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1 | INTRODUCTION

Abstract

Connectivity changes after spinal cord injury (SCI) appear as dynamic post-injury
procedures. The present study aimed to investigate the alterations in the functional
connectivity (FC) in different injury duration in complete SCI using resting-state func-
tional magnetic resonance imaging (fMRI). A total of 30 healthy controls (HCs) and 27
complete SCI patients were recruited in this study. A seed-based connectivity analy-
sis compared FC differences between HCs and SCI and among SCI subgroups (SCI
patients with post-injury within 6 months (early stage, n = 13) vs. those with post-
injury beyond 6 months (late stage, n = 14)). Compared to HCs, SCI patients showed
an increase in FC between sensorimotor cortex and cognitive, visual, and auditory
cortices. The FC between motor cortex and cognitive cortex increased over time after
injury. The FC between sensory cortex and visual cortex increased within 6 months
after SCI, while FC between the sensory cortex and auditory cortex increased beyond
6 months after injury. The FC between sensorimotor cortex and cognitive, visual, au-
ditory regions increased in complete SCI patients. The brain FC changed dynamically,

and rehabilitation might be adapted over time after SCI.
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physical health and psychosocial issues (Ahuja et al., 2017; Azzarito
et al., 2020; Dietz & Curt 2006). Although structural recovery in the
spinal cord is limited for complete SCI patients, plastic changes or

Traumatic spinal cord injury (SCI) results in catastrophic dysfunction functional reorganization occur in different neural circuits in the

of motor, sensory, and autonomic systems, leading to implications on spinal cord and higher-order structures, including subcortical and
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cortical structures, following SCI (Nardone et al., 2013). These neu-
roimaging information might guide us develop new techniques to
improve the functional recovery in the limbs.

Brain reorganization is a complex process in combination
with adaptive and maladaptive pathological changes after SCI
(Karunakaran et al., 2020; Moxon et al., 2014). Some plastic changes
are beneficial to functional recovery or prediction of clinical out-
comes (Cramer et al., 2005; Hou et al., 2016; Zhu et al., 2015), while
some alterations are not suitable for clinical consequences, such as
neuropathic pain (Jutzeler et al., 2015, 2016; Osinski et al., 2020;
Yoon et al., 2013). Therefore, optimizing cost-effective therapies to
maximize functional recovery while minimizing maladaptive states
after SCl is essential (Moxon et al., 2014).

Functional connectivity (FC) is defined as statistical dependency
among remote neurophysiological events (Friston, 2011). Itisused as a
resting-state property in resting-state functional magnetic resonance
imaging (fMRI) studies to measure brain functional reorganization.
Previous functional studies have reported decreased or increased FC
between cortical sensorimotor regions following SCI (Hou et al., 2014;
Karunakaran et al., 2020; Oni-Orisan et al., 2016; Wang et al., 2019),
and these FC alterations might provide significant implications for the
prognosis of SCI. The increased FC between the primary motor cortex
and higher-order secondary motor areas plays a vital role in the motor
recovery of SCI at 6months post-injury (Hou et al., 2016). Therefore,
brain FC changes might be optimal clinical biomarkers to gain informa-
tion about functional recovery in SCl individuals.

Although a blind person has better tactile and auditory functions
to compensate for the loss of vision (Kupers & Ptito, 2014), how do
other systems or regions in the brain react to the sensorimotor dys-
function in patients with SCI? Some functional studies reported FC
changes between cortical sensorimotor regions after SCI (Hawasli
et al., 2018), while a few studies focused on increased FC or func-
tional changes in other brain regions, such as the visual cortex, which
is crucial for movements (Scott, 2004). Moreover, previous studies
showed that brain reorganization is not a static phenomenon but
rather a dynamic process (Moxon et al., 2014). From the perspective
view of mechanisms/pathophysiology, traumatic SCl is pathophys-
iologically divided into primary and secondary injuries and can be
temporally divided into the acute (<48 h), subacute (48 h to 14 days),
intermediate (14 days to 6 months), and chronic (>6 months) phases
(Ahuja et al., 2017). In the chronic phase, the spinal cord lesion
evolves alterations in remodeling of neural circuits (Kwon, 2004),
and the increased FC plays an important role in the motor recov-
ery of SCI at 6months post-injury (Hou et al., 2016). Interestingly,
the sensorimotor functional network changes in different injury
times, such as differences in early and chronic phases, have yet to
be investigated.

In order to elucidate the FC changes between the sensorimotor
cortex and other brain regions that might provide an adaptive com-
pensatory method for functional recovery in SCI patients, we aimed
to (1) investigate increased FC in the cortical connections between
the sensorimotor cortex and other brain regions in individuals with

complete SCI using resting-state fMRI; (2) compare FC differences

Significance

Spinal cord injury (SCI) disrupts the connection between
the limbs and brain. It has been suggested that functional
reorganization not only occurs in the local spinal cord but
also in brain. Brain reorganization is not a static phenome-
non but rather a dynamic process. However, few data exist
on functional connectivity changes between the sensori-
motor cortex and other brain regions. The present study
investigated the increased sensorimotor network con-
nectivity in complete SCI, and indicated that connectivity
changed in post-injury procedures.

between early and late injury stages in SCl patients. We also hypoth-
esized that compensatory FC increases between the sensorimotor
cortex and other brain regions and these FC increases in different

injury duration.

2 | MATERIALS AND METHODS

2.1 | Subjects

A total of 27 subjects with complete SCI (five females,
40.40+11.50years) and 30 healthy controls (HCs) (six females,
40.10+10.55 years) were recruited in this study. The 27 SCl subjects
were divided into two subgroups: 13 SCI subjects with time injury
within 6 months (early-stage) and 14 SCI subjects with time injury
beyond 6 months (late-stage).

The SCI subjects were evaluated based on the International
Standards for the Neurological Classification of Spinal Cord Injury
(ISNCSCI) published by the American Spinal Injury Association
(ASIA) Impairment Scale (AlS) (Kirshblum, 2014). The neurologi-
cal level of the injury is defined as the uppermost segment with
neurologically intact motor and sensory scores. The SCI subjects
were classified according to the neurological classification as AlIS
A (i.e., complete injury, no sensory or motor functions preserved
in sacral segments), AIS B, C, or D (i.e., incomplete injury), or AlS E
(i.e., no functional impairment). Moreover, the subjects were eval-
uated for motor and sensory function, including total motor score
(i.e., upper+lower motor score) and total sensory score (i.e., light
touch + pinprick score).

The inclusion criteria were as follows: SCI subjects were (1) aged
18-60years; (2) evaluated as AIS A, that is, a complete injury without
residual sensation in the sacral segments of the spinal cord; (3) trau-
matic SCI; (4) right-handed. The exclusion criteria were as follows:
(1) decreased cognition and inability to comprehend commands; (2)
associated traumatic brain injury; (3) neuropathic pain, according to
the visual analog scale; (4) severe contractures; (5) deformities of
the skull; (6)psychiatric disorder; (7) contraindications to MRI; (8) in-
ability to consent for procedures. Furthermore, the HCs had to be
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right-handed, healthy without severe psychosomatic diseases and
consent to the study. The SCI subjects and HCs were matched sta-
tistically for age and gender.

The study was carried out in accordance with the recommen-
dations of The Medical Ethics Committee of China Rehabilitation
Research Center (CRRC) (Beijing, China) (ref: 2017-071-1) with writ-
ten informed consent from all subjects before the study, which was

approved by the medical ethics committee of CRRC.

2.2 | MRIscanning

All subjects were scanned on a 3T MRI scanner (Philips Ingenia,
Best, The Netherlands) at the CRRC. For scanning, subjects were
positioned supine on the gantry of the scanner with the head in a
mid-line location with a multichannel head coil and stabilized by
clamps to reduce the motion-related artifacts during scanning.
During the resting-state acquisitions, the subjects were instructed
to close their eyes, relax, and stay awake without any concen-
trated thinking. The resting-state fMRI scans were acquired using
echo-planar imaging (EPI) sequence with the following imaging pa-
rameters: slice thickness = 3.5mm, time repetition (TR) = 2000ms,
time echo (TE) = 30ms, flip angle (FA) = 90°, slice gap = 0.5,
filed of view (FOV) = 230x230mm?, matrix size = 80x80, voxel
size=3x3x3mm?°.Ineach subject, a high-resolution 3D T1-weighted
anatomical image set covering the whole brain was collected. The
scanning parameters were as follows: FOV = 256 x256 mm, ma-
trix size = 256x256, slice thickness = 0.87mm, TR = 7600ms,
TE = 3.7 ms, FA = 8°, voxel size = 1x1x 1mm?.

2.3 | Data preprocessing

The preprocessing of fMRI data was carried out using DPARSFA
(V4.3) (http://rfmri.org/DPARSF) and SPM12 (V6906) (https://www.
fil.ion.ucl.ac.uk/spm/software/spm12/). The first 10 time points
were removed to allow the subjects to acclimatize with the scanning
environment. Then, slice timing correction was performed. Head mo-
tion was corrected before normalizing the image to a 2-mm isotropic
BOLD EPI template in the Montreal Neurological Institute (MNI) 152
standard space. The image was resampled to 3-mm isotropic voxels
and spatially smoothed by a Gaussian kernel with 4mm full-width
half-maximum (FWHM). Subsequently, we removed the linear trend
and nuisance covariates, including head motions, cerebral fluid,
white matter, and the global signal. Finally, the signal time course

was temporally filtered to keep the signals within 0.01-0.08 Hz.
2.4 | Functional connectivity analysis (seed-based
analysis)

The data were processed using the in-house Python software. The
whole brain was parcellated into 84 Brodmann areas (BA) and 26
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cerebellum regions from the Automated Anatomical Labeling (AAL)
atlas in the MNI space (Tzourio-Mazoyer et al., 2002). The BOLD
time course within each brain area was averaged and Pearson's cor-
relation coefficient was calculated for each pair of regions as the
functional connectivity between these two nodes in the network.
We defined two sets of seed regions of interest (ROI). The first
set of ROIs consisted of BA4 and BA6 from the motor regions of
both hemispheres. The second set of ROIs consisted of BA1, 2, and

3, representing the somatosensory region.

2.5 | Statistical analysis

Statistical analysis was performed using SPSS software, version 20.0
(SPSS Inc., Chicago, IL, USA). Continuous variables were tested using
two-tailed t-tests, while gender differences were examined by chi-
square test (p <.05). For FC analysis, we utilized two-sample t-tests
(p<.05) to identify increased FC associated with the above defined
ROIs between SCI patients and HCs. We selected significantly in-
creased FC between SCI patients and HCs. SCI subgroup analysis
was performed by further exploring the differences between SCI
subgroups using two-sample t-tests (p < .05). Both increased and
decreased FC was selected in subgroup analysis. The t-test between
subgroups served as a feature extraction procedure, followed by
correlation analysis. Pearson's correlation analyses between sig-
nificant FC obtained in the subgroup analysis and time since injury
(injury duration) were performed to investigate the correlations
between FC and clinical variables in SCI subjects; p<.05 indicated
statistical significance.

3 | RESULTS

The average age of the SCI group was 40.40+11.50years (five fe-
males) with injury duration from 1 month to 16 years; 13 SCl subjects
(42.88+9.95years, two females) comprised the early-stage group
and 14 (38.10+12.70vyears, three females) constituted the late-stage
group. The average age of the HC group was 40.10 + 10.55 years (six
females). The chi-square test did not show any significant differ-
ences in the gender distribution between SCI and HC groups and
between early- and late-stage groups. Table 1 summarizes the de-
mographical information of SCI subjects.

When motor cortices (BA4 and BA6) were selected as seed ROI,
connectivity analysis showed an increase in FC between motor
cortex and primary auditory cortex (right BA41), dorsal anterior
cingulate cortex (ACC) (left BA32), and cerebellum (left AAL109,
right AAL116) in the SCI group compared to HCs (Table 2, Figure 1).
Moreover, an increase in FC between the somatosensory cortex
and primary auditory and visual cortex was identified in the SCI
group when somatosensory cortices (BA1, BA2, and BA3) were se-
lected as seed ROI (Table 3, Figure 2).

In the SCI subgroups analysis (late stage vs. early stage), com-
pared to the early-stage group, increased FC was found between the
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TABLE 1 SCI patients information
Light touch Pinprick (max Motor score
Injury (max 56 points) 56 points) (max 50 points)

ID Sex Age, years Type Duration, m Level AIS L/R L/R L/R VAS
Early stage

1 M 25 Vehicle accident 2 T11 A 38/40 36/37 25/25 0
2 M 54 Fall 4 T10 A 36/36 36/36 25/25 0
3 F 49 Fall 3 T12 A 42/42 40/40 27/27 0
4 M 51 Fall 2 c7 A 9/9 10/8 12/12 0
5 M 53 Crush by weight 5 T12 A 40/40 40/40 25/25 0
6 M 46 Fall 4 T10 A 36/37 36/37 25/25 0
7 F 30 Fall 4 T11 A 41/36 40/36 26/26 0
8 M 45 Crush by weight 5 c8 A 14/13 14/12 13/13 0
9 M 39 Fall 1 T10 A 35/35 34/34 25/25 0
10 M 50 Fall 1 T10 A 34/35 34/35 25/25 0
1 M 36 Crush by weight 3 T9 A 33/33 33/33 25/25 0
12 M 29 Crush by weight 1 T10 A 35/35 36/36 25/25 0
13 M 50 Fall 1 T10 A 35/35 35/35 25/25 0
Late stage

14 M 52 Fall 7 T11 A 38/38 38/37 26/26 0
15 M 30 Crush by weight 13 T10 A 38/40 37/40 25/25 0
16 M 50 Crush by weight 81 T10 A 34/34 34/34 25/25 0
17 F 52 Vehicle accident 139 T11 A 36/36 36/36 25/25 0
18 M 60 Crush by weight 201 T9 A 32/32 33/33 25/25 0
19 M 26 Fall 55 T11 A 36/36 36/36 25/25 0
20 F 31 Vehicle accident 59 T5 A 27/26 27/26 25/25 0
21 F 37 Vehicle accident 105 T7 A 30/30 30/30 25/25 0
22 M 28 Crush by weight 56 T9 A 32/32 32/32 25/25 0
23 M 54 Vehicle accident 170 T10 A 36/36 36/36 25/25 0
24 M 26 Vehicle accident 15 T11 A 43/43 41/44 30/26 0
25 M 29 Fall 14 T11 A 39/39 39/39 25/25 0
26 M 23 Vehicle accident 42 T7 A 30/29 30/29 25/25 0
27 M 35 Crush by weight 38 c7 A 11/11 8/8 13/12 0

Note: Early stage: SCI patients with injury duration within 6 months; Late stage: SCI patients with injury duration beyond 6 months.

Abbreviations: F, female; M, male; VAS, visual analog scale.

motor cortex and left retrosplenial cingulate cortex (BA29) and right
cingulate cortex (BA30) in the late-stage group when the seed ROI
was located in the motor cortices (BA4 and BA6) (Table 4, Figure 3).
Similar results were observed when the somatosensory cortex (BA1,
BA2, and BA3) was selected as the seed ROI. The increased FC was
observed between the somatosensory cortex and right primary
visual cortex (BA18 and BA19) in the early-stage group, while the
increased FC was found between the somatosensory cortex and
left primary auditory cortex (BA41) in the late-stage group (Table 5,
Figure 4).

Injury duration showed a positive correlation with FC values be-

tween left premotor cortex (BA6) and right cingulate cortex (BA30),

TABLE 2 Increased FC between motor cortices (BA4, BA6) and
whole brain network in SCI patients compared with HCs

Connected
Seed ROI region t-value p-value
L-BA4 R-BA41 2.083 .042
L-BA6 R-AAL116 3.034 .004
R-BA4 L-BA32 2.062 .044
R-BA6 L-AAL109 2.095 .041

Abbreviations: AAL, anatomical automatic labeling; AAL109,116,
vermis; BA, Brodmann area; BA4, primary motor cortex; BA6, premotor
cortex; BA32, dorsal anterior cingulate cortex (ACC); BA41, primary
auditory cortex; L, left; R, right; p <.05.
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Increased FC

FIGURE 1 Schematic diagram and anatomic replicas show increased FC between motor cortices (BA4, BA6) and whole brain network
in SCI patients compared with HCs. The yellow boxes and nodes represent the seed regions of FC. The red boxes and nodes represent the
connected regions of FC. The red line denotes the increased FC in SCI patients compared with HCs. L, left; R, right.

TABLE 3 Increased FC between somatosensory cortices (BA1,
BA2, BA3) and whole brain network in SCI patients compared with
HCs

Seed ROI Connected region t-value p-value
L-BA1 R-BA41 2.406 .020
L-BA2 L-BA41 2.067 .044
L-BA2 R-BA41 3.271 .002
L-BA2 R-BA43 2.335 .023
L-BA3 L-BA35 2.295 .026
L-BA3 R-BA41 3.339 .002
L-BA3 R-BA42 2.810 .007
L-BA3 R-BA48 2.124 .038
R-BA1 L-BA41 2171 .034
R-BA1 R-BA42 2.807 .007
R-BA2 L-BA17 2.964 .005
R-BA2 L-BA18 2.402 .020
R-BA2 R-BA38 2.120 .039
R-BA2 R-BA41 2.092 .041
R-BA3 L-BA17 2.386 .021
R-BA3 L-BA41 2.255 .028
R-BA3 L-BA18 2.729 .009
R-BA3 R-BA36 2.028 .047
R-BA3 R-BA41 2.369 .021
R-BA3 R-BA43 2.162 .035
R-BA3 L-AAL95 2.729 .009

Abbreviations: AAL, anatomical automatic labeling; AAL95, vermis; BA,

Brodmann area; BA1,2,3, primary somatosensory cortex; BA17, primary
visual cortex (V1); BA18, secondary visual cortex (V2); BA35, perirhinal

cortex; BA36, ectorhinal area; BA41,42, auditory cortex; BA43, primary
gustatory cortex; BA48, retrosubicular area; p <.05.

controlling for age, gender, and nuisance covariates (r = 0.406,
p = .036; Figure 5). Pearson's correlation also showed a positive
correlation between injury duration and FC connecting left primary

motor cortex (BA4) and left retrosplenial cingulate cortex (BA29)
(r=0.454, p = .017; Figure 5).

4 | DISCUSSION

The present study investigated the increased sensorimotor network
connectivity in complete SCI using resting-state fMRI. Consistent
with the hypothesis, SCI subjects showed an increase in FC between
the sensorimotor cortex and cognitive, visual, and auditory cortices
compared to HCs. The FC between motor cortex and cognitive cor-
tex increased over time after injury. The FC between sensory cor-
tex and visual cortex increased within 6 months after SCI, while the
FC between sensory cortex and auditory cortex increased beyond
6 months. Overall, the findings demonstrated increased FC between
the sensorimotor cortex and cognitive-, visual-, and auditory-related
regions following SCI, yet this connectivity changes occurred in dif-

ferent injury times.

41 | FCdifferences between SCl subjects and HCs
The reorganization of the brain plays a vital role in the functional re-
covery in subjects with SCI (Wang et al., 2019). However, alternative
therapies from high-order interactions for the complete SCI subjects
who have absolutely lost the sensorimotor function below the in-
jury level are lacking. Functional neuroimaging studies in SCI sub-
jects revealed functional alterations in the brain (Hou et al., 2014;
Sabre et al., 2016; Wang et al., 2019). Compared to controls, SCI
subjects showed increased activation in the sensorimotor cortex
in both whole-brain and ROI analyses in task fMRI studies (Cramer
et al., 2007; Gustin et al., 2010; Henderson et al., 2011; Wrigley
et al., 2009). Also, resting-state fMRI studies indicated increased or
decreased FC between sensorimotor cortices (Hawasli et al., 2018;
Hou et al., 2014; Karunakaran et al., 2020; Min et al., 2015;
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FIGURE 2 Schematic diagram and anatomic replicas show increased FC between somatosensory cortices (BA1, BA2, BA3) and whole
brain network in SCI patients compared with HCs. The yellow boxes and nodes represent the seed regions of FC. The red boxes and nodes
represent the connected regions of FC. The red line denotes the increased FC in SCI patients compared with HCs. L, left; R, right.

TABLE 4 Differences of FC between motor cortex (BA4, BA6)
and cingulate cortex (BA29, BA30) in SCI subgroups comparison

Seed ROI Connected region t-value p-value
Early stage > Late stage

None

Early stage < Late stage

L-BA4 L-BA29 -2.184 .039
L-BA6 R-BA30 -2.630 .014

Note: Early stage: SCI patients with injury duration within 6 months;
Late stage: SCI patients with injury duration beyond 6 months; p <.05.

Abbreviations: BA29, retrosplenial cingulate cortex; BA30, part of
cingulate cortex.

Oni-Orisan et al., 2016), which might be associated with clinical out-
comes and have potential as responsive biomarkers of rehabilitation
and treatment interventions (Grabher et al., 2015).

The current study found an increase in FC between motor cortex
(BA4 and BA6) and left BA32 (dorsal anterior cingulate cortex), right
BA41 (primary auditory cortex), left AAL109 (cerebellum), and right
AAL116 (cerebellum) in complete SCI subjects compared to HCs.
Our findings supported the conclusions from previous studies that
reported increased FC in SCI subjects. Min et al. reported that SCI
subjects had increased FC between the primary motor cortex and
other motor areas, such as the supplementary motor area and basal
ganglia (Min et al., 2015). Oni-Orisan et al. demonstrated that the left
postcentral had increased connectivity with the thalamus bilaterally
in SCI subjects (Oni-Orisan et al., 2016). Kaushal et al. observed an
increased FC in a subnetwork of the sensorimotor cortex and cere-
bellum network in SCI (Kaushal et al., 2017a), and an increase of the
network modularity (Kaushal et al., 2017b).

Furthermore, our results showed enhanced reciprocal com-
munication of motor pathway and dorsal anterior cingulate cortex

(ACC) (BA32), primary auditory cortex (BA41), cerebellum (AAL109
and AAL116). The dorsal ACC is located dorsal to the genu of
the corpus callosum, which is considered as a cognitive, motor,
and emotional structure (Heilbronner & Hayden, 2016; Shenhav
et al., 2013, 2016). Several reports showed that dorsal ACC neu-
rons are sensitive to both reward and movement directions, and the
dorsal ACC promotes adjustments or changes in the action plans or
abstract strategies (Shenhav et al., 2013). Thus, the increased FC
between motor cortex and dorsal ACC indicated that dorsal ACC
plays a compensatory role in motor control for the motor dysfunc-
tion in SCI subjects. The primary auditory cortex (BA41) receives
information from the external auditory world (Murray et al., 2005).
An increase in FC between the motor cortex and primary auditory
cortex indicated that auditory information received from the out-
side environment after the active movement was lost in subjects
with SCI. Regions AAL109 and AAL116 were located in the cere-
bellum; the tissue is crucial for coordinating voluntary movements
(Fine et al., 2002) and cognitive processes (Buckner, 2013; Timmann
& Daum, 2007). Thus, we speculated that increased FC in the cer-
ebellum might contribute to the regulation of motor ability in SCI
subjects. Similar findings were reported in several previous studies.
Kaushal et al. reported that the FC of a subnetwork of the senso-
rimotor cortex and cerebellum network was increased in subjects
with SCI (Kaushal et al., 2017b). Also, an increase in FC was noted
between the cerebellum and both primary motor and sensory corti-
ces in the study by Hawasli et al. (2018). Hou et al. (2014) showed an
increased FC of M1 and cerebellum in incomplete SCI at ~12 weeks
post-injury. The paralyzed limbs could not execute motor function
due to the blocked efferent information from the brain in complete
SCI subjects. However, other cortices might facilitate recruitment
of neural substrates to compensate for sensorimotor deficits in SCI,
which implied that cognition- and auditory-related functional train-
ing might play a vital role in the recovery of sensorimotor function
after SCI.
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FIGURE 3 Schematic diagram and anatomic replicas show FC differences between motor cortices (BA4, BA6) and cingulate cortex (BA29,
30) between early-stage group and late-stage group. The yellow boxes and nodes represent the seed regions of FC. The red boxes and
nodes represent the connected regions of FC. The red line denotes the increased FC in late- stage group relative to early-stage group. L, left;

R, right.

TABLE 5 Differences of FC between somatosensory (BA1, BA2,
BA3) and visual, auditory regions in SCI subgroups comparison

Connected
Seed ROI region t-value p-value
Early stage > Late stage
R-BA3 R-BA18 2.222 .036
R-BA3 R-BA19 2.291 .031
Early stage < Late stage
L-BA3 L-BA41 -2.676 .013

Note: Early stage: SCI patients with injury duration within 6 months;
Late stage: SCI patients with injury duration beyond 6 months; p <.05.

Abbreviations: BA18, secondary visual cortex (V2); BA19, associative
visual cortex (V3,V4,V5); BA41, auditory cortex.

Additionally, sensory pathways were damaged between the
brain and periphery in subjects with SCI. How the brain reacts to the
sensory dysfunction after SCl is yet to be elucidated. The current
study showed an increase in FC between the sensory cortex and
visual and auditory cortices in complete SCI subjects compared to
HCs. This phenomenon might indicate that the visual and auditory
cortices play a compensatory role in the sensory dysfunction of SCI
subjects. In contrast to previous findings, our study found increased
FC between the sensory cortex and visual cortex in SCI subjects.
Hawasli et al. reported a decrease in FC between the visual cortex
and the sensorimotor cortex (Hawasli et al., 2018). Chen et al. found
thatincomplete SCl subjects have decreased intra-network FC in the
medial vision network (mVN) (Chen et al., 2018). This might be asso-
ciated with the differences in the severity, level, and duration (sev-
eral days within 1 month) of injury in the SCI subjects. The subjects
in this study were all complete SCI with injury time from subacute
to chronic stages. Furthermore, the movement needed multisys-
tem integration, such as neural control (sensorimotor cortex, visual

cortex, auditory cortex, cerebellum, and spinal cord), musculoskel-
etal mechanics, and motor behavior (Scott, 2004). The neurons in
the primary auditory cortex (BA41) are sensitive to orientation, lu-
minance, or motion (Supér, 2002). The current study first showed
an increase in FC between the sensory cortex and primary auditory
cortex, suggesting enhanced visual-related sensory processing after

somatosensory dysfunction in SCI subjects.

4.2 | Differences in FC between SCI subgroups

The present study demonstrated increased FC between sensori-
motor cortices and cognitive, visual, and auditory regions in SCI
subjects compared to HCs. In order to investigate how brain FC
changes over time after injury, we further compared the FC dif-
ferences between SCI subgroups (early stage vs. late stage) and
found increased FC between the motor cortex (BA4 and BA6) and
cingulate cortex (BA29 and BA30) in the late-stage group com-
pared to the early-stage group. The correlation analysis showed
that increased FC between motor cortex and cingulate cortex
had a positive correlation with time since injury in subjects with
SCI. This finding indicated that the altered FC between the motor
cortex and cognitive region is dynamic and varies through the re-
covery process after SCI. Although atrophy and degeneration are
observed in the structural studies (Supér, 2002), functional recov-
ery might be improved. Similar to our findings, Hawasli et al. (2018)
performed a seed-based correlation mapping and established that
connectivity changed over time after SCI. Cognition plays a cru-
cial role in motor learning. Herein, we showed that high cognition
might contribute to motor functional recovery over time follow-
ing SCI. Thus, additional cognition training should be considered
in SCI rehabilitation, such as motor image, motor relearning, and
motor memory.
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FIGURE 5 Correlation between FC strength and time since injury in SCI patients. The increased FC between left primary motor cortex
(BA4) and left retrosplenial cingulate cortex (BA29) was positively correlated with the time since injury in SCI patients (r = 0.454, p = .017).
The increased FC between left premotor cortex (BA6) and right part of cingulate cortex (BA30) was positively correlated with the time since

injury in SCI patients (r = 0.406, p = .036).

In addition, our study also demonstrated increased FC between
sensory cortex and visual cortex within 6 months after SCI, while
the FC between the sensory cortex and auditory cortex increased
beyond 6 months. This finding suggested that sensory connectivity
also changed over time after SCI. Vision and auditory might compen-
sate for sensory dysfunction during the early- and late-stage of SCI.
This also reminds us that sensorimotor recovery is not static and we
might need to change our rehabilitation plan over time to maximize
recovery. In the first 6 months after injury, rehabilitation might be
involved in the visual movement, while rehabilitation should be in-
volved in the movement with respect to auditory functions beyond
6 months. For example, virtual reality (VR)-augmented neuroreha-
bilitation interventions might be helpful for motor recovery, which
could provide multimodal sensory stimuli and environment feedback
for the subjects, leading to brain reorganization (Villiger et al., 2015,
2017).

Nevertheless, the present study has several limitations. First, the
study focused on the increased FC in SCI subjects compared to HCs;
decreased FC might be explored in the subsequent studies. Second,
the study only compared SCI subgroups with different injury dura-
tions; future longitudinal studies are necessary to explore the time
course of functional reorganization in SCI subjects. Third, the cur-
rent study focused on the FC reorganization pattern in the brain;

multimodal imaging studies are necessary in the future.

5 | CONCLUSION

In summary, the FC increased between the sensorimotor cortex and
cognitive, visual, and auditory regions in SCI subjects. The FC in-
creased over time after injury between the motor cortex and cog-
nitive regions. The FC increased between the sensory cortex and
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visual cortex within 6 months after injury and between the sensory
cortex and auditory cortex beyond 6 months. The brain FC changed

at different injury stages after SCI.
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