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Background: Brain functional plasticity and reorganization in patients with cervical spondylotic
myelopathy (CSM) is increasingly being explored and validated. However, specific topological alterations
in functional networks and their role in CSM brain functional reorganization remain unclear. This study
investigates the topological architecture of intrinsic brain functional networks in CSM patients using graph
theory.

Methods: Functional MRI was conducted on 67 CSM patients and 60 healthy controls (HCs). The
topological organization of the whole-brain functional network was then calculated using theoretical graph
analysis. The difference in categorical variables between groups was compared using a chi-squared test, while
that between continuous variables was evaluated using a two-sample t-test. Nonparametric permutation tests
were used to compare network measures between the two groups.

Results: Small-world architecture in functional brain networks were identified in both CSM patients
and HCs. Compared with HCs, CSM patients showed a decreased area under the curve (AUC) of
the characteristic path length (FDR q=0.040), clustering coefficient (FDR q=0.037), and normalized
characteristic path length (FDR q=0.038) of the network. In contrast, there was an increased AUC of
normalized clustering coefficient (FDR q=0.014), small-worldness (FDR q=0.009), and global network
efficiency (FDR q=0.027) of the network. In local brain regions, nodal topological properties revealed group
differences which were predominantly in the default-mode network (DMN), left postcentral gyrus, bilateral
putamen, lingual gyrus, and posterior cingulate gyrus.

Conclusions: This study reported altered functional topological organization in CSM patients. Decreased
nodal centralities in the visual cortex and sensory-motor regions may indicate sensory-motor dysfunction
and blurred vision. Furthermore, increased nodal centralities in the cerebellum may be compensatory
for sensory-motor dysfunction in CSM, while the increased DMN may indicate increased psychological
processing in CSM patients.
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Introduction

Cervical spondylotic myelopathy (CSM) is an incomplete
spinal cord injury characterized by pain and stiffness in
the neck and motor and sensory dysfunction (1,2). The
prevalence of CSM in North America is about 605 per
million population and shows increasing incidence with
age, especially in those aged 50 years and above, although
recently there has been an increase in CSM incidence in
young people (3,4). Although current evidence indicates
improved neurological function after surgery, symptom
relief is often dismal or worse in some patients (5,6).

Neurological function recovery in CSM depends on
spinal cord compression and injury and cerebral functional
reorganization or plasticity (7). This means some brain
regions that are not primarily involved in a particular
task are called to compensate for this function (8). This
cortical plasticity could also present in response to spinal
cord injury (9). Sabbah et 4/. found that with some cortical
reorganization, the cortical network of the lower extremity
can be activated by the attempt of movement or the mental
arousal of movement even several years after injury (10).
"This cortico-spinal neuroplasticity is an adaptive remodeling
response to preserve neurological function during spinal
cord injury and has been observed in CSM patients (11).
Our previous study investigated potential differences in
sensorimotor networks’ connectedness using functional
connectivity strength and indicated the presence of an
initial intrinsic functional plasticity in CSM patients (12).
Unraveling brain remodeling’s complex mechanisms
is a critical first step in exploring the cause of different
prognostic outcomes in CSM patients.

Noninvasive resting-state functional MRI (rsfMRI)
has recently emerged as a powerful imaging modality for
studying CSM and spinal cord injuries, further examining
brain remodeling, and is particularly useful in functional
and structural alterations in the sensory-motor or visual
regions. Previously, we measured the activity of amplitude
of low-frequency fluctuations (ALFF) within sensory-motor
networks in CSM and its association with impaired spinal
segments and found that increased ALFF values in the right
precentral gyrus and right postcentral gyrus were associated
with decreased fractional anisotropy values at the C2
level (13). We then performed a longitudinal study to
investigate the regional homogeneity (ReHo) value of CSM
patients before and after decompression surgery (14). The
results showed that ReHo was decreased in the left primary
sensory cortex and primary motor cortex but increased
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in the right superior parietal lobule (SPL) and that
decompression surgery reversed these changes. The ALFF
and ReHo values deficits in the default-mode network
(DMN), visual cortex, and motor-related cerebellum area in
CSM patients have also been investigated (15). Moreover,
a recent neuroimaging study combined intrinsic neuronal
functional activity parameters with functional connectivity
to further demonstrate innate cortical plasticity in CSM
patients (16). These studies provide complementary
evidence of cortical functional reorganization in CSM.
Graph theory has been widely used to characterize
local and distributed interactions in the brain and provides
advanced mathematical tools to show altered topological
characteristics in functional brain networks (17). The
human brain works in an efficiently small-world model
under a complex brain network (18). In graph theory
analysis, network efficiency and “small-world” parameters
play key roles in showing the organization of the global
brain network, which could reflect brain functional
integration and separation and the brain’s ability to induce
defenses in response to the attack. Graph theory has
been used to study epilepsy, Alzheimer’s disease (AD),
major depressive disorder (MDD), primary angle-closure
glaucoma, and spinal cord injury (SCI) (19-23). Min et al.
explored the functional connectivity change of SCI patients
by using a graph theory approach, and while no statistically
significant difference of clustering coefficient (Cp), global
efficiency, or small-worldness was found in SCI patients
compared with controls, a higher normalized characteristic
path length (A) was found in SCI patients (19). However, the
CSM was a special incomplete SCI, and whether the CSM
patients had similar topological properties to those patients
with SCI is worth exploring. Previous neuroimaging CSM
studies have found a correlation between disease symptoms
and functional connectivity in specific resting-state brain
regions or networks and indicated the human brain
connectome as an underlying biomarker of CSM (16,24).
A recent study based on topological characteristics of the
structural network in CSM patients found a lower Cp and
shorter characteristic path length (Lp) in the brain structural
covariance network (25). More specifically, that study
indicated a shifting brain structural network trended towards
random brain networks and found increased betweenness
in sensorimotor-related brain areas, which may support the
cortex reorganization theory involved in the recovery of
sensory-motor function in CSM patients. Despite this, none
of these studies have explored the topological characteristics
of the functional network in CSM, and until now, the global
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and regional topological properties of CSM remain largely
unknown. However, topological properties such as Cp, Lp,
and network efficiency could concisely quantify the complex
system of the human brain and help assess how the brain
works as a system and evaluate its work efficiency (26).
Specifically, a better understanding of altered topological
properties of CSM-related brain networks may unravel the
underlying mechanism of cortical functional reorganization,
shedding light on the different prognoses of CSM patients.

This study aimed to determine the topological
architecture of intrinsic brain functional networks in
CSM patients using theoretical graph analysis. The link
between the topological organization of the functional
brain network and patients' clinical condition was evaluated.
We hypothesized that global and regional topological
properties would be atypical in CSM patients and that
identified network alterations would be related to sensory-
motor deficits that may further explain cortical functional
reorganization in CSM.

Methods

The Institutional Review Board of the First Affiliated
Hospital of Nanchang University approved recruitment
and data collection procedures. The study was conducted
following ethical principles for medical research involving
human subjects as stipulated in the World Medical
Association’s Declaration of Helsinki. Written informed
consent was obtained from each subject before the study.

Participants

A total of 70 CSM patients and 66 healthy controls (HCs),
all Han Chinese, were initially selected for this study. Data
from three patients and six controls were excluded based
on head motion greater than 3 mm translation or 3 degrees
in any direction during the fMRI scan. A total of 127
participants were finally recruited between May 2014 and
May 2019, comprising of 67 CSM patients (35 males and 32
females; mean age 47.52+7.36 years; range 30 to 62 years)
and 60 HCs of level-matched age, sex, and education (32
males and 28 females; mean age 45.51+10.64 years; range
25 to 64 years).

"Two radiologists independently examined the radiological
features of each patient. Thereafter, a diagnosis of CSM
was determined by a clinician and the two radiologists
(LCH, FQZ, ZLL). Patients were included in the study if
they: (I) had clear evidence of cord compression on cervical
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spine MRI, including cervical spondylosis, herniated discs
or ligamentum flavum hypertrophy, and demyelination
with hyper-intensity of the cord on T2-weighted images
(T2WI); (II) had a primary CSM diagnosis, were not taking
medication and had not undergone previous decompression
surgery; (III) were aged between 18 and 65 years; (IV)
were right-handed, and (V) voluntarily enrolled in the
study. The exclusion criteria included: (I) a history of
psychiatric disorders; (II) trauma or infection related to
cord compression; and (III) pre-existing spinal or brain
neurological disorders such as multiple sclerosis.

MRI data acquisition

All MRI scans were performed on a SIEMENS Trio 3.0
Tesla MRI scanner with an 8-channel head coil and sagittal
and axial conventional T1-weighted, T2-weighted, and
T2-FLAIR (fluid-attenuated inversion recovery) images of
the brain and cervical spinal cord were obtained. During
the brain rs-fMRI scan, all subjects were instructed to
stay awake, keep still with their eyes closed, and not think
of anything in particular. An echo-planar imaging (EPI)
sequence was used with the following parameters: repetition
time/echo time (TR/TE) =2,000/30 ms; field of view (FOV)
=200x200 mm’; matrix =64x64; slice thickness =5.4 mm;
slice gap =1.2 mm; flip angle =90, slice orientation: axial,
and order of slice accession: interleaved, and duration
=8 minutes and 6 seconds. In addition, a sagittal 3D T1-
weighted gradient-echo sequence was acquired using the
following parameters : 176 structural images, TR =1,900 ms,
TE =2.26 ms, slice thickness =1 mm, slice gap =0.5 mm,
matrix =56x256, FOV =250x250 mm’, flip angle =9, and
duration =3 minutes and 34 seconds.

Data pre-processing

All rs-fMRI data was subjected to pre-processing using
Data Processing Assistant for Resting-State fMRI software
(DPARSF 5.0, http://restfmri.net/forum/DPARSF) (27).
Pre-processing included removal of the first 10 volumes,
slice timing, re-alignment, and spatial normalization to
the standard Montreal Neurological Institute (MNI) 152
template with a re-sampling voxel size of 3x3x3 mm’.
Spatial smoothing was then performed with an 8-mm full-
width at half-maximum (FWHM) Gaussian kernel. Linear
detrending of the BOLD signal and temporal filtering of
band-pass (0.01-0.08 Hz) was conducted to remove low-
frequency drift and high-frequency physiological noise.
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Nuisance signals were then regressed out, including
cerebrospinal fluid signals, global mean signals, white
matter signals, and Friston-24 head motion parameters.
The information of framewise displacement of the resting-
state fMRI images in CSM and HC are showed in online:
https://cdn.amegroups.cn/static/public/qims-20-874-1.zip.

Functional network construction and analysis

Node definition

A functional network was constructed for each participant
using a graph theoretical network analysis (GRETNA)
toolbox 2.0.0 (http://www.nitrc.org/projects/gretna) (27,28).
Networks were constructed with edges representing
connections among nodes, with nodes representing brain
regions. Automated anatomical labeling (AAL) atlas was used
to divide the brain into 116 anatomical regions (Figure S1),
including 78 cortical, 12 subcortical, and 26 cerebellar
areas (29). Each region was regarded as a network node.

Edge definition

Time series were extracted by averaging voxel signals within
each region to define the network edge. Partial correlation
coefficients of each pair of nodes were calculated between
the regional average temporal series, correcting for effects
of the remaining 114 regions (representing their conditional
dependencies). A 116x116 symmetric partial correlation
matrix was produced for each included subject, and
individual partial correlation matrices were converted into
binarized matrices to eliminate weaker connections based

on a pre-defined threshold (22).

Threshold selection

There are no available gold-standard criteria to determine
a precise sparsity threshold. Therefore, we explored graph
correlation matrices with a wide range of sparsity thresholds
from 0.1 to 0.34, with an interval of 0.01. This resulted in
25 sparse connectivity matrices, as reported in previous
studies (22,30). The minimum and maximum values of
the sparsity threshold were established to ensure that
thresholded networks were estimable for small-worldness (o)
scalar and that 6 was greater than 1.0 31).

Global and local measures

The topological properties of the functional brain
network were calculated at global and nodal levels. Global
topological properties included: (I) small-world parameters
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including Lp, Cp, A, normalized clustering coefficient (y),
and o; and (II) network efficiency including global efficiency
(Eglob) and local efficiency (Eloc). Nodal level properties
included nodal degree, nodal efficiency, and nodal
betweenness. These network properties have previously
been defined by Zhang ez 4l. (22), and a brief interpretation
of these network characteristics is provided in Table SI.
The equation and explanation of these were showed in
Supplementary File. Moreover, the area under the curve
(AUCQC) of all network metrics was constructed over the
whole range of the sparsity threshold. The AUC provides
a summarized scalar for the topological characterization
of brain networks, independent of a single threshold
selection, sensitive in detecting topological alterations of
brain disorders, and unravel between-group differences in
network organization.

Statistical analysis

Differences in demographic and clinical variables
Statistical analyses were conducted using R software version
4.0.0. The difference in categorical variables between
groups was tested and compared using a chi-squared test,
while that between continuous variables was evaluated using
a two-sample t-test.

Group comparisons based on topological metrics

To evaluate differences of network metrics between CSM
and HCs groups, the AUC of each network metric was
compared using a nonparametric permutation test, and
P values were corrected by the Benjamini-Hochberg
false discovery rate (FDR q value <0.05) (32). If between-
group significant differences were observed in any network
metrics, exploratory partial correlation analysis was
conducted to assess the relationships between network
parameters; disease duration, the Japanese Orthopedic
Association (JOA) score, and Neck Disability Index (NDI)
score in the CSM group with age and gender as covariates (P
values corrected with FDR q value <0.05) (33,34).

Results
Demographics and clinical characteristics

There was no significant difference in sex (P=0.902), age
(P=0.220) and education level (P=0.462) between CSM
patients and HCs. CSM patients had a mean symptom
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Table 1 Demographic and clinical characteristics of the subjects

Cao et al. Graph theory analysis of CSM

Clinical variables CSM (n=67) HC (n=60) P value
Age 47.52+7.36 45.51+10.64 0.220
Gender (male/female) 35/32 32/28 0.902
Education (years) 12.88+1.32 12.53+1.53 0.462
Duration of symptoms (month) 10.86+6.68 NA -
NDI scores 0.301+0.094 NA -
JOA scores 10.32+2.53 NA -
Motor upper 2.33+0.67 NA -
Motor lower 2.78+1.02 NA -
Sensory deficit 3.38+0.65 NA -
Bladder dysfunction 2.17+0.47 NA -

CSM, cervical spondylotic myelopathy; HC, healthy control; NDI, Neck Disability Index; JOA, Japanese Orthopedic Association.
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Figure 1 Small-world properties in functional brain networks
demonstrated in CSM patients in the range of sparsity thresholds
(0.1< S <0.34), with (A) normalized clustering coefficient (Cp) (y)
>1 and (B) normalized characteristic path length (Lp) (M) ~1.

duration of 10.86+6.68 months, mean JOA score of
10.32+2.53, and mean NDI score of 0.301+0.094 (Table 1).

CSM-related alterations in small-world properties

Small-world properties were recorded in both CSM
patients and HCs across the whole range of cost thresholds
(0.1-0.34), with y >1 and A ~1 (Figure 1). Compared with
HCs, CSM patients had a significantly lower characteristic
path length (Lp) (FDR q=0.040), clustering coefficient Cp
(FDR q=0.037), and » (FDR q=0.038), and a significantly
higher normalized y (FDR g=0.014) and ¢ (FDR q=0.009).
While CSM patients exhibited significantly higher global
efficiency Eglob (FDR q=0.027), there was no significant
difference in local efficiency Eloc (FDR ¢=0.440) between
CSM patients and HCs (Figure 2).

CSM-related alterations in regional nodal characteristics

Brain regions showing significant between-group
differences in at least one nodal metric (P<0.05, FDR
corrected) were identified. Compared to HCs, CSM
patients exhibited higher nodal centralities in the bilateral
inferior cerebellum, medial orbital part of right superior
frontal gyrus (ORBsupmed), left anterior cingulate and
paracingulate gyri (ACG), left median cingulate gyrus
(DCG), bilateral precuneus, bilateral angular gyrus,
and medial part of the bilateral superior frontal gyrus
(SFGmed). In contrast, compared to the HCs group, CSM
patients exhibited lower nodal centralities in the bilateral
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Figure 2 Between-group comparisons of; (A) clustering coefficient (Cp), (B) characteristic path length (Lp), (C) global efficiency (Eglob), (D)

local efficiency (Eloc), (E) normalized clustering coefficient (y), (F) normalized characteristic path length (1), and (G) small-worldness (o).

*FDR q<0.05.

lingual gyrus, bilateral posterior cingulate gyrus (PCG),
bilateral putamen, left postcentral gyrus (PoCG), and right
middle temporal gyrus (MTG) (Table 2 and Figure 3).

Relationships between network measures and clinical
variables

The Japanese Orthopedic Association (JOA) score was
positively correlated with global efficiency (r =0.3825, FDR
q=0.0014) and negatively correlated with characteristic path
length (r =-0.429, FDR q=0.0003). Nodal degree in the
left PoCG (r =0.366, FDR q=0.02) and nodal efficiency in
the left putamen (r =0.363, FDR q=0.02) were positively
correlated with JOA score (Figure 4), and there was no
correlation between disease duration, NDI score, and global
or nodal network parameters.
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Discussion

The present study used resting-state fMRI to explore
changes in the topological organization of functional
brain networks in CSM patients and, to the best of our
knowledge, is the first study to investigate the “small-
world” brain functional network in CSM patients. Both
CSM patients and HCs exhibited small-world properties
of functional brain networks, characterized by high local
clustering and short path length. However, despite having
similar small-world topology, CSM patients exhibited
significantly low Cp, Lp, and normalized A and high v,
o, and Eglob. In local brain regions, nodal topological
properties revealed group differences predominantly in
the default-mode network, visual cortex, and sensory-
motor regions. In particular, CSM patients recorded low
nodal centralities in the bilateral lingual gyrus, bilateral
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Table 2 Regions showing abnormal nodal centralities in CSM patients as compared with healthy controls

FDR q values

Brain regions

Nodal degree

Nodal efficiency Nodal betweenness

CSM patients > healthy control subjects
Left inferior cerebellum
Right inferior cerebellum
Right superior frontal gyrus, medial orbital
Left superior frontal gyrus, medial
Right superior frontal gyrus, medial
Left anterior cingulate and paracingulate gyri
Left median cingulate gyrus
Left precuneus
Right precuneus
Left angular gyrus
Right angular gyrus
CSM patients < healthy control subjects
Left postcentral gyrus
Left putamen
Right putamen
Left lingual gyrus
Right lingual gyrus
Left posterior cingulate gyrus
Right posterior cingulate gyrus

Right middle temporal gyrus

0.0128 0.0085 0.0437
0.0467 0.0235 0.0146
0.0076 0.0052 0.0398
0.0094 0.0059 0.3539
0.0022 0.0012 0.2947
0.3350 0.3803 0.0476
0.2392 0.2196 0.0441
0.0040 0.0022 0.3437
0.0004 0.0002 0.2598
0.0850 0.0491 0.2673
0.0424 0.0351 0.1028
0.2837 0.1715 0.0346
0.0037 0.0147 0.1483
0.0251 0.0365 0.4156
0.0984 0.1071 0.0329
0.0309 0.0442 0.0351
0.0035 0.0015 0.3823
0.0057 0.0023 0.4109
0.2841 0.4540 0.0026

Regions were considered abnormal in CSM patients if they exhibited significant between-group differences (FDR g<0.05) in at least one of
the three nodal centralities (shown in bold font). CSM-cervical spondylotic myelopathy.

PCG, bilateral putamen, left PoCG, and right MTG, while
in contrast, they exhibited high nodal centralities in the
bilateral inferior cerebellum, right ORBsupmed, left ACG,
left DCG, bilateral precuneus, bilateral angular gyrus, and
bilateral SFGmed. These results indicated a disturbance of
the normal local specialization and global integration and
segregation of whole-brain networks in CSM patients and
may partly reflect the clinical symptoms of sensory-motor
dysfunction. Also, the results showed topological properties
in CSM patients are different from those seen in SCI
patients, which may indicate the different mechanisms of
injury between the two diseases.

According to the current theory, the brain network is
classified into a regular network, a random network, and a
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“small-world” network, with the regular network having a
higher Cp and a longer Lp and random network exhibiting
a lower Cp and shorter Lp. Generally, the human brain
functional network has a small-world architecture computed
with the balance between brain functional segregation and
integration, characterized by high Cp and short Lp (18).
Both CSM patients and HCs recorded a A~1 and a y>1,
pointing to “small-world” brain networks in both groups.
However, the study revealed some significant alterations in
the global properties, particularly in small-world metrics
and network efficiency. Compared with HCs, CSM patients
showed a lower Cp, Lp, A, and higher y, Eglob, and o, which
imply a disturbance of the normal local specialization and
global integration of whole-brain networks. The lower Lp,
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A Nodal degree

Figure 3 Between-group comparisons of regional nodal characteristics. Red and blue circles represent higher and lower nodal centralities,

respectively, as observed in CSM patients compared with healthy controls. CRBL9, bilateral inferior cerebellum; ORBsupmed, superior

frontal gyrus, medial orbital; ACG, anterior cingulate and paracingulate gyri; DCG, median cingulate gyrus; PCUN, precuneus; ANG,

angular gyrus; SFGmed, superior frontal gyrus, medial; LING, lingual gyrus; PCG, posterior cingulate gyrus; PUT, putamen; PoCG,

postcentral gyrus; MTG, right middle temporal gyrus; R, right; L, left.

A, and Cp, and higher Eglob indicated a decrease in local
specialization and increased global integration in CSM
patients. This suggests a shift towards a randomized network
in functional brain networks, which is consistent with the
results of a recent study focusing on topological properties
alteration of brain structural covariance networks in CSM
patients (25). This randomization in networks has also been
reported in AD, social anxiety disorder (SAD), and MDD
(22,35). Zhang et al. indicated a shift toward randomization
with a lower path length and higher global efficiency in

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

first-episode MDD patients’ brain networks (22). A study
focusing on drug-naive SAD reported a lower A compared
with HC, which also suggested a shift of network topology
towards randomized configurations that existed in SAD
patients (36). Compared with a small-world network,
a random network decomposes into lower modularity
of information processing and tolerance of faults (37).
Randomization in CSM patients reflects a low optimal
topological organization of functional brain networks and
is evidence that CSM is not a disease with single damage
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Figure 4 Partial correlation analysis of network measures and clinical variables in CSM patients. The JOA score (A) positive correlation
with global efficiency (Eglob) and (B) negative correlation with characteristic path length (Lp). JOA score positive correlation with (C) nodal
degree in the left postcentral gyrus (PoCG.L) and (D) nodal efficiency in the left putamen (PUT.L)

to cervical cord injury but one with disrupted neuronal
network organization. This disruption may shed light on
the clinical symptoms of neck pain comorbid with anxiety
and depression in CSM patients, although the current
study did not evaluate the level of anxiety or depression,
and further research should value these to reduce the risk
of bias. Notably, this study revealed that the JOA score is
positively correlated with Eglob and negatively correlated
with Lp in CSM patients, which implies that the higher the
severity of sensory-motor dysfunction in CSM, the lower
the integration capability of brain functional networks.
Notably, we found an increased o in CSM patients
compared with HC and that the 6 would decrease in the
patient group in which impaired function was presented.
This contrasts with the results of Wen et 4/. who found an
increased o in Tourette syndrome patients compared with
HC but did not speculate on a reason for this. We speculate
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that this seemingly conflictive result might be due to
compensatory mechanisms in CSM patients.

Abnormal nodal centralities were mainly located in the
sensory-motor region, visual cortex, and DMN, and the
results showed reduced nodal centralities in the left PoCG,
bilateral putamen, bilateral lingual gyrus, and bilateral
PCG. The PoCG is a prominent gyrus in the primary
somatosensory cortex and has been shown to play a vital
role in hand movement (38). Reduced nodal centrality in
this area is related to sensory impairment in CSM patients,
corresponding to numbness, and a positive correlation
was observed between the nodal degree of left PoCG and
the JOA score. The putamen is dedicated primarily to
motor control and decreased nodal betweenness. It implies
severely and progressively hindered motor function. Nodal
efficiency in the left putamen was positively correlated with
the JOA score, indicating a close relationship between the
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left putamen’s nodal centralities and the impaired motor
function. The lingual gyrus is the vision center in the human
brain and has been shown to play a role in visual processing
and perception of emotions (39,40). Decreased ALFF
and ReHo values in the primary visual cortex have been
reported to be related to blurred vision in CSM patients (15),
and this is consistent with our findings of decreased nodal
centrality in the bilateral lingual gyrus. The DMN is
known as the task-negative network (41), which has been
reported to be involved in the processing of self-referential,
introspective state, and spontaneous cognition, and mediates
human feelings and thoughts DMN disruption has been
observed in the spinal cord injury and CSM patients. In
an animal study, PCG, as a component of DMN, has been
shown to have a direct relationship with motor function (42).
Decreased PCG activity recorded after spinal cord injury is
consistent with the findings of this study. While our results
showed increased nodal centralities in the DMN including
SFGmed, ORBsupmed, ACG, DCG, bilateral precuneus,
bilateral angular gyrus, and right M'T'G, which may indicate
an inhabitation of sensory-motor function, whether these
brain areas are related to brain reorganization of CSM
should further be verified in longitudinal studies. Also,
whether increased nodal centralities in the DMN implies an
increase in psychological processing activity requires further
studied. Increased nodal centralities were recorded in the
bilateral inferior cerebellum. The cerebellum is involved
in sensory-motor integration, motor coordination, and
sensory acquisition and the increased nodal centralities here
may indicate a compensation to motor-sensory dysfunction
in CSM patients (43). Our results are also partly consistent
with previous studies by Kuang er a/. (25), although they
found greater nodal betweenness in the left superior
parietal gyrus and the left supplementary motor area when
compared with controls.

Limitations

There are several limitations to the current study that
warrant consideration. First, although this cross-sectional
study identified large-scale brain network alterations
intrinsic to CSM, longitudinal studies are needed to
determine the effect of decompression surgery on these
alterations and would provide further evidence on brain
remodeling mechanisms. Secondly, only 116 AAL templates
were used in constructing brain functional networks.
Although this has been considered adequate in several
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studies, employing more brain templates could produce a
different outcome. Thirdly, to minimize the effect of age-
related brain deterioration, only patients aged between 18
and 65 years were included, although it has been reported
that the incidence of CSM significantly increases after the
age of 60 years. Fourthly, although we found that global
and regional topological quantifications were different
between CSM patients and normal populations, the global
topological properties of shifting toward randomization
were also found in MDD. This may indicate functional
MRI-based topological graph analysis only detects general
global brain functional changes common to central nervous
system diseases and may not have specificity to detect or
distinguish individual disease. Fifth, the CSM patients in
the current study did not undergo comprehensive cognitive
scales testing, which could have prevented a more accurate
detection of cognitive performance and an analysis of the
correlation between cognitive performance and small-
world properties. Moreover, although graph theory-based
brain networks can elucidate complicated spatiotemporal
patterns for functional organization and are applied on a
macroscopic level to help us better understand the working
mechanism of small-world human brain networks, the
neurobiological basis that underlies brain disorders, as well
as provide a potential neuroimage biomarker that is specific
to a disease or clinical symptoms, more research is required
before this can be applied in clinical practice. Finally, the
current study did not record the severity of spinal cord
compression including the ellipticity of the compressed
spinal cord or the existence of myelomalacia, and studies
which analyze the relationship between the severity of the
spinal cord compression and randomness of the global brain
network are also required.

Conclusions

This study investigated alterations in the topological
organization of functional brain networks in CSM
patients. Compared with HCs, CSM patients exhibited
lower characteristic path length, normalized characteristic
path length and clustering coefficient, higher normalized
clustering coefficient, small-worldness, and global
efficiency. Several local brain regions were profoundly
affected by CSM including decreased nodal centralities in
the left PoCG, bilateral putamen, lingual gyrus, and PCG,
which is indicative of sensory-motor and visual dysfunction.
Increased nodal centralities in the cerebellum may be a basis
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for compensatory in sensory-motor dysfunction in CSM
patients, although whether the increased nodal centralities
in DMN is related to the processing of self-referential
requires further verification.
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Supplementary

Equation and explanation

2ui
Lop=Y 2
P= k=D

ieN
The clustering coefficient was regarded as the probability of finding a connection between any two neighbors of node 7, k; is
the degree of node 7 and t; is the number of closed triangles attached to 7 (44).

1 1
2. Lp=—Nli=——Nijj
P Nzh N(N—I)ZZU

i i#j
I; is the average shortest path length from node 7 to all other nodes and 1, is the shortest path length from node j to node
i, which is computed with Dijkstra's algorithm or one of its variants. This formulation is applicable to both directed and
undirected networks (44).

__
! Cprand

3.
Cpranais the average clustering coefficient computed in an ensemble of randomized surrogate networks (44).

4. p-_LP
Lprand

Lp is the average shortest path length between nodes in the network. Lp,,,, is the average shortest path length computed in an
ensemble of randomized surrogate networks (44).

5. =21
A
This index is a ratio of the normalized clustering and path length measures (44).
6. Eglob= _ 1 1
NN =D & lij

Eglob is the reciprocal of the harmonic mean of its path lengths (44).
Gi denotes the subgraph comprising all nodes that are immediate neighbors of the ith node (44).
7. Eloc= 1 z !

‘ NGi(NGi-D 5=, jh'
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Figure S1 Automated anatomical labeling (AAL) atlas. Different colors represent different regions. L = left; R = right; P=Posterior; A =

anterior.

Table S1 Brief introduction of network metrics

Network metrics Definition

Clustering coefficient (Cp) A measure of network average local density

Characteristic path length (Lp) The average of the shortest path lengths between any pair of nodes in the network.
Normalized Cp (y) The ratio of the Cp between real and random networks

Normalized Lp (}) The ratio of the Lp between real and random networks

Small-worldness (o) Scalar quantitative measurement of the small-wordness of a network

Global efficiency (Eglob) A measure of the global efficiency of parallel information transfer in the network
Local efficiency (Eloc) A measure of the fault tolerance of the network
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