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A B S T R A C T   

Background: Alterations in white matter microstructure and functional activity have been demonstrated to be 
involved in the central nervous system mechanism of classic trigeminal neuralgia (CTN). However, the rich-club 
organization and related topological alterations in the CTN brain networks remain unclear. 
Methods: We simultaneously collected diffusion-tensor imaging (DTI) and resting state functional magnetic 
resonance imaging (rs-fMRI) data from 29 patients with CTN (9 males, mean age = 54.59 years) and 34 matched 
healthy controls (HCs) (12 males, mean age = 54.97 years) to construct structural networks (SNs) and functional 
networks (FNs). Rich-club organization was determined separately based on each group’s SN and different kinds 
of connections. For both network types, we calculated the basic connectivity properties (network density and 
strength) and topological properties (global/local/nodal efficiency and small worldness). Moreover, SN-FN 
coupling was obtained. The relationships between all those properties and clinical measures were evaluated. 
Results: Compared to their FN, the SN of CTN patients was disrupted more severely, including its topological 
properties (reduced network efficiency and small-worldness), and a decrease in network density and strength was 
observed. Patients showed reorganization of the rich-club architecture, wherein the nodes with decreased nodal 
efficiency in the SN were mainly non-hub regions, and the local connections were closely related to altered global 
efficiency and whole brain coupling. While the cortical-subcortical connections of feeder were found to be 
strengthened in the SN of patients, the coupling between networks increased in all types of connections. Finally, 
disease severity (duration, pain intensity, and affective alterations) was negatively correlated with coupling 
(rich-club, feeder, and whole brain) and network strength (the rich-club of the SN and local connections of the 
FN). A positive correlation was only found between pain intensity and the coupling of local connections. 
Conclusions: The SN of patients with CTN may be more vulnerable. Accompanied by the reorganization of the 
rich-club, the less efficient network communication and the impaired functional dynamics were largely attrib
utable to the dysfunction of non-hub regions. As compensation, the pain transmission pathway of feeder con
nections involving in pain processing and emotional regulation may strengthen. The local and feeder sub- 
networks may serve as potential biomarkers for diagnosis or prognosis.   

* Corresponding authors at: Gansu Provincial Key Laboratory of Wearable Computing, School of Information Science and Engineering, Lanzhou University, No. 222 
South Tianshui Road, Lanzhou 730000, China (Z. Yao). Department of Magnetic Resonance, Lanzhou University Second Hospital, Cuiyingmen No.82, Chengguan 
District, Lanzhou 730030, China (J. Zhang). 

E-mail addresses: yaozj@lzu.edu.cn (Z. Yao), ery_zhangjing@lzu.edu.cn (J. Zhang).   
1 These authors contributed equally to this study. 

Contents lists available at ScienceDirect 

NeuroImage: Clinical 

journal homepage: www.elsevier.com/locate/ynicl 

https://doi.org/10.1016/j.nicl.2022.103160 
Received 24 March 2022; Received in revised form 20 July 2022; Accepted 18 August 2022   

mailto:yaozj@lzu.edu.cn
mailto:ery_zhangjing@lzu.edu.cn
www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2022.103160
https://doi.org/10.1016/j.nicl.2022.103160
https://doi.org/10.1016/j.nicl.2022.103160
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


NeuroImage: Clinical 36 (2022) 103160

2

1. Introduction 

Trigeminal neuralgia (TN) is a neuralgia disorder, with a worldwide 
lifetime prevalence of 0.16%–0.30% (Mueller et al., 2011). The key 
clinical feature of TN is often described as a short-lasting electric shock 
or stabbing pain attacks in the trigeminal region (Bendtsen et al., 2020). 
Classic TN (CTN), which is the most common subtype of TN and is 
usually attributable to the nerve vessel conflict (NVC) of the trigeminal 
nerve root (Headache Classification Committee, 2018). In addition to 
the NVC mechanism, a plasticity and sensitization process has been 
demonstrated in the central nervous system after peripheral trigeminal 
nerve injury (Davis et al., 2011; DeSouza et al., 2014; Taylor et al., 
2009), which may widely activate intra-cerebral networks and form 
pathologic algogenic systems (Sabalys et al., 2013). Therefore, it is 
necessary to explore this central mechanism to understand the CTN 
pathophysiology better. 

A graphic theoretical analysis allows researchers to model the in
formation interactions between brain regions with a set of nodes and 
edges (Bullmore and Sporns, 2009). Previous studies that have applied 
graphic theoretical analysis to resting state functional magnetic reso
nance imaging (rs-fMRI) and diffusion-tensor imaging (DTI) data from 
patients with TN indicate they have a decreased functional participation 
coefficient and white matter network efficiency (Tsai et al., 2019; Wu 
et al., 2020). It has been suggested that the inefficiency of structural 
network (SN) and reorganization across functional networks (FNs) may 
be related to the modulation of continuous pain signals and the plasticity 
of the brain in response to chronic pain (Porcaro et al., 2020). Given that 
brain structural connections may be the foundation of functional 
execution, SN-FN coupling analysis has been proposed to combine the 
study of structural and functional connections (i.e., connectomics) 
(Baum et al., 2020; Cao et al., 2020). Decoupling has been reported in 
migraine patients, which indicates dynamic brain function in response 
to frequent headaches (Li et al., 2017). Actually, our previous study 
suggested there was impaired flexibility in the functional state transition 
of CTN patients (Zhang et al., 2021). Hence, the simultaneous investi
gation of SN and FN, and their coupling relationship in CTN patients 
may provide further supplementary evidence. 

In graph theory, the rich-club plays a critical role in brain topological 
organization, due to its high inter-connection and the central hub re
gions within it (Hagmann et al., 2008; van den Heuvel et al., 2012; van 
den Heuvel and Sporns, 2011). Accumulating evidence indicates that a 
rich-club efficiently contributes to global communication, as well as to 
the flexibility and plastic nature of brain networks (Crossley et al., 2013; 
Mǐsić et al., 2016). Several investigations of fibromyalgia and migraine 
that have focused on rich-club organization suggest it involves reorga
nization of hub regions, implying the loss of optimal topological orga
nization in chronic pain conditions (Kaplan et al., 2019; Li et al., 2017; 
Liu et al., 2015). Recently, various brain regions, such as the thalamus, 
the striatum, the cingulate cortex, the frontal, insular, and the somato
sensory cortex, have been identified as being involved in central plas
ticity in CTN because of their alterations of function and the fibers 
passing through them (DeSouza et al., 2014; Henssen et al., 2019b; Tsai 
et al., 2018; Wang et al., 2017; Wu et al., 2020). However, the specific 
roles of these regions in the topological hierarchy of CTN and their 
possible reorganization remain unknown. 

In this study, we hypothesized that CTN patients exhibit reorgani
zation of rich-club regions, which could be related with the dispropor
tional disruption of SN and FN topology, as well as the coupling between 
networks. 

2. Methods 

2.1. Participants and clinical assessments 

We recruited 38 patients with CTN from Lanzhou University Second 
Hospital, and 41 healthy controls (HCs) matched for age, sex, and 

education. Two experienced neurologists made the diagnosis based on 
the International Classification of Headache Disorders (ICDH-III) 
(Headache Classification Committee, 2018), and NVC was confirmed by 
an MRI or surgery. All patients complained they experienced pain for 
>1 year, without obvious sensory deficits. Lesions leading to secondary 
TN were excluded by high-resolution imaging around the trigeminal 
nerve. The other exclusion criteria were: (1) microvascular decom
pression (MVD) or any other surgical history; (2) a head trauma history; 
(3) other pain or neuropsychiatric conditions; (4) contraindications; (5) 
severe white matter hyperintensity (WMH) (Fazekas grade 3) (Wang 
et al., 2017); (6) being left handed; or (7) alcohol or drug addiction. The 
exclusion criteria of HCs were identical to CTN patients. All CTN pa
tients received medications, which were uncontrolled during the 
experiment. The details about treatment are listed in Table 1. We used a 
visual analogue scale (VAS) ranging from 0 (no pain) to 10 (worst 
imaginable pain) to record pain intensity in the last 7 days; then, the 
average weekly score was obtained. A self-rating depression scale (SDS) 
and a self-rating anxiety scale (SAS) were used to evaluate the mental 
state of patients and HCs. The Ethics Committee of Lanzhou University 
Second Hospital approved the research. Based on the Declaration of 
Helsinki, details about the research were given to all patients, who 
provided written consent to participate. 

2.2. Imaging acquisition 

Imaging data were collected on a 3.0 T MR scanner (Ingenia CX, 
Philips Healthcare, the Netherlands) with a 16-channel head/neck coil. 
All subjects were awake and kept their eyes closed during scanning, and 
were instructed not to think about anything. Noise and head-motion 
were controlled by foam padding and earplugs. The rs-fMRI images 
were obtained using echo-planar imaging (EPI) (time of repetition (TR) 
= 2000 ms; time of echo (TE) = 30 ms; 180 volumes, field of view (FOV) 
= 192 × 192 mm2; matrix = 64 × 64; 36 contiguous slices with 3.4 mm 
slice thickness). Single shot spin echo (SE)-EPI was used for DTI data 
acquisition (TR = 8700 ms, TE = 90 ms, FOV = 256 × 256 mm2; matrix 

Table 1 
Demographic and clinical characteristics of participants.   

Patients with CTN Healthy 
controls 

x2/t 
value 

P-value 

Sex (female/ 
male) 

20/9 22/12 0.001 0.721 

Age, y 54.59 ± 10.82 54.97 ±
6.78 

− 1.344 0.864 

Education, y 11.62 ± 2.61 12.15 ±
1.88 

0.825 0.357 

Duration of 
disease, y 

4.12 ± 3.25 NA NA NA 

Attack frequency 
(times per 
day) 

6.34 ± 3.51 NA NA NA 

Score of VAS 7.93 ± 0.90 NA NA NA 
Attack side Right (16); Left (13) NA NA NA 
Medication Carbamazepine (23)/ 

Mecobalamin (2)/None 
(4) 

NA NA NA 

Surgery MVD (17) 
Radiofrequency therapy  
(2)None  
(10) 

NA NA NA 

SDS 50.45 ± 10.46 32.15 ±
4.37 

− 9.307 <0.001 

SAS 46.59 ± 6.59 32.06 ±
3.39 

− 11.233 <0.001 

Values were displayed as mean ± standard deviation. P value of gender was 
calculated by chi-square test and p values of age, Education, SDS and SAS were 
obtained by independent-samples t test. CTN, classic trigeminal neuralgia; HC, 
healthy controls; VAS, visual analogue scale; SDS, self-rating depression scale; 
SAS, self-rating anxiety scale; MVD, microvascular decompression. 
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= 128 × 128, 50 slices, slice thickness = 3 mm, 64 gradient directions at 
b = 1000 s/mm2; and one image with b = 0). Using a sagittal Magne
tization Prepared Rapid Gradient echo sequence, three-dimensional 
isovoxel structural images were also acquired (TR = 1900 ms; TE =
2.93 ms; FOV = 256 × 256 mm2; matrix = 256 × 256; 192 contiguous 
sagittal slices). The plain scan images of all the subjects were examined 
by an experienced radiologist to exclude any lesions or severe WMH. 

2.3. DTI and fMRI preprocessing 

Based on FMRIB Software Library 6.0 (FSL, http://fsl.fmrib.ox.ac. 
uk/fsl/fslwiki) (Smith et al., 2004) and the Diffusion Toolkit (DTK, 
http://www.trackvis.org/dtk/) (Wang et al., 2007), the PANDA toolbox 
(http://www.nitrc.org/projects/panda) (Cui et al., 2013) was used 
under the default parameters to preprocess the DTI data. The pre
processing included skull stripping, eddy current and head motion cor
rections, and calculation for diffusion tensor and fractional anisotropy 
(FA). After the normalization of the T1-weighted image and the co- 
registration of the FA map, the fiber paths were reconstructed using 
deterministic fiber tracking algorithms (Mori et al., 1999). Path tracing 
proceeded until two consecutive directions of movement had a crossing 
angle >45◦ or the FA was outside the range (0.2–1) (Guo et al., 2021). 

The rs-fMRI data were preprocessed with the toolbox for Data Pro
cessing & Analysis of Brain Imaging (DPABI, http://rfmri.org/dpabi) 
(Chao-Gan and Yu-Feng, 2010). After discarding the first 10 volumes, 
the slice-timing and realignment were applied to the remaining data. 
Based on the head-motion evaluation, we excluded 9 CTN patients and 7 
HCs (mean framewise displacement (FD) (Jenkinson) >0.2 mm or a 
head displacement >1.5 mm, maximum rotation >1.5◦). The FD be
tween the final participants in the two groups were not statistically 
different (t = 1.425, p = 0.159). Then, the following steps were per
formed: co-registration with anatomic images, normalization to Mon
treal Neurological Institute (MNI) space, detrending, regressing 
nuisance variables (head-motion parameters, white matter, cerebrospi
nal fluid, and global signal), and bandpass filtering (0.01–0.1 Hz). As 
suggested in a previous study, smoothing was not performed to avoid 
artificial local spatial correlations (Wang et al., 2009). 

2.4. Network construction 

The nodes of the SN and FN were determined using the Brainnetome 

(BN) Atlas (Fan et al., 2016), which divides the whole brain into 210 
cortical and 36 subcortical regions (Fig. 1A). For the SN construction, 
the connection density, which reveals the number of connections per 
unit surface and has been applied in previous studies (Gong et al., 2009; 
Guo et al., 2021; Zhang et al., 2011), was calculated as the weight of the 
edges (Honey et al., 2009) (Supplementary method). To exclude 
spurious edges, the connections with fiber numbers (FN) lower than 3 
were removed. Regarding the FN, Pearson’s correlation coefficient (r) 
with a Fisher z transformation was computed as the connection strength 
between nodes. The negative edges were reserved by calculating their 
absolute values. 

Subsequently, a 246 × 246 symmetric and weighted SN and FN were 
used to calculate the connectivity properties of network and the SN-FN 
coupling coefficient. For rich-club and graph theoretical analysis, un
directed and binarized matrices were generated by retaining the positive 
edges in the SN and the edges in the FN that exceeded the threshold of p 
< 0.05/30135 (Bonferroni corrected). 

2.5. Rich-club organization of the SN 

The detailed methods about rich-club detection have been described 
in previous studies (van den Heuvel et al., 2012; van den Heuvel and 
Sporns, 2011). Based on the binarized SN, the rich-club in both groups 
were explored by calculating the normalized rich-club coefficient 
Φw

norm(k), which was defined as the ratio of Φw(k) and Φw
random(k). The 

rich-club coefficient Φw(k) was obtained according to the formula: 

Φw(k) =
2W>k

N>k(N>k − 1)

where k is the number of edges attached to a node; N>k represented the 
quantity of nodes with a degree larger than k; and W>k reflected the 
actual connections between the remaining nodes. The Φw

random(k) was the 
mean value of the Φw(k) from a set of 1,000 random networks with a 
similar nodal distribution and degree density. A rich-club regime was 
considered to exist, when the Φw

norm(k) > 1. 
In order to identify the rich-club regions of each group, the edges 

present in at least 75% of subjects were selected to comprise, respec
tively, the average SN of the CTN and HC groups (Kaplan et al., 2019; 
Shu et al., 2018). According to the rank of the nodal degree, the top 10% 
nodes with the highest degree were defined as rich-club regions (Peng 
et al., 2021; van den Heuvel et al., 2013). The spatial distribution of rich- 

Fig. 1. The flowchart of analytical process. 
(A) Based on the parcellation of the Brain
netome Atlas, the rs-fMRI and DTI data was 
used to construct the FN and SN, respec
tively. The matrix displayed in figure came 
from one of CTN patients. (B) After binariz
ing the SN, network hierarchy was identified 
and hub regions were selected for the CTN 
and HC groups, separately. All the connec
tions were divided into four types: whole 
brain, rich-club, feeder, and local connec
tions. (C) Both global and nodal topological 
properties were calculated in the binarized 
FN and SN. The weighted networks were 
used for calculating network density, 
strength and the coupling relationships be
tween FN and SN, and all the metrices were 
investigated in different connectivity levels. 
SN, structural network; FN, functional 
network; rs-fMRI, resting state functional 
magnetic resonance imaging.   
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club regions was displayed with Brainnet viewer (https://www.nitrc.or 
g/projects/bnv/) (Xia et al., 2013). Subsequently, the connections of all 
the matrices were categorized into three types of edges (van den Heuvel 
et al., 2012): (I) rich-club connections – those connecting rich-club re
gions to each other; (II) feeder connections – those connecting rich-club 
regions to non–rich-club regions; and (III) local connections – those 
connecting non–rich-club regions to each other (Fig. 1B). 

2.6. Topological analysis 

The basic topological measurements included connectivity strength 
(the sum of the weights in the matrices) and connectivity density (the 
ratio of actual edge numbers over the total possible edges). Due to the 
sparsity of the SN, the connectivity density was only calculated for the 
SN. All those connectivity properties were evaluated at the whole brain 
level and different kinds of sub-networks, as well. Moreover, other 
global metrics (global efficiency (Eg), local efficiency (Eloc), small- 
worldness (σ), normalized clustering coefficient (γ), normalized char
acteristic path length (λ), clustering coefficient (C) and shortest path 
length (L)) and regional graph metrics (nodal efficiency (Enodal)) were 
calculated using the GRETNA toolbox (www.nitrc.org/projects/ gretna) 
(Hagmann et al., 2008; Rubinov and Sporns, 2010; Wang et al., 2015) 
(Fig. 1C). 

2.7. SN-FN coupling analysis 

Correlation between the FN and SN were performed to evaluate the 
relationship between the functional connectomics and the underlying 
anatomic connections. By using the method recommended in previous 
studies, the nonzero edges in the SN were extracted and rescaled into a 
Gaussian distribution (Hagmann et al., 2010; Honey et al., 2009). Then, 
these selected connections were correlated with their matching FN 
counterparts by calculating Pearson’s correlation (Zhang et al., 2011). 
Therefore, a single coupling metric was obtained for each subject 
(Fig. 1C). We further repeated the coupling analysis for the whole brain 
and all kinds of subnetworks. 

2.8. Statistical and validation analysis 

Two independent samples t-tests were applied to detect group- 
differences in age, education, and head motion, while the chi-square 
test was used to assess gender differences between groups. Then, we 
performed exploratory analyses with respect to rich-club regions topo
logical properties and coupling values. Nonparametric permutation tests 
(10,000 repetition) were used for rich-club coefficients, global graph 
metrics, connectivity properties, and SN-FN coupling, with age, sex, 
education, and head motion (i.e., FD Jenkinson) as covariates. Because 
the comparison of Φw

norm was performed over the rich-club range, a 
Bonferroni correction was used. Moreover, between-group comparisons 
of the Enodal and edge strength, were performed with independent 
samples t-tests, regressing out age, sex, education, and head motion 
using the GRETNA toolbox, wherein the FDR correction (p = 0.05, 246 
corrections) was applied for Enodal, and the Network Based Statistic 
(NBS) (Zalesky et al., 2010) (plink = 0.05, pcomponent = 0.05, 10,000 
permutations) for edges. The relationships between the connectivity 
properties of different subnetworks and Eg, and also coupling strength, 
were assessed with Spearman’s correlation; z-tests were used for the 
subsequent between-groups comparisons of the correlations. Spear
man’s partial correlations, controlling for age, sex, education, and head 
motion were performed between graph metrics, rich-club organization, 
SN-FN coupling, and clinical variables to investigate their potential re
lationships. The same analyses were conducted for rich-club nodes, 
defined as the top 8% and 12% highest degree nodes, which yielded 
similar results (see Supplementary material, Figs. S3~S6). 

3. Results 

3.1. Rich-club organization 

The group-averaged rich-club coefficient (including Φw(k) and 
Φw

norm(k)) of the CTN and HC groups are displayed in Fig. 2A. For both 
groups, the rich-club region where the Φw

norm(k) was>1 was observed 
between k = 2 and k = 8, which was indicative of a rich-club property in 
each group (van den Heuvel et al., 2013). Patients showed an increased 
rich-club organization at k = 2 (padj < 0.05, 10,000 permutation test 
with a Bonferroni correction), suggesting a higher level of connectivity 
between hub regions in the CTN group. 

3.2. Rich-club regions in the SN 

Rich-club regions were defined as the top 10% brain regions with the 
highest degree of group-averaged SN, for each group separately (Fig. 2B 
~ D). The rich-club regions in the CTN group included the bilateral 
inferior parietal lobule (IPL), basal ganglia (BG), thalamus and the right 
medioventral occipital cortex (MVOcC), lateral occipital cortex (LOcC), 
postcentral gyrus (PoG), middle frontal gyrus (MFG) and the left fusi
form gyrus (FuG). The distribution of hub nodes in the HCs was similar 
in subcortical regions, but there were different nodes in cortical regions. 
The rich-club regions in HCs included the bilateral BG and thalamus, and 
the right IPL, MVOcC, MFG, inferior temporal gyrus (ITG), posterior 
superior temporal sulcus (Psts) and the left FuG, superior frontal gyrus 
(SFG), and orbital gyrus (OrG). Details about all the rich-club regions 
can be found in the supplementary materials (Tables S2, S3). According 
to the Yeo Atlas (7 networks) (Yeo et al., 2011), subregions of the BN 
were assigned to the visual network (VIS), default mode network 
(DMN), sensorimotor network (SMN), dorsal attention network (DAN), 
ventral attention network (VAN), frontal parietal network (FPN), and 
limbic network (LIM). Additionally, subcortical regions were allocated 
to the subcortical network (SC). In particular, the right IPL and left PoG 
belonging to the SMN were rich-club members of the CTN group, but not 
the HC group. Conversely, the rich-club regions of the SC were reduced 
in patients, compared to the HCs (Fig. 2B ~ D). 

3.3. The topological properties of the SN and FN 

The Eg and Eloc of the SN were decreased in patients, as compared 
with HC (pEg = 0.003 and pEloc = 0.007, 10,000 permutation test). The 
SN in both groups demonstrated small-worldness (σ > 1); however, 
patients showed significantly decreased levels of small-worldness 
coupled with lower C, as well as a higher λ and L (pσ = 0.042, pλ =

0.010, pC = 0.010, pL = 0.010, 10,000 permutation test). No statistically 
significant between-group difference was observed for γ (pγ = 0.294, 
10,000 permutation test) (Fig. S1A). With respect to the FN (Fig. S1B), 
both groups exhibited small-worldness. However, no statistical differ
ence was detected for any properties (pEg = 0.056, pEloc = 0.072, pσ =
0.447, pγ = 0.475, pλ = 0.070, pC = 0.077, pL = 0.060, 10,000 permu
tation test). 

Besides the altered global properties, nodes with reduced Enodal in 
patients were further identified in the SN (p < 0.05, FDR corrected) 
(Fig. 3). The regions included the right MFG, which was a rich-club hub, 
while the rest contained both non-rich-club nodes, including the bilat
eral MFG, OrG, superior temporal gyrus (STG), middle temporal gyrus 
(MTG), MVOcC; the right SFG, inferior frontal gyrus (IFG), inferior 
temporal gyrus (ITG), superior parietal lobe (SPL), IPL, precuneus 
(PCun), PoG, cingulate gyrus (CG), lateral occipital cortex (LOcC), and 
the left ventromedial putamen. As indicated in the Yeo Atlas (Yeo et al., 
2011) (7 networks), the regions with disrupted efficiency mainly 
involved cognitive control networks (the DMN, FPN, DAN, VAN, and 
LIM) and sensory related networks (the SMN and VIS). Details about the 
regions with aberrant Enodal can be found in the supplementary materials 
(Table S3). 
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Fig. 2. Rich-club organization and hub 
regions for each group. (A) The rich- 
club coefficients (refer to the left y 
axis) and according normalized value 
(refer to the right y axis) under a series 
of k levels for the CTN and HC groups. 
Grey region highlights the range of k 
where the normalized coefficient > 1. 
Asterisk (*) represents the between 
group difference of normalized coeffi
cient (p < 0.05/7, 10,000 permutation 
test with Bonferroni correction). (B) The 
rich-club members assigned into 8 net
works based on the Yeo Atlas are dis
played for each group. (C and D) The 
spatial maps of rich-club nodes, where 
nodes in figure C are colored based on 
different networks, but in figure D, the 
nodes belonging to both groups are 
plotted with red, and those only 
belonging to the CTN and HC groups are 
plotted with yellow and blue separately. 
CTN, classic trigeminal neuralgia; HC, 
healthy controls; MFG, middle frontal 
gyrus; SFG, superior frontal gyrus; FuG, 
fusiform gyrus; IPL, inferior parietal 
lobule; OrG, orbital gyrus; PrG, pre
central gyrus; PoG, postcentral gyrus; 
ITG, inferior temporal gyrus; MVOcC, 
medioventral occipital cortex; LOcC, 
lateral occipital cortex; BG, basal 
ganglia, Tha, thalamus; VIS, visual 
network; DMN, default mode network; 

SMN, sensorimotor network; DAN, dorsal attention network; VAN, ventral attention network; FPN, frontal parietal network; LIM, limbic network; SC, subcortical 
network.   

Fig. 3. Nodes with reduced efficiency in pa
tients. The rich-club nodes and non-rich-club 
nodes can be distinguished by nodal size. The 
color of nodes represents corresponding net
works. L, left; R, right; MFG, middle frontal 
gyrus; SFG, superior frontal gyrus; FuG, fusiform 
gyrus; IFG, inferior frontal gyrus; OrG, orbital 
gyrus; IPL, inferior parietal lobule; SPL, superior 
parietal lobule; PoG, postcentral gyrus; STG, 
superior temporal gyrus; MTG, middle temporal 
gyrus; ITG, inferior temporal gyrus; MVOcC, 
medioventral occipital cortex; LOcC, lateral oc
cipital cortex; PCun, precuneus; BG, basal 
ganglia, VIS, visual network; DMN, default 
mode network; SMN, sensorimotor network; 
DAN, dorsal attention network; VAN, ventral 
attention network; FPN, frontal parietal 
network; LIM, limbic network; SC, subcortical 
network.   
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3.4. CTN related alterations in connectivity 

Based on the NBS analysis, CTN patients demonstrated enhanced 
structural connectivity in one component, comprising 11 nodes and 10 
edges (Fig. 4). No statistical difference in functional connectivity was 
found. The alterations in the SN mainly involved the caudate-medial 
prefrontal cortex (mPFC), nucleus accumbens (NAC)-OrG, thalamus- 
lateral prefrontal cortex (lPFC), thalamus-precentral gyrus (PrG), 
thalamus-caudate (all areas were in the left hemisphere) and between 
the bilateral thalami. All statistical information about the altered 
structural edges are listed in Table S4. The altered edges were mainly 
feeder connections, especially in patients, as the dorsal caudate (dCa) 
was a hub of the patients, but not a hub of the HCs. 

3.5. The strength and density of SN and FN 

Compared with the HCs, the CTN patients showed a decreased SN 
density for the whole brain (p = 0.007), the rich-club (p < 0.001) and 
local connections (p = 0.003), but not feeder connections (p = 0.183) 
(Fig. S2A). As for the strength of the SN in patients, we observed a 
decrease of rich-club connections (p < 0.001), as well as an increase of 
feeder connections (p = 0.037), which was consistent with the enhanced 
structural edges of feeders (Fig. 4). However, no statistical difference 
was found for the whole brain (p = 0.099) or local connections (p =
0.075) (Fig. S2B). The strength of the FN of patients was only reduced 
for local connections (p = 0.021), whereas the whole brain (p = 0.065), 
rich-club (p = 0.309) and feeder connections (p = 0.188) did not differ 
significantly from the HC (Fig. S2C). All p values were obtained through 
10,000 permutation tests. 

3.6. Altered SN-FN coupling 

Compared with the HCs, the CTN patients exhibited a higher strength 
of SN-FN coupling for whole brain connections, as well as rich-club, 
feeder, and local connections (pwhole brain = 0.007, prich-club = 0.002, 
pfeeder = 0.001, plocal < 0.001, 10,000 permutation tests) (Fig. 5). 

3.7. Relationships between Eg of SN, coupling and different connectivity 
properties 

In both groups, the Eg of the SN was correlated with the density of 
feeder and local connections in the SN, as well as the local connectivity 
strength of the SN (both p’s < 0.01, Spearman correlation). The re
lationships between Eg-SN density of local and Eg-SN strength of local 
connections were stronger in the patients than the HCs (between-group 
difference p < 0.01 and p = 0.045, respectively, z-test). However, the 
correlation between Eg-SN density of rich-club in HCs (p = 0.01, 
Spearman correlation) was not found in patients (p = 0.457, Spearman 
correlation) (Fig. 6A). The whole brain coupling strength was found to 
be correlated with the strength of local connections in both the HC and 
CTN groups. While for the former, the relationship existed in the FN (p =
0.044, Spearman correlation), but in the SN for the later (p = 0.033, 
Spearman correlation). Details of the correlation results are presented in 
Table S5. 

3.8. Relationship among connectivity strength, SN-FN coupling, and 
clinical variables 

The correlations of the clinical data with the connectivity strength of 
the FN and SN, and the coupling strength of different kinds of connec
tions showed that the coupling of rich-club connections was negatively 
correlated with disease duration (Spearman’s rho = − 0.426, p = 0.034, 
Fig. 7A). The coupling of feeder connections showed negative correla
tion with both disease duration and the VAS pain score (Spearman’s rho 
= − 0.424 and − 0.488 respectively, with corresponding p’s of 0.035 and 
0.013, Fig. 7B and C). Negative correlations also existed between the 
coupling of whole brain and the SDS and SAS (Spearman’s rho = − 0.412 
and − 0.401, respectively, with corresponding p’s of 0.041 and 0.047, 
Fig. 7E and F). The coupling of local connections was positively corre
lated with the VAS pain score (Spearman’s rho = 0.478, p = 0.016, 
Fig. 7D). We also observed a negative correlation between the VAS pain 
score and the SN strength of the rich-club, as well as the FN strength of 
local connections (Spearman’s rho = − 0.436 and − 0.419 respectively, 
with corresponding p’s of 0.030 and 0.037, Fig. 7G, H). 

Fig. 4. Enhanced structural connections in pa
tients. The rich-club nodes and non-rich-club 
nodes can be distinguished by nodal size and 
color. Rich-club, feeder and local connections 
are colored with red, blue, and grey respec
tively. The involved rich-club nodes were almost 
same in the CTN and HC groups except the 
dorsal caudate, which was the hub of patients 
and highlighted in figures. CTN, classic trigem
inal neuralgia; HC, healthy controls; L, left; R, 
right; MFG, middle frontal gyrus; SFG, superior 
frontal gyrus; OrG, orbital gyrus; PrG, precentral 
gyrus; BG, basal ganglia; NAC, nucleus accum
bens; dCa, dorsal caudate; Tha, thalamus.   
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Fig. 5. SN-FN coupling. The middle black lines represent means with error bar revealing SD. Asterisk (*) represents significance of p < 0.05 and asterisks (**) 
indicate p < 0.01. CTN, classic trigeminal neuralgia; HC, healthy controls. 

Fig. 6. The correlations of SN Eg and whole brain coupling strength with all kinds of connectivity properties. The significance of correlation results for CTN are 
plotted with orange asterisks, and blue for HC. Between-group differences after z-test are plotted with black asterisks. Single asterisk represents p < 0.05 and double 
ones indicate p < 0.01. CTN, classic trigeminal neuralgia; HC, healthy controls; SN, structural network; FN, functional network. 

Fig. 7. The association between the clinical variables and different connectivity properties of CTN patients. VAS, visual analogue scale; SN, structural network; FN, 
functional network; SDS, self-rating depression scale; SAS, self-rating anxiety scale. 
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4. Discussion 

Our simultaneous investigation of both the SN and FN in CTN pa
tients, mainly revealed that: (1) The rich-club reorganization in CTN 
patients, of regions related to sensory and pain processing appeared to 
be new hubs, accompanied by reduced hubs in the BG; (2) Compared 
with HCs, patients had a broad disruption in their SN. The SN of CTN not 
only showed deficits in global topology, of which the reduced Eg was 
closely associated with the density and strength of local connections, but 
also exhibited decreased Enodal in non-rich-club regions, along with 
enhanced connectivity strength in feeders, mostly involving cortical- 
subcortical connections; and (3) The coupling between the SN and FN 
was stronger in the CTN group than the HC group. In patients, the 
coupling of the rich-club, feeder, and the whole brain declined with the 
progression of disease and the deterioration of their emotional condi
tion. However, the trends were reversed for local connections. Collec
tively, the present study suggests that the CTN may primarily alter the 
SN rather than the FN, wherein the reduced density of the local con
nections largely contributes to inefficient global communication and the 
tight relationship between networks. The enhanced feeder circuits may 
maintain information integration between central and peripheral areas. 

4.1. Rich-club reorganization 

Though a similar level of rich-club organization was found in both 
the CTN and HC groups, the compositions of the rich-clubs differed. 
Patients showed more hub regions in the SMN and less hubs in the SC. 
The reorganization of the rich-club in chronic pain conditions is regar
ded as qualitative, rather than reflecting quantitative changes in the 
information flow of the brain (Kaplan et al., 2019). Previous DTI studies 
of TN have indicated widespread disruption of global white matter 
microstructure, including reduced fractional anisotropy (FA) and 
increased mean diffusivity (MD), axial diffusivity (AD), and radial 
diffusivity (RD) (Tian et al., 2016; Wang et al., 2017). Those diffusion 
metrics may reflect the plasticity of the brain structure (Liu et al., 2018), 
probably related to fiber organization changes, demyelination, neuro
inflammation, or edema (DeSouza et al., 2014). Though the evidence 
about rich-club reorganization in CTN is limited, a study of migraine, 
which also affects the trigeminal system (Danyluk et al., 2021), suggests 
that the somatosensory cortices are more densely interconnected regions 
in the FN (Liu et al., 2015). Consistently, the CTN specific hub in our 
study was mainly the postcentral gyrus, which participate in the lateral 
pain system, transmitting fast sharp pain signals through the lateral 
spinothalamic tract, and encoding pain intensity, duration, and location 
(Price, 2002). In addition, the appearance of new hubs compensates for 
or avoid the functional overload of initial hubs in the chronic stage 
(Stam, 2014). Hence, long-term and frequent facial attacks may 
consolidate the pain sensation and processing related connections for 
better information integration and modulation. Our findings provide 
further evidence from a structural perspective to support the idea that 
alterations in rich-club membership may be the consequence of adaptive 
plasticity of brain function (Liu et al., 2015). 

4.2. The dysfunction of non-hub regions in the SN 

Besides the reorganization of the rich-club, the inefficiency of in
formation transfer in patients was also detected in the SN but not the FN. 
Further correlational analyses suggested that the aberrant efficiency was 
closely related with the strength and density of local connections, rather 
than rich-club (van den Heuvel et al., 2012; van den Heuvel and Sporns, 
2011). Therefore, it was the dysfunction in the peripheral regions and 
local connections that contributed most to the decreased topological 
efficiency in our findings. Previous studies indicated that the peripheral 
regions were more vulnerable because of their lower level in the hier
archical network, while the central regions may be relatively resistant to 
the influence of disease (Cao et al., 2020; Yan et al., 2018). One recent 

CTN connectomics study that focused on the white matter network also 
reported decreased efficiency, coupled with a dysfunction in regional 
information integration of the frontal, angular, and temporal gyrus, as 
well as the parietal and occipital cortex (Wu et al., 2020). The disrup
tions of Enodal in our study significantly overlapped with that report, 
which can basically be divided into cognition related networks (the FPN, 
DMN, DAN, VAN, and LIM) and sensory related networks (the SMN and 
VIS). These regions are anatomically and widely connected through 
fiber tracts, such as the superior longitudinal fasciculus, fronto-occipital 
fasciculus, and fasciculus uncinatus, all of which have been found to be 
impairment in CTN patients (DeSouza et al., 2014; Liu et al., 2018). The 
alterations of these areas may reflect cognition-related perception and 
analgesia modulation (Andica et al., 2020; Iwata et al., 2005; Semi
nowicz et al., 2004), multisensory integration (Chiapparini et al., 2010) 
or the psychological complaints of chronic pain (Neudorf et al., 2020). 
Overall, our findings indicate that the white matter related SN was more 
vulnerable than the FN in CTN patients, wherein the disorders of pe
ripheral regions involving multiple networks mainly affected global 
information integration. 

4.3. The strengthened feeder connections in SN 

Our findings indicate that strengthened structural connectivity was 
mainly concentrated in feeder connections, including the caudate- 
mPFC, NAC-OrG, and thalamus-lPFC, which explains the increased 
strength of the feeder in the SN. The feeder connections supply bridges 
between central regions and peripheral areas, through which neuronal 
information will usually be fed into and traverse the rich-club, and then 
be delivered to non-hub regions (van den Heuvel et al., 2012). The 
stronger connectivity may indicate the greater integration between non- 
hub and hub regions (Li et al., 2017). In the present study, one of the 
hubs in the feeder was the thalamus, a critical relay and integration 
center connected with the higher-order cortex (Antón-Bolaños et al., 
2018; Kumar et al., 2017). The thalamus is directly involved in the tri
geminal sensory pathway (Alper et al., 2021) and forms the medial pain 
system together with the PFC and limbic system (exactly the lPFC in the 
present study). As proposed, the medial system transmits slow dull pain 
information through the spinal reticular thalamic tract and the medial 
spinothalamic tract (Peyron et al., 2000), and it is linked to emotional 
and cognitive aspects of pain (Petrovic and Ingvar, 2002). The mPFC, 
OrG, and NAC have consistently been shown to be involved in emotional 
control (Baliki et al., 2008; Yu et al., 2014) and the reward system (May 
2008). Due to abundant GABAergic neurons (Robison and Nestler, 2011) 
and the integration of dopaminergic and glutamatergic signals from pain 
related regions (such as the PFC and thalamus), the NAC is significantly 
involved in pain regulation and relief (Harris and Peng, 2020). A recent 
animal experiment suggests that optogenetic stimulation on the NAC 
attenuated the hyperalgesia of TN rats, accompanied by an increased 
extracellular concentration of GABA, glutamate, dopamine, and 
acetylcholine (Islam et al., 2021). Though no obvious correlation was 
observed between edge strength and psychological scores, which may be 
due to the sparsity of the SN, the aberrant links between the thalamus, 
NAC, and PFC may indicate an adaptive process in response to the need 
for emotion management in patients with chronic pain (Tu et al., 2019). 
The stronger connectivity related to the SMN (thalamus-PrG and 
caudate-mPFC) may imply an enhanced capacity to modulate pain and 
control jaw movement to inhibition pain (Wang et al., 2017). Taken 
together, considering the rich-club reorganization and the dysfunctions 
in peripheral regions, the strengthened feeder connections may be 
regarded as a compensatory mechanism, intended to produce more 
integration among pain processing and related emotional circuits 
(Hagmann et al., 2008). 

4.4. The increased coupling strength 

The increased SN-FN coupling in CTN patients was another main 
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finding. Previous studies have suggested that coupling increases with 
aging (Supekar et al., 2010), and in neurodegenerative and neuropsy
chiatric disorders (Cao et al., 2020; Dai et al., 2019; van den Heuvel 
et al., 2013). However, a study of migraine showed decoupling between 
networks in patients (Li et al., 2017). Our results, which showed 
increased SN-FN coupling in CTN patients, may indicate more stringent 
and less dynamic brain function (Hagmann et al., 2010). Consistently, 
our previous study of CTN, which used dynamic functional network 
analysis, demonstrated decreased dynamics in switching between con
nectivity states (Zhang et al., 2021), reflecting the inefficiency of in
formation processing in the brain. Additionally, given the white matter 
impairment under the long-term nociceptive stimulation (Tian et al., 
2016), the non-zero edges of the white matter network diminished 
further, leading to the corresponding FN limitation and closely linked to 
the underlying anatomical structure. It has been demonstrated that 
white matter integrity can predispose patients to pain chronicity, fol
lowed by the establishment of a specific FC pattern (Mansour et al., 
2013). Hence, consistent with our aforementioned findings about the 
widespread disruptions in the SN, the significant white matter plasticity 
in CTN may have combined with the impaired functional dynamics to 
cause further differences in structural–functional coupling. 

4.5. Clinical relevance 

MVD has been used as the most efficacious surgical intervention for 
CTN, especially when symptoms do not respond to medication (Cruccu 
et al., 2020; Zakrzewska and Akram, 2011). Previous studies have re
ported that some regions, such as the insular (DeSouza et al., 2015), and 
hippocampus (Noorani et al., 2022), show a reverse in volume post
operatively and are valuable for predicting surgical outcomes (Danyluk 
et al., 2020). Besides, invasive or non-invasive stimulations of the pri
mary motor cortex has been demonstrated to be valuable in TN modu
lation (Henssen et al., 2019c; Klein et al., 2015; Tsubokawa et al., 1991). 
However, most of the aforementioned regions were non-rich-club 
memberships in our study. Likewise, a study of major depressive dis
order demonstrated that the feeder-local sub-network contributed to the 
remission of disease, rather than the rich-club (Wang et al., 2019), 
indicating that treatment may exert a compensatory effect by acting on 
non-hub areas (Kim and Min, 2020). Thus, the feeder-local connections 
in CTN may be provide the potential treatment targets (Henssen et al., 
2019a). 

Among our findings, whole brain coupling was found to be closely 
related with the local connections, of which the sub-network coupling 
positively correlated with the VAS, which was quietly the opposite for 
rich-club and feeder. We infer that with the progression of disease, the 
compensation from the rich-club and feeder coupling weakens gradually 
as chronic pain disproportionally affects more of the local connections, 
further disrupting the optimal topological organization and altering 
functional dynamics. The results highlight the importance of earlier and 
regular treatment for a shorter disease duration (Holste et al., 2020). 
Moreover, the altered SN-FN relationships in the present study not only 
spanned distinct connectivity types, but also correlated with various 
clinical measures, including duration, pain intensity, and abnormal 
emotional regulation. Therefore, the coupling may be the integrative 
reflection of pain and related behavioral traits, and probably captures 
subtle alterations in brain networks (Cao et al., 2020). Future longitu
dinal studies are required to investigate the impact of surgical factors on 
the topological hierarchy and the potential value of coupling strength as 
a sensitive biomarker for diagnosis or prediction. 

5. Limitations 

There are some limitations of the present study. First, all patients 
used medications for treatment before scanning. Thus, the effects of drug 
could not be eliminated and should be controlled in future studies (Liu 
et al., 2021). Moreover, though no statistically significant difference was 

found in the subgroup analysis (Table S6, 7), the lateral effects of 
inconsistent attack side should be examined to validate our main find
ings in large samples. Furthermore, when calculating coupling strength, 
we limited the relationships within the nonzero edges of the SN. It has 
been suggested that a strong FC may exist between regions even when 
there is no direct white matter connection. More optimal metrics should 
be tested in future studies to reveal the indirect relationships between 
networks. Additionally, the limited differences in the FN between the 
CTN and HC groups may not only be attributable to the robustness of the 
network, but also to the use of relatively conventional topological 
properties. By using more sensitive measures, such as the hub disruption 
index (De Pauw et al., 2020), and combining them with machine 
learning methodology, more fine-grained alterations and valuable 
indices may be obtained. 

6. Conclusion 

Using multimodal and combined methods, our study revealed plastic 
changes in the SN and FN of CTN patients. Compared with the FN, the SN 
of patients was more vulnerable, manifested as rich-club reorganization 
and reduced efficiency in brain topology. The dysfunction of non-rich- 
club regions contributed mostly to a decline in global efficiency and 
increased coupling strength. As a compensation, the cortical-subcortical 
pathways related to pain processing and emotional regulation in feeder 
connections were strengthened. In summary, following the topological 
reorganization, the disproportionate interruptions of local sub-networks 
and the feeder compensation may provide insights into the CTN central 
mechanism and potential markers for diagnosis, which deserves future 
prospective investigations. 
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