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Introduction: Numerous resting-state functional magnetic resonance imaging (fMRI) 
researches have indicated that large-scale functional and structural remodeling occurs in 
the whole brain despite an intact sensorimotor network after carpal tunnel syndrome (CTS). 
Investigators aimed to explore alterations of the global and nodal properties that occur in the 
whole brain network of patients with CTS based on topographic theory.
Methods: Standard-compliant fMRI data were collected from 27 patients with CTS in 
bilateral hands and 19 healthy control subjects in this cross-sectional study. The statistics 
based on brain networks were calculated the differences between the patients and the healthy. 
Several topological properties were computed, such as the small-worldness, nodal clustering 
coefficient, characteristic path length, and degree centrality.
Results: Compared to those of the healthy controls, the global properties of the CTS group 
exhibited a decreased characteristic path length. Changes in the local-level properties included 
a decreased nodal clustering coefficient in 6 separate brain regions and significantly different 
degree centrality in several brain regions that were related to sensorimotor function and pain.
Discussion: The study suggested that CTS reinforces global connections and makes their 
networks more random. The changed nodal properties were affiliated with basal ganglia- 
thalamo-cortical circuits and the pain matrix. These results provided new insights for 
improving our understanding of abnormal topological theory in relation to the functional 
brain networks of CTS patients.
Perspective: This article presents that the CTS patients’ brain with a higher global 
efficiency. And the significant alterations in several brain regions which are more related 
to pain and motor processes. The results provided effective complements to the neural 
mechanisms underlying CTS.
Keywords: small-worldness, nodal clustering coefficient, degree centrality, pain, circuits

Introduction
Carpal tunnel syndrome (CTS), a usual entrapment neuropathy, results from 
increased compression of the median nerve within the carpal tunnel. According to 
the reported prevalence of quality standards subcommittee of the American Academy 
of Neurology, 10% of people in the US will develop CTS at some point.1 In the early 
stage, CTS is characterized as intermittent, nocturnal paresthesias and dysaesthesias, 
particularly pain, which develops into a loss of sensation and muscle atrophy.2 This 
syndrome usually occurs in the hands but can spread to the shoulder in severe cases.3 

Clinical evidence has suggested that occupation, arthritis and some hormonal patho-
physiological changes are the risk factors for CTS. Interestingly, these hormonal 
alterations may explain why women are at higher risk of CTS than men.4
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However, previous researchers found that the clinical 
symptoms of CTS are related not only to peripheral nerve 
function but also to central nervous plasticity.5,6 

Investigators have revealed that CTS patients experience 
widespread central sensitization.7 Several resting-state 
functional magnetic resonance imaging (rs-fMRI) 
researches have confirmed that significant differences in 
the function and structure of the brain exist for CTS 
relative to healthy groups.8,9 For example, the cortical 
representations of digits in the primary sensory cortex 
(S1) were significantly amplified, reduced, or shifted in 
CTS patients.10 The gray matter volume in the primary 
sensory cortex, thalamic pulvinar and frontal poles was 
reduced.6 Although brain remodeling after peripheral 
nerve injury (PNI) has recently attracted more attention, 
few researchers have focused on alterations at the whole- 
brain-network level.11

Structurally, the associated brain regions were distant 
and scattered, but studies have suggested that the com-
plicated anatomical and functional networks are made up 
of neurons found across the entire brain.12 With the 
development of neuroimaging research, relevant fMRI 
studies have proposed a theory about network organiza-
tional and topological properties in the brain13 and con-
structed a theoretical framework to evaluate complex and 
robust brain networks.14 The theory, graph theoretical 
analysis, has been widely adopted to illuminate brain 
complexity and topology, and it is considered an effective 
methodological approach with which to quantify the 
structural and functional central neural systems. 
Accumulated evidence has suggested that alterations of 
different topological properties can be caused by various 
neuropsychiatric disorders.15 Therefore, in the present 
study, we aimed to investigate the topological properties 
in CTS patients by using rs-fMRI with graph theoretical 
analysis.

The main hypothesis as follows: (1) all the participants, 
including CTS patients and healthy controls (HCs), would 
present small-world properties; (2) compared to HCs, the 
CTS patients would display disordered topological proper-
ties in the nodal and functional networks of the brain; (3) 
the disrupted neural circuits of CTS patients would be 
explained by topological properties. To confirm these 
above hypotheses, rs-fMRI data were acquired from 27 
CTS and 18 HCs. We used graph theory to systematically 
construct and analyze the brain functional networks and 
nodal properties.

Methods
Participants and Clinical Assessments
Initially, fifty-three right-handed participants, including 30 
patients with CTS and 23 HCs subjects, were recruited 
from the Yueyang Hospital of Integrated Traditional 
Chinese and Western Medicine, Shanghai University of 
Traditional Chinese Medicine. Written informed consent 
was obtained from each participant. The current study was 
approved by the Medical Ethics Committee of Yueyang 
Hospital. All work was performed in accordance with the 
Helsinki Declaration. However, seven participants were 
excluded in the next steps.

The patients with CTS presented at a stage with spe-
cific neurological signs and delayed motor/sensory con-
duction velocity. The inclusion criteria were as follows: 
(1) paresthesia and/or numbness in the territories which 
was innervated by median nerve, weakness in the wrist 
and/or finger, pain at night, and/or thenar atrophy in bilat-
eral hands for more than 3 months according to the rules 
published by American College of Occupational and 
Environmental Medicine, 2011; (2) reverse Phalen’s and 
positive Phalen’s signs; (3) the media nerve motor latency 
above 3.7 ms. The exclusion criteria of all participants 
were as follows: (1) the history of peripheral neuropathies 
or cerebral diseases, and (2) MRI contraindications. All 
the patients underwent an assessment by electromyogra-
phy to evaluate the motor latency of the median nerve. 
A longer latency denoted more severe disability of the 
affected hand. Meanwhile, The patients completed the 
Boston Carpal Tunnel Syndrome Questionnaire (BCTQ). 
To ensure the these criteria, one professional hand surgeon 
was involved throughout the diagnosis of all patients 
and HCs.

fMRI Data Acquisition and Preprocessing
Before scanning, the participants were told to remain at rest 
and awake without thinking or falling asleep. Their heads were 
fixed to reduce any head motion. The images were collected 
by using a Magnetom Trio A 3T MR Scanner (Siemens AG, 
Erlangen, Germany). Rs-fMRI images were acquired using 
a Gradient Echo-Echo Planar Imaging (GRE-EPI) sequence 
with the following parameters: interleaved scanning order; 
Field of view = 240 × 240 mm2; matrix size = 64 × 64; slice 
number = 43; Time of repetition/echo = 3000/30 ms; flip 
angle = 90°; slice thickness = 3.0 mm; acquisition voxel 
size = 3.4 × 3.4 × 3.2 mm3; and number of repetitions = 240. 
The Graph-theoretical Network Analysis Toolkit (GRETNA, 
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www.nitrc.org) was applied for data preprocessing as follows: 
remove the first 10 volume, slice timing, realignment, normal-
ization by the EPI template of the Montreal Neurological 
Institute (MNI) space, resampling to 3.0 × 3.0 × 3.0 mm3, 
spatial smoothing with a 4-mm full-width at half-maximum 
Gaussian kernel, temporal detrending and filtering (0.01–0.1 
Hz), regressing out of covariates. Finally, the data from four 
HCs and three patients were excluded because of excessive 
head motion (more than 2° and 2 mm) or serious artifacts. The 
data of forty-six participants were analyzed in the next steps.

Brain Network Construction and Analysis
And next, the GRETNA was used to construct the functional 
brain network. According to the Anatomical Automatic 
Labeling (AAL), which supported by MNI, parcellated the 
whole cerebral cortex into 90 cortical and subcortical anato-
mically defined regions. Additionally, the mean time series of 
each region was extracted. And then, the pearson’s correla-
tion coefficients of each pair of regions in AAL were com-
puted, and Fisher’s z transformation was used to convert the 
data to z-values which were near to normally distributed. 
A binary connection matrix, converted by the z-values with 
a selected threshold of the relation matrix, was used to con-
struct the graphic model of the functional network. 
According to previous study, the sparsity was set at 
10–46%, with an interval of 0.01.11 We also used the 
GRETNA to calculate the topological properties in the net-
work, and the global properties of the functional network 
were represented by the following measures: small- 
worldness, clustering coefficient (Cp) and characteristic 

path length (Lp). And we used the nodal clustering coeffi-
cient and degree centrality (DC) to demonstrate the nodal 
properties in the functional network.

Statistical Analysis
The two-sample t-tests based on Statistical Package for 
Social Sciences (SPSS 21.0) software was used to assess 
the difference between the CTS and the HCs in demo-
graphic characteristics. The significance level of the global 
properties in the brain network between the CTS and the 
HC group was set at p < 0.05, uncorrected. The test 
procedure was performed at each selected threshold spar-
sity (0.1–0.46) to detect significant differences between the 
two sets. The DC values of the patients group were 
extracted. And then, the Pearson’s correlation analysis 
was performed between the DC values and the BCTQ.

Results
Demographic Data
The demographic data of the remaining participants are shown 
in Table 1. There were no statistically significant differences in 
age or gender ratio between the two groups (p> 0.05).

Small-Worldness
Figure 1 shows the comparison of the global measures 
between the CTS patients and the HCs. Both the CTS group 
and the HCs demonstrated small-world organization in the 
functional network, which was characterized by normalized 
Cp (γ) > 1 and normalized Lp (λ) ≈ 1. However, the CTS 

Table 1 Demographic Information and the Clinical Assessments of the Subjects

CTS Patients HCs P value

Age 53.56±8.50 56.89±6.98 0.166

Gender(M/F) 2/25 3/16 0.676

BCTQ score (Symptom) 27.51 ± 5.62 – –

BCTQ score (Daily life) 17.37 ± 4.50 – –

Median nerve motor latency(ms) Right Left – –
5.04±1.21 5.48±2.04

Median nerve sensory latency(ms) Right Left – –
3.23±1.50 3.23±0.86

M_motor_NCV(m/s) Right Left – –
37.00±9.12 35.44±10.56

M_sensory_NCV(m/s) Right Left – –
41.21±7.53 39.39±8.19

Abbreviations: M, male; F, female.
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patients had a significantly lower Lp than the HCs over a wide 
range (0.1~0.22) of sparsity thresholds (p < 0.05, uncorrected), 
but the Cp and γ showed no significant alteration. After sol-
ving the equation small-worldness (σ) =γ/λ, increased σ was 
also identified in the CTS patients over a wide range of thresh-
olds too.

Nodal Characteristics in the Functional 
Networks
Compared to the HCs, the significantly decreased nodal 
shortest paths in 6 discrete regions were presented in the 
CTS group (p < 0.05; Figure 2A, Table 2). The degree 
centrality (Figure 2B, Table 3) was increased in the right 
middle orbital frontal and parahippocampal, caudate, 
bilateral amygdala and decreased in the right cuneus, 

right middle occipital, right thalamus, bilateral opercu-
laris rolandic, and bilateral supplementary motor area, 
left olfactory.

Correlations Between the DC and BCTQ
Figure 3 shows the correlation between DC and the func-
tional status scales of BCTQ. The DCcaudate_R was found 
to be negatively correlated with the functional status scales 
(R2 = 0.1627; P < 0.05).

Discussion
The present study is the pioneered in investigating the 
topological properties of functional network in patients 
with CTS by using graph theory analysis. There were 
significantly different topologies between the CTS 

Figure 1 The small-world parameters of the global cerebral resting-state functional network between the CTS patients and HCs at a sparsity range of 0.1–0.46. (A) Normalized 
characteristic path length (λ), compared with that of the HCs, the λ of the CTS was significantly decreased (P<0.05). (B) Normalized clustering coefficients (γ), compared with that 
of the HCs, the γ of the CTS was not significantly difference (P>0.05). (C) Small-worldness (σ), compared with that of the HCs, the σ of the CTS was significantly increased (P<0.05). 
(D) The P value of characteristic path length: the CTS patients had a significantly lower Lp than the HCs over a wide range of sparsity thresholds (P < 0.05). 
Abbreviations: HCs, healthy controls; CTS, carpal tunnel syndrome.
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patients and the HCs. Our major findings are as follows: 
(1) The networks of both CTS group and HCs contained 
small-worldness at a global level. Specifically, the CTS 
patients exhibited a decreased LP, suggesting the global 
integration of the functional brain network was chaotic 
and disturbed. (2) At the local level, significant altera-
tions of several nodal properties were demonstrated 
between the CTS group and the HCs in basal ganglia- 
thalamo-cortical circuits and the pain matrix. These 

results provided new insights for improving our under-
standing of abnormal topological theory in the functional 
brain networks of CTS patients.

Figure 2 The differences in nodal clustering coefficient and degree centrality (DC) between carpal tunnel syndrome (CTS) patients and healthy control subjects (HCs). The 
statistical criterion for between-group differences was set at p < 0.05, uncorrected. (A) Significantly altered nodal clustering coefficient; (B) significantly altered degree 
centrality. The red ball represent increased value of nodal properties while the blue balls represent decreased. The size of ball represent the significant difference. 
Abbreviations: R, right; L, left; PoCG, postcentral gyrus; LING, lingual gyrus; SPG, superior parietal gyrus; PreCG, precentral gyrus; CAL, calcarine fissure and surrounding 
cortex; ITG, inferior temporal gyrus; ORBmid, middle frontal gyrus, orbital part; OLF, olfactory cortex; CAU, caudate nucleus; AMYG, amygdala; SMA, supplementary 
motor area; PHG, parahippocampal gyrus; THA, thalamus; ROL, rolandic operculum; CUN, cuneus; MOG, middle occipital gyrus.

Table 2 Brain Regions with Significant Nodal Shortest Path and 
Nodal Local Efficiency Differences Between the Two Groups

Regional_Label Nodal Shortest 
Path

Nodal Local 
Efficiency

P P

Calcarine_L 0.02105 0.01862
Lingual_L 0.02558 0.02842

Postcentral_L 0.0074 0.00459

Parietal_Sup_L 0.004 0.00791
Parietal_Sup_R 0.02243 0.04174

Temporal_Inf_R 0.02202 0.03191

Table 3 Brain Areas with Significant Differences in Degree 
Centrality Between CTS and HCs

Degree Centrality

Region Label P

Rolandic_Oper_L 0.01489
Rolandic_Oper_R 0.02304

ParaHippocampal_R 0.00098

Amygdala_L 0.00095
Amygdala_R 0.00363

Cuneus_R 0.00660
Occipital_Mid_R 0.04058

Precentral_L 0.01658

Frontal_Mid_Orb_R 0.00378
Supp_Motor_Area_L 0.00889

Supp_Motor_Area_R 0.00639

Olfactory_L 0.03775
Thalamus_R 0.01094

Caudate_R 0.01081
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Alterations at the Global Level
The small-worldness existed in the functional networks of 
both CTS and HCs. Small-world networks are considered to 
be more efficient than regular and random networks,16 because 
they not only support specialized processing in local clusters, 
but also integrated processing over the entire network, and 
they even can maintain an optimal balance between the above 
two. Therefore, small-worldness is a meaningful characteristic 
for describing large-scale brain networks.

Our study showed that CTS patients displayed disrupted 
functional topological organization compared with that of 
HCs. The Lp and λ of CTS group were significantly lower 
than those of HCs, the results may represent faster and more 
efficient information interactions between brain regions. 
Another prior PNI study also reported that the Lp was 
decreased in patients with brachial plexus injury.11 In addition, 
other chronic pain-related diseases showed a similar result, 
a shorter Lp, in the brain networks of patients.17 These relevant 
findings may indicate that pain reinforces the global connec-
tion and makes the networks more random. Our results may 
further identify and characterize the possible abnormal func-
tional connectivity related to the global organization in the 
brains of CTS patients. These results may imply a stronger 
information processing capacity and more rapid information 
transfer at the global level in CTS patients compared with HCs.

Alteration at the Local Level
At the local level, we assessed these distant brain regions 
by different indexes of nodal properties (nodal clustering 

coefficient, degree centrality) and determined if the altera-
tion of specific nodes leads to disorder in neural circuits. 
Nodal properties have been widely used to investigate 
multiple diseases, such as Alzheimer’s disease,18 

depression,19 and Parkinson’s disease.20 The nodal cluster-
ing coefficient measures the connection strength between 
a node and its neighboring nodes.21,22 We observed that 
the decreased nodal clustering coefficient in CTS patients 
was primarily in the left postcentral, calcarine, lingual 
cortex, and bilateral superior parietal cortex. 
Interestingly, all of these brain regions take part in the 
pain modulated processing.

Paresthesias, especially pain, is a major clinical feature 
of CTS. The postcentral gyrus, the primary sensory cortex 
(S1), majored in somatic sensory functions, particularly in 
relation to tactile discrimination and pain recognition. 
Previous studies have demonstrated that significant func-
tional and structure alterations appear in the S1 of CTS 
patients, such as expanding the cortical representation of 
the digits10 and a reduction in cortical thickness.6 

Therefore, our findings supported the hypothesis that the 
connection between S1 and other regions was weakened.

Meanwhile, the superior parietal cortex plays a vital role 
in pain sensation, tactile discrimination, movement intention 
and cognitive regulation.23,24 Another study25 found that the 
bilateral superior parietal cortex shows significant deactiva-
tion in patients with chronic pain, and the authors speculated 
that this may be the reason for their enhanced cognitive and 
pain impairment. The inferior temporal gyrus is vital to the 
development and maintenance of chronic pain.26 Wang et al 
suggested that the gray matter volume of the inferior tem-
poral is always decreased in patients with diverse pain syn-
dromes compared with HCs.27

Additionally, the calcarine gyrus as well as the lingual 
gyrus is involved in pain modulation and processing.28,29 

Relevant studies have demonstrated that the decreased acti-
vation of the calcarine gyrus in patients with migraine is 
positively correlated with their visual analog scale scores.30 

In the current study, the decreased nodal clustering coeffi-
cient in pain-related brain regions indicated that information 
transfer efficiency was obstructed between these regions and 
other areas within the network. We suspected that the 
reduced connection strength of the pain modulation-related 
regions resulted in the persistent pain.

Degree centrality describes the number of edges con-
necting to a node,31 and it represents the most local and 
directly quantifiable centrality measure. A higher DC 
represents more direct connections with the node. 

Figure 3 The correlation between the Boston symptom scores (daily life) of CTS 
patients and extent of degree centrality changes in the right caudate nucleus. 
Abbreviations: Caudate_R, right caudate nucleus; DC, degree centrality.
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Interestingly, the anatomical structures with a changed DC 
constituted relatively complete neural pathways in this 
study. These significant regions mainly located in the 
frontal cortex, basal ganglia and thalamus. According to 
a previous study,32 the basal ganglia connects with thala-
mic and distinct frontal cortex regions, and the neural 
loops constituted by the connections between these regions 
were termed “basal ganglia-thalamo-cortical (BTC) cir-
cuits”. To the best of our knowledge, PNI generally leads 
to the inactivation of the primary motor cortex and sup-
plementary motor area.33,34

Motor areas are thought to be involved in the planning 
and execution of pain-induced scratching behavior. 
However, the thalamus and caudate are involved not only 
in motor mechanisms but also in pain-related action mod-
ulation. The thalamus plays a central subservient role in 
sensory information processing.35 It is a target region in 
the treatment of movement disorders and neuropathologi-
cal pain. The caudate nucleus is a vital region associated 
with the neural mechanisms of goal-directed action.36 

Tseng found that the thalamus was in a long-term activated 
condition in patients with trigeminal neuralgia.37 Stronger 
functional connectivity between the caudate and ipsilateral 
orbital frontal cortex was found in patients with pain.38 

According to these theories, the increased DC in the tha-
lamus and caudate could be caused by chronic pain. 
Interestingly, the result (Figure 3) of the correlation 
between DCcaudate_R value and BCTQ was negative. We 
speculated the dysfunction, such as motor, suppressed the 
activity the caudate which was excited by pain.

Pain also influences the emotional-affective regions 
that are involved in the pain matrix.39 The amygdala 
integrates pain signals to create affective memory, which 
promotes human learning to avoid harmful stimuli.40 

Studies have suggested that persistent neuropathic pain 
may cause amygdala activation.41,42 Meanwhile, the mid-
dle orbital frontal gyrus also takes part in emotional 
memory.43 Otherwise, investigators have found that visual 
regions show reduced connectivity to other areas.44 The 
DCs in both the cuneus and the middle occipital gyrus 
were decreased, and this is supportive of the theory that 
pain causes visual changes.45 Additionally, one study also 
demonstrated that the parahippocampal is activated when 
pain is persistent and increased.46 In general, the changed 
DCs in the different brain regions represent the adaptive 
and integrated pain coping strategies in the sensory, motor, 
learning and vision neural circuits of the brain, and may be 
a manifestation of the increased global efficiency.

The limitations that should be addressed in this study. 
First, the confidence of these result may be reduced by the 
relatively small sample size. It is necessary to continue to 
recruit the participants in the following experiment. 
Second, the AAL, as one common anatomical template, 
was used to construct the brain functional network in this 
study. However, the brain region may be needed to par-
cellate finer and more complex to acquire a result in detail. 
Finally, only the BSTQ was used to assess the dysfunction 
of CTS patients, and although BSTQ is closely related to 
pain, a more detailed pain assessment questionnaire should 
be used to draw a more interesting relationship between 
pain and alterations of nodal properties in future 
investigations.47

In conclusion, the graph theoretic study of functional 
networks demonstrated that the CTS patients’ brain with 
a higher global efficiency which represents stronger ability 
to rapidly combine specialized information from different 
brain circuits. And we observed significant alterations in 
these pain and motor processes-related brain regions that 
take part in making up BTC circuits and the pain matrix. 
The results provided effective complements to the neural 
mechanisms underlying CTS.

Abbreviations
CTS, carpal tunnel syndrome; rs-fMRI, resting-state func-
tional magnetic resonance imaging; GRETNA, Graph- 
theoretical Network Analysis Toolkit; S1, the primary sen-
sory cortex; PNI, peripheral nerve injury; HCs, healthy con-
trols; DC, degree centrality; LP, characteristic path length.
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