 2010;
Chen et al., 2012; Ghosh et al., 2009; Henderson et al., 2011; Jutzeler
et al., 2015; Qi et al., 2011; Stroman et al., 2016; Wrigley et al., 2018).
Sensory-related task studies on SCI animal models (Aguilar et al., 2010;
Chen et al., 2012; Ghosh et al., 2009; Qi et al., 2011) and patients
(Gustin et al., 2014; Stroman et al., 2016; Wrigley et al., 2009b, 2018)
have shown the changes of brain activation in the sensory-related
cortex and thalamus. It has been proved that brain remodeling occurs
along the classical somatosensory pathway after SCI, which consists of
the spinothalamic tract or dorsal columns, which that transmit the
sensory signal to the thalamus, and then project to the S1 after trans-
formation (Gustin et al., 2014; Lilja et al., 2006; Mtui et al., 2016;
Wrigley et al., 2018).

However, contrary to the studies mentioned above, some scholars
have shown that there were no structural changes in the thalamus, S1 or
any other sensory-related areas after SCI (Chen et al., 2017; Florence
et al., 1998; Henderson et al., 2011). At the same time, in a series of
sensory task-related MRI studies (Henderson et al., 2011; Jutzeler et al.,
2015; Yoon et al., 2013), no abnormal activations were found in the
thalamus or the S1. These studies suggested that apart from the classical
somatosensory pathway, there may exist another pathway in the pro-
cess of sensory-related brain changes after SCI. This provides new in-
sight into the mechanism of brain reorganization in SCI patients.

Therefore, the aim of this study is to identify whether any alter-
native sensory pathways replaced the classical pathway to play an
important role in the sensory impairment after SCI using sensory task-
related fMRI. Many SCI patients would develop neuropathic pain
(Gustin et al., 2014; Jutzeler et al., 2015, 2016; Wrigley et al., 2009b;
Jutzeler et al., 2016; Warner et al., 2018), and a recent meta-analysis
even showed the presence of neuropathic pain at 1-month post injury
(Warner et al., 2018), thus, in order to avoid its interference in the
study of sensory function, we chose subacute patients without neuro-
pathic pain as subjects. To ensure the stability of the frequency and
intensity of stimulation, we chose electrical stimulation as a sensory-
related task. Additionally, we applied voxel-based morphometry (VBM)
to further investigate possible brain structural changes along the sen-
sory pathway.

2. Materials and methods

2.1. Subjects

Thirteen right-handed patients with subacute (within 2months
postinjury; duration: 11.69 ± 15.28d) incomplete cervical cord injury
(ICCI) (10 male and 3 female patients, with a mean age of
51.3 ± 6.4 years and an age range of 22–70 years) were enrolled in
this study. Nine patients were classified as grade D, two as grade B and
the rest as grade C according to the American Spinal Injury Association
(ASIA) Impairment Scale 2012 (www.asiaspinalinjury.org). All the
subjects met the inclusion criteria: subacute (within 2months post-
injury) traumatic ICCI, without history of associated brain diseases
confirmed by conventional MRI, no pre-existing mental illness or cog-
nitive disorders affecting the functional outcome, no neuropathic pain
(all of them with musculoskeletal pain at the injury site) and no con-
tradictions to MRI. To eliminate the possibility of traumatic brain injury
(TBI), all the patients underwent a comprehensive clinical assessment
by two experienced physicians when they were admitted to the hos-
pital, including the Glasgow Coma Scale, posttraumatic amnesia scale
and loss of consciousness assessment, no positive findings were re-
ported. All patients suffered from various forms of bilateral motor
dysfunction, except one patient who exhibited only left side motor
dysfunction. In addition, 9 of 13 patients had only upper limb sensory
dysfunction and 4 of 13 the patients had sensory dysfunction in both
the upper and lower extremities. For all patients, no other dysfunction
was found except sensorimotor disorders. All patients underwent a
comprehensive clinical assessment prior to the MR scan, including the
light touch sensory score, the pinprick sensory score, and the motor
score. These parameters were assessed by two qualified clinicians using
the ASIA classification scale (Marino et al., 2003, 2008). The visual
analog scale (VAS) was also administered to evaluate the severity of
pain at the time of MRI acquisition. Sensory levels were assessed by
testing two aspects of sensation, light touch and pinprick sensation
(sharp/dull discrimination), at key points in each dermatome (C4-S4–5,
bilateral). Motor function assessment comprised key muscle functions
testing of 10 paired myotomes (C5-T1 and L2-S1; Jutzeler et al., 2016).
Thirteen age-, sex- and education-matched right-handed healthy vo-
lunteers (9 male and 4 female controls with a mean age of
48.6 ± 5.6 years and a range of 24–62 years) were recruited as healthy
controls (HCs). In our study, all the participants underwent sensory
task-related brain functional scanning and whole brain structural
scanning except for two patients who could not complete the remaining
functional scanning due to the long data acquisition time. Thus, eleven
SCI patients (8 male and 3 female, mean age: 50 ± 6.4 years, age
range: 22–70 years) and thirteen HCs were included in the sensory-re-
lated task fMRI analysis. Table 1 provides detailed information of the
patients with ICCI.

All the participants were informed of the purpose of the study and
gave written consent. The current study was approved by the Ethics
Committee of Xuanwu Hospital of Capital Medical University (Beijing,
China) and was in accordance with the Declaration of Helsinki.

2.2. Image acquisition

Images were obtained using a 3.0 T MRI system (Trio Tim, Siemens,
Erlangen, Germany) with a 12-channel phase-array head coil. A con-
ventional brain axial fluid-attenuated inverse recovery sequence was
scanned and used to exclude visible brain abnormalities. The sensory
task-related functional images were acquired with an echo-planar
imaging sequence with the following parameters: 35 axial slices with a
slice thickness= 3mm and inter-slice gap=1mm, repetition time
(TR)=2000ms; echo time (TE)= 30ms; flip angle (FA)= 90°;
readout bandwidth, 2004 Hz/pixel; field of view
(FOV)=220×220mm2; matrix= 64×64; resulting in an isotropic
voxel size of 3.4× 3.4× 3.0mm3. The total acquisition time of task-
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state functional images was 3.08min with 90 volumes. High-resolution
three-dimensional (3D) structural T1-weighted images were acquired in
sagittal orientation using a 3D magnetization-prepared rapid gradient-
echo sequence (MP-RAGE) with the following parameters:
TR=1800ms; TE= 2.13ms; inversion time (TI)= 1100ms; FA=9°;
number of slices= 192; slice thickness= 1mm;
FOV=256×256mm2; and matrix= 256×256; resulting in an iso-
tropic voxel size of 1×1×1mm3.

During the scanning process, tight but comfortable foam padding
was used to minimize head motion, and earplugs were used to reduce
imaging noise. The participants were asked to close their eyes, stay
awake, breathe evenly, and try to avoid specific thoughts.

2.3. Peripheral sensory stimulation task

Electrical stimuli were applied using bipolar electrodes located on
the skin surface of the wrist (radial nerve distribution area) and medial
malleolus (saphenous nerve distribution area) of the right extremities
separately. The rationale for this stimulation was to activate all the
somatosensory fibers originating within the extremities under the ap-
propriate intensity threshold by using a special medical electrical sti-
mulator (MyoNet-COW, NCC Inc., Shanghai, China) placed outside the
magnet room, including light touch and pinprick sensory stimulation,
except for the nociceptive fibers. The whole stimulation was conducted
during the scanning process.

The experimental design was as follows: The task state sequence had
4 repetitions, which were alternated by a 10-scan task block and a 10-
scan rest block (beginning with a task block and ending with a rest
block) and the first 10 scans were not given any stimulation in order to
help the participants adjust and adapt themselves. To reduce unin-
tended increases in somatosensory cortical activity from awareness,
subjects were prevented from seeing cutaneous stimulation during the
fMRI by asking them to lie down in the supine position and relax with
their eyes closed. They were also asked to keep still during the scan and
to stop mentally rehearsing the next stimulation process during the rest
blocks. An electrical impulse was applied to the peripheral stimulation
process, a unidirectional waveform with a duration of stimulation of 2 s,
rest of 1 s, frequency of 50 Hz, and pulse width of 200 us.

To ensure the accuracy of the intensity of peripheral sensory sti-
mulation during the entire scanning process, the stimulation task was
practiced for every participant prior to the scanning procedure in a
quiet and comfortable room. Beginning from 0mA, the current ampli-
tude was increased slowly at a rate of approximately 1mA/s, and

subjects were asked to say “yes” when they first perceived the electrical
current. That amplitude was recorded as the sensory threshold (mA).
Then, the amplitude was increased in the same manner up to the
highest level that the subjects could tolerate without pain. That level
was recorded as tolerance (mA). We chose the tolerance level current as
the optimum intensity stimulation for the participants applied on the
right upper or lower extremities during the scanning in the study, re-
spectively. The method of measuring sensory threshold and tolerance
was consistent with previous studies (Citak et al., 2014; Manganotti
et al., 2012). This procedure was conducted by the same researcher
using the same stimulator.

2.4. Image analysis

2.4.1. Task-related functional data processing
Statistical Parametric Mapping (SPM) software (version 12; http://

www.fil.ion.ucl.ac.uk/spm/) implemented in MATLAB 2013a (Math
Works, Natick, MA, USA) was used to perform the preprocessing of task
functional images. First, the original images were slice-time corrected.
Then, they were spatially realigned in order to correct the inter-volume
motion displacement. The realignment parameters were checked, and
all data were within the lower threshold of 2mm of translation and 2°
of rotation. Next, normalization was performed to register the realigned
fMRI data into the standard Montreal Neurological Institute (MNI)
space and convert them into 3×3×3mm3 voxel sizes. Finally, the
normalized data were spatially smoothed using a full-width half-max-
imum Gaussian kernel of 8mm3.

2.4.2. Structural data processing and whole brain voxel-based morphometry
analysis

We performed the preprocessing of structural data using SPM12 as
well, the steps were consistent with our previous study (Chen et al.,
2017). First, all the structural images were checked to make sure there
were no apparent artifacts caused by factors such as head motion,
susceptibility artifacts, and instrument malfunction. Then, the images
were manually reoriented to place the anterior commissure at the origin
and the anterior-posterior commissure in the horizontal plane. Next, the
structural images were segmented into GM, white matter, and cere-
brospinal fluid (CSF) areas using the unified standard segmentation
option in SPM12. The individual WM and GM components were then
normalized into the standard MNI space using the Diffeomorphic
Anatomical Registration through Exponentiated Lie algebra (DARTEL)
algorithm (Ashburner, 2007) after segmentation. The normalized GM

Table 1
Clinical data of 13 patients with subacute traumatic incomplete cervical cord injury.

ID Age at Injury
(years)

Sex Etiology of the
injury

Time since
injury

Level of
lesioana

Side of the
injury

ASIA
score

Motor
(0−100)

Pinprick Light
touch

Sensory
(0–224)

VAS

1 65 F Vehicle accident 60d C4–6 Bilateral D 80 112 112 224 0
2 22 M Vehicle accident 7d C6 Bilateral D 100 108 108 216 0
3 70 M Vehicle accident 2d C3–7 Bilateral D 94 107 107 214 0
4 53 M Hit by weight 17d C5–6 Bilateral D 90 102 102 204 0
5b 47 M Vehicle accident 6d C5 Bilateral D 94 104 104 208 0
6 48 M Fall injury 11d C3–7 Bilateral B 33 64 64 128 0
7 53 M Vehicle accident 4d C5–8 Bilateral D 86 104 104 208 0
8 53 F Fall injury 4d C5–8 Bilateral C 68 106 106 212 0
9 36 M Fall injury 17d C6–7 Left C 40 93 93 186 0
10 58 M Fall injury 6d C3–5 Bilateral D 62 108 108 216 0
11 46 F Vehicle accident 5d C3–4 Bilateral D 76 100 100 200 0
12b 60 M Fall injury 4d C3–4 Bilateral B 0 44 44 88 0
13 56 M Fall injury 9d C4–5 Bilateral D 80 112 112 224 0

a The level of lesion refers to the neurological level. ASIA impairment scale: B: incomplete-sensory but not motor function is preserved below the neurological level
and extends through sacral segments S4-S5; C: incomplete-motor function is preserved below the neurological level, and more than half of the key muscles below the
neurological level have a muscle grade of< 3; D: incomplete-motor function is preserved below the neurological level, and at least half of the key muscles below the
neurological level have a muscle grade of> 3. Sensory score: sum of segmental light touch and pinprick classifications. ASIA=American Spinal Injury Association.
VAS=visual analogue scale. d=day.

b Only brain structural data were acquired in these two patients.
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component was modulated to generate the relative GMV multiplied by
the nonlinear part of the deformation field at the DARTEL step. The
resulting GMV images were then smoothed with an 8-mm full-width at
half-maximum Gaussian kernel.

2.5. Statistical analysis

The task-related fMRI data were first subjected to first-level analyses
in SPM 12 to obtain the individual activation maps of the right hand
and right foot. Then, a random-effect statistical analysis was performed
within each group using the individual activation maps to generate
group-wise activation maps. The threshold for significant activation
was q < 0.01, with a cluster-level family-wise (FWE) method corrected
for multiple comparisons at the cluster level and a minimum cluster size
of 100 voxels. Using the general linear model (GLM) in SPM12, two
sample t-tests were performed to test the intergroup differences in the
activation intensity between the ICCI and HCs, with age and gender as
nuisance covariates (uncorrected voxel-wise P < 0.01, cluster-level
FWE correction with P < 0.05, with a minimum cluster size of 100
voxels). Then, a voxel-wise two-sample t-test was applied to compare
the GMV and WMV differences in the whole brain between the subacute
ICCI group and the HC group (voxel-level uncorrected P < 0.001, non-
stationary cluster-level FWE correction with P < 0.05), and age and
sex served as nuisance covariates. After that, region of interest (ROI)-
based analysis was applied to verify the accuracy and reliability of the
results of the whole brain method. Based on AAL Atlas, we used REST
software (http://restfmri.net/forum) to obtain the bilateral S1, M1 and
thalamus as ROIs for the subsequent analyses. Next, a voxel-wise two-
sample t-test in SPM12 was applied to compare the GMV and WMV
differences between the SCI group and the HC group (uncorrected
voxel-level P < 0.01, cluster-level correction with P < 0.05), with
these ROIs as the explicit mask, respectively, and age and sex as nui-
sance covariates. Then, the activation intensity and the mean GMV and
WMV of each cluster with statistical significance were extracted for
subsequent analyses. After that, a correlation analysis (two-tailed
Spearman correlation) was performed to explore any potential asso-
ciations among the brain activation changes (Bonferroni correction for
multiple comparisons with P < 0.05). Finally, partial correlation
analysis was performed to explore any possible associations between
the activation intensity and the mean GMV and WMV of each cluster
with statistical significance and clinical variables, such as sensory
scores and injury duration, in patients with ICCI after removing age and
sex effects. The last step was performed using SPSS version 16.0 (SPSS
Inc., Chicago, IL, USA). All data in this study were assessed by the
Kolmogorov–Smirnov Test for normality. Data identified as not nor-
mally distributed were analyzed using nonparametric tests.

3. Results

3.1. Brain activation amplitudes changes in subacute ICCI patients

Stimulating the right lower extremity using the optimum current
obtained by multiple tests (that result in significant superficial sensa-
tion, but do not cause pain) in all the participants, ICCI subjects showed
significant signal intensity decreases in the left postcentral gyrus
(PostCG) (Fig. 1A), the brainstem (midbrain and right pons) and the
right cerebellar lobules IV-VI (Fig. 1B) when compared with HCs
(cluster-level FWE correction with P < 0.05). Moreover, a significant
positive association was found between the activation amplitude in the
left PostCG and the activation amplitude in both the brainstem and
right cerebellar lobules IV-VI (r=0.887, P=0.0001) in subacute ICCI
patients (Bonferroni correction for multiple comparisons with
P < 0.05) when compared with HCs (Fig. 2). When the electrical sti-
mulation was performed on the right upper limb, we failed to find any
significant differences in brain activation intensity between the ICCI
patients and healthy volunteers. No activation intensity increases were

observed in the whole brain of ICCI patients during the stimulation of
the right upper and lower extremities.

3.2. Brain structural changes in the whole brain of subacute ICCI patients

We found significantly decreased GMV in the left superior parietal
lobule (Fig. 3) and WMV in the right temporal lobe, right occipital lobe
and right calcarine gyrus (non-stationary cluster-level FWE correction
with P < 0.05) (Fig. 4) of ICCI patients using the whole brain analysis.
Except for these structural changes, patients with subacute ICCI ex-
hibited no structural change in the S1, the S2, the thalamus, or along
the spinothalamic tracts and the pathway from the thalamus project to
the sensory-related cortex when compared with healthy controls. No
significant difference was found in GMV or WMV between patients and
HCs using ROI-based analysis (cluster-level P > 0.05, uncorrected).
Moreover, no increased GMV and WMV were observed in the whole
brain of ICCI patients.

3.3. Correlation analyses between clinical variables and the activation
intensity and the mean GMV and WMV in subacute ICCI patients

In patients with subacute ICCI, partial correlation analyses showed
that there were no correlations between the activation intensity and
clinical variables and between the mean GMV and WMV and clinical
variables (P > 0.05) (The clinical variables include sensory scores and
injury duration).

4. Discussion

The present study showed significant brain functional reorganiza-
tion in subacute ICCI patients when the right lower extremity was sti-
mulated and all of these regions were closely related to somatosensory
function (Grabher et al., 2017; Grodd et al., 2001; O'Reilly et al., 2010;
Salmi et al., 2010; Sang et al., 2012; Stoodley and Schmahmann, 2009,
2010). Moreover, a close association was found among the activation
intensity of these activated areas. Additionally, GM atrophy was de-
tected in the left SPL. The WMV decreased in the right temporal lobe,
the right occipital lobe, and the right calcarine gyrus. No structural
changes were found in the S1, the S2 or the thalamus. These brain
functional and structural findings observed in this research may provide
new insight into brain reorganization after spinal cord injury.

4.1. Another pathway of somatosensory-related brain functional
reorganization in subacute ICCI patients

It has been widely accepted that the thalamus is the most important
station to transform and integrate sensory afferent signals. Generally,
the ventral posterior nucleus of the thalamus receives afferent fibers
from two main somatosensory pathways: the spinothalamic tract and
the dorsal columns. The spinothalamic tract originates from the para-
lemniscal pathway that carries mainly thermal and nociceptive signals
(Wydenkeller et al., 2009). The dorsal columns originate from the
lemniscal pathway that carries mainly tactile and proprioceptive signals
from the periphery to the brain (Kaas et al., 2008). These two pathways
interact with each other and show certain anatomical convergence at
the thalamic level, then project to the primary sensory cortex after
transformation (Mtui et al., 2016). Loss of sensory afferent information
transmitted through this pathway would result in changes in the acti-
vation of the contralateral thalamus, the contralateral S1 (Curt et al.,
2002; Jones and Pons, 1998; Mtui et al., 2016; Wrigley et al., 2018) and
even the contralateral S2 (Mtui et al., 2016; Wrigley et al., 2018).
However, in our study, significantly decreased activation was observed
in the left S1, the brainstem (midbrain and right pons) and the right
cerebellar lobules IV-VI of the ICCI patients when compared with HCs,
while no activation change was found in the thalamus.

Reduced activation intensity of the ipsilateral cerebellar lobules
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would be expected given the loss of the ascending proprioceptive input
received from the extremities projecting via the dorsal nucleus of the
spinal cord and the dorsal spinocerebellar tract (Mtui et al., 2016;
Wrigley et al., 2018). To date, many studies have demonstrated that the
cerebellum plays an important role in the pathway of sensory function
(Gao et al., 1996; O'Reilly et al., 2010; Sang et al., 2012; Stoodley and
Schmahmann, 2009). Gao et al. (1996) showed the important role of
the dentate nucleus of the human cerebellum in sensory acquisition and
discrimination in a very early study. In recent decades, other re-
searchers found that in the cerebellar hemispheres, the sensorimotor
function is represented in lobules IeV (Grodd et al., 2001; Salmi et al.,
2010) and occasionally in lobules VI and VIII (Stoodley and
Schmahmann, 2009, 2010). Some studies on the brain reorganization
after SCI have also shown that the cerebellum is not only related to
motor function (Villiger et al., 2015) but is also closely related to sen-
sory function (Grabher et al., 2015), and even the motor function of the
cerebellum is completed with the participation of sensory signals (Gao
et al., 1996). Grabher et al. (2015) speculated that the decrease in the
cerebellum likely shows a state of hypoactivity and the shrinkage of
sensory neurons and their axons (Moxon et al., 2014). Moreover, some

studies even indicated that close connections exist between the sensory-
related subregions of the cerebellum and the sensory/sensorimotor
network of the cerebrum (O'Reilly et al., 2010; Sang et al., 2012).
O'Reilly et al. (2010) found that the primary sensorimotor region of the
cerebellum (lobules V, VI, and VIII) is correlated with the somatosen-
sory cortex of the cerebrum. In addition, Sang et al. (2012) showed that
strong functional connectivity existed between lobules I-VI, VIII and the
sensorimotor network of the cerebrum. Consistent with these findings,
the cerebellar subregions of decreased activation we found in our study
were closely related to sensory function. Apart from the decrease of
activation in the cerebellum, we also found that the activation of the
brainstem (the midbrain and right pons) decreased. The brainstem is
phylogenetically highly conserved in mammals and plays a pivotal role
in the process of sensory signal transmission (Benarroch, 2012; Brooks
et al., 2017; Grabher et al., 2017; Hougaard et al., 2017; Liao et al.,
2015). For instance, Brooks et al. (2017) and Grabher et al. (2017)
found that the brainstem is an important structure for integrating and
transmitting sensory signals, and the structural changes caused by SCI
were directly related to impaired pinprick sensation (Grabher et al.,
2017). As an important part of the brainstem, a few studies have proved

Fig. 1. Intergroup activation differences between the subacute ICCI subjects and HC subjects in the sensory task.
Compared to the healthy controls, the ICCI subjects showed decreased activation in the left PostCG (A), the brainstem (midbrain and right pons) and the right
cerebellar lobules IV-VI (B) (corrected at cluster level with family-wise error P < 0.05 and cluster> 100). PostCG=postcentral gyrus, ICCI= incomplete cervical
spinal cord injury.
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that the midbrain is closely related to sensory function (Cuppini et al.,
2018; Mylius et al., 2015) and is even involved in multisensory in-
tegration (Cuppini et al., 2018). Moreover, the pons was also found to
be closely related to sensory function (Grabher et al., 2015; Insola et al.,
2014), and SCI can lead to significant changes in the pons (Grabher
et al., 2015). In conclusion, the brainstem, which includes the midbrain
and pons, plays an important role in the transmission of sensory signals.
All of these data demonstrated that, in addition to the primary soma-
tosensory cortex, the brainstem and cerebellum lobules IV-VI are also
closely related to sensory function. In addition, we found that the ac-
tivation amplitude between them was significantly positively corre-
lated, which means that the activation amplitude in the left postCG
decreased, and the activation amplitude in both the brainstem and the
cerebellar lobules IV-VI decreased accordingly. In other words, the
activation changes in these regions were consistent with each other.
Additionally, we performed correlation analyses between the brain
activation and clinical sensory scores or injury duration after removing
age and sex effects and observed no statistically significant differences.
Thus, we believe the differences in sensory and motor impairments and
the injury duration cannot be accountable for differences in sensory
task-related activation.

Hence, based on all the aspects mentioned above, we speculated
that the somatosensory-related functional reorganization after SCI may
not be through the classical somatosensory pathway, but through

another pathway from the ipsilateral cerebellum lobule to the brain-
stem (the midbrain and right pons) and then directly projecting to the
S1. The process is completed through the cortico-ponto-cerebellar
pathway as some previous studies showed (Baradaran et al., 2016;
Ferilli et al., 2018). This may explain why we did not find any func-
tional or structural changes in the thalamus.

In the present study, we found significant changes in brain activa-
tion in SCI patients when stimulating the right lower extremity, while
no difference in the activation between the patients and the HCs was
found when the upper limb was stimulated, although most patients
exhibited sensory dysfunction of the upper limb. We speculated that the
sensory signal transmission pathway in the upper and lower extremities
may be different, and further studies should be conducted on the dif-
ference between them by increasing the sample size.

4.2. The structural reorganization in the whole brain of subacute ICCI
patients

In our study, no functional alterations were found in the thalamus
after SCI, but did its structure change? In addition, were there any
changes in the structure along the classical sensory pathway? Prior
studies showed that SCI not only can result in brain activation changes
but also can lead to the alteration of white matter along the sensory
pathway (Freund et al., 2011) and the GM change in the S1 and the
thalamus (Jutzeler et al., 2016). However, except for the reduced GMV
in the left SPL, we did not find any structural change in the thalamus,
the S1, or the S2 by choosing both whole brain- and ROI-based ana-
lyses, which was consistent with some previous studies (Chen et al.,
2017; Crawley et al., 2004; Yoon et al., 2013). We believed that the GM
atrophy may not result from Wallerian degeneration (Wrigley et al.,
2009a), but another process such as disuse-induced transneuronal de-
generation (Bose et al., 2005; Jurkiewicz et al., 2006). While the SPL,
which is also called the somatosensory association cortex anatomically,
is not related to the process of sensory directly. It is an important part of
the somatosensory system by receiving the nearby primary somato-
sensory cortex fibers; and it is also related to the integration, analysis,
processing, and storage of common sensation (Rao et al., 2014;
Squatrito et al., 2001). Moreover, we also found the decrease of WMV
in the right temporal lobe, the right occipital lobe and the right cal-
carine gyrus, which is along the visual pathway anatomically (Arrigo
et al., 2017; Mtui et al., 2016). The mechanism underlying these
changes is still unclear. Further studies will be conducted on SCI pa-
tients' white matter integrity in the future. Combined with the func-
tional results, these structural findings further support our claim that
the brain reorganization in ICCI patients of the present study may not
occur through the classic sensory pathway but rather through an al-
ternative pathway. The classical sensory pathway may be partially or
completely destroyed or inhibited due to the deafferentation of the
afferent signal after SCI; thus, it was compensated or even completely
replaced by a new or previously suppressed sensory transduction
pathway.

Moreover, we also did not find any structural alterations in the
brainstem and cerebellum lobes IV-VI, which may be due to the

Fig. 2. Correlation between the activation amplitude in the left PostCG and the
activation amplitude in both the brainstem and right cerebellar lobules IV-VI in
subacute ICCI patients.
Pearson's correlation revealed a significantly positive correlation between the
activation amplitude in the left PostCG and the activation amplitude in both the
brainstem and the right cerebellar lobules IV-VI in subacute ICCI patients
(r=0.887, P=0.0001) (Bonferroni correction for multiple comparisons with
P < 0.05). PostCG=postcentral gyrus, ICCI= incomplete cervical spinal cord
injury.

Fig. 3. Intergroup differences in GMV between the
subacute ICCI patients and HCs.
Compared with healthy controls, subacute ICCI pa-
tients exhibited significantly decreased GMV in the
left superior parietal lobule. Map threshold was set at
P < 0.05 with non-stationary cluster-level FWE
correction. GMV=gray matter volume,
ICCI= incomplete cervical spinal cord injury.
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relatively short duration (within 2months postinjury) and/or the
moderate injury degree of SCI patients (all the patients are incomplete
SCI). We believe that the injury may not yet have caused any structural
changes in these areas.

4.3. Limitations

Our study had a number of limitations. First, the sample size was
relatively small. Second, as a cross-sectional study, we did not conduct
this work as a longitudinal study. Future long-term follow-up studies
are necessary to document the full-time course of somatosensory
structural and functional reorganization after SCI. Third, due to the
moderate injury, patients in this study all had incomplete SCI, we
cannot simply apply the mechanism of sensory impairment to the
complete patients, and further studies on complete SCI are needed.

5. Conclusion

Our study demonstrated that an alternative pathway in the im-
pairment of the sensory function following SCI may exist, and this
pathway consists of the ipsilateral cerebellum, the brainstem, and the
contralateral primary somatosensory cortex. This study provides a new
theoretical basis for the mechanism of sensory-related brain re-
organization after SCI. Moreover, the findings of the present study may
also provide valuable information for the development of new and ef-
fective rehabilitation therapies based on this pathway in the future.
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