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Purpose: In this study, we aim to explore the changes in network graph theory indices of structural covariance networks (SCNs) in
PHN patients with different disease durations.

Patients and Methods: High-resolution T1 magnetic resonance images were collected from 109 subjects. We constructed SCNs
based on cortical thickness data and analyzed the changes in global and regional network measures of PHN patients and herpes zoster
(HZ) patients, and get hubs of each group.

Results: (1) PHN patients with a disease duration >6 months had reduced global efficiency (P=0.035) and increased characteristic shortest
path length (P=0.028). (2) Nodal efficiency of the right pars opercularis was greater in both HZ and PHN patients with a disease duration of 1
to 3 months (P<0.001); in PHN patients with a disease duration > 6 months, the nodal degree of the left pars triangularis and nodal efficiency
of the right middle temporal gyrus were greater (P<0.001). (3) The right supramarginal gyrus was the common hub of healthy controls (HCs)
and HZ patients, the right pars opercularis was the common hub of HZ patients and PHN patients with a disease duration of 1 to 3 months,
and the bilateral superior frontal gyrus was the common hub of HZ patients and PHN patients with a disease duration >6 months.
Conclusion: There have changes in SCN indices in PHN patients with different disease durations. PHN patients with a disease
duration >6 months had increased SCN integration and diminished information transfer capability between nodes, which comple-
mented the topological properties of previous PHN networks. Eglobal and Lp can be considered as potential imaging markers for
future clinical restaging of PHN.
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Introduction

Herpes zoster (HZ) is an infectious skin disease caused by reactivation of the varicella-zoster virus (vzv).! Postherpetic
neuralgia (PHN), one of the most common and serious complications of HZ, is defined as pain that lasts for 1 month or
more after the HZ rash has healed.” With high prevalence® and multiple burdens such as physical pain and psychological
unhappiness,* There is no treatment that can cure PHN. Neuroplasticity underlies the production of PHN and may
involve both peripheral and central mechanisms.’

Magnetic resonance imaging (MRI) is a technique can be used to study the central pathogenesis. PHN-related brain MRI
studies have found that the some indices such as amplitude of low-frequency fluctuation, gray matter volume and cortical
thickness changed in some regions such as medial prefrontal cortical, frontal lobe and middle temporal gyrus.® *These brain
regions are associated with cognitive and emotion regulation.”'® The above studies mainly focused on the brain regions

rather than the interconnectedness of brain regions throughout the brain.
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Graph theory is a mathematical tool for calculating the topological properties of networks and helps in the
quantitative analysis of changes in human brain networks. Mainly using resting-state functional MRI to statistically
analyze the brain networks of patients with PHN and HZ recently, researchers have found that there were abnormal

changes in the network properties such as global and local efficiency,'"'?

which suggests abnormalities in brain
connectivity at the network level. However, PHN is a chronic pain disorder. According to the International
Association for the Study of Pain (IASP), chronic pain is defined as “pain that persists or recurs for longer than three
months.”"* In order to study the properties of brain networks in a large time scale, we can get more stable results by
analyzing networks constructed on the basis of structural metrics. Structural covariance network (SCN) is such a network
construction methodology. SCN is a method used to explore the interconnectivity of indicators of brain structure (eg,
cortical thickness or gray matter volume between brain regions) at the group level'* and can reflect synchronization
between brain regions in structural development.'® It is based on stable measurements and structural image data collected
over a long time, so it is very suitable for measuring the properties of brain networks reflecting large-scale neural events.

In previous studies, there were few brain regions where PHN patients had consistent findings in terms of structure.'
'® Furthermore, one study of the functional network in PHN patients found that its local efficiency was reduced,'’ but it
was not observed in another similar study.'? These results suggested that there may be structural or functional differences
in PHN patients with different disease durations. In contrast to the previously mentioned definition of PHN more than 1
month after healing of the HZ, the World Health Organization and the International Association for the Study of Pain
Special Interest Group on Neuropathic Pain define PHN as pain that starts in the HZ period or lasts >3 months after
healing."® For therapy, short-term spinal cord stimulation is more effective for patients with PHN in the early stages (<6
months) or even with a disease duration of less than 3 months.”® Based on the findings of these studies, we hypothesized
that there may be differences in the structural properties of the brain in patients with PHN of different disease duration.
HC, PHN and HZ patients. Based on some
of the previous studies suggesting that certain clinical manifestations and outcomes differ between PHN patients at the 3

Therefore, in this study, we constructed SCNs for three populations

and 6 months disease duration, PHN patients were further divided into three groups with disease durations of 1, 3, and 6
months. We analyzed whether there were any differences in network topology attributes between these groups. We
hypothesized that at least there were differences in global topological properties between the PHN patients with a disease
duration greater than 6 months and HC. In particular, significant changes in SCN properties may occur in brain regions
associated with cognitive and emotional control.

Methods

Participants

The study subjects were patients with HZ and PHN attending the pain department of the First Affiliated Hospital of
Nanchang University. Sex, age, disease duration, admission visual analog scale (VAS) score, and site of onset were
collected on the first day of patient admission. The Hamilton Depression Scale (HAMD)?! and Hamilton Anxiety Scale
(HAMA)** were used to assess subjects for depression and anxiety separately, and high-resolution T1 structural MRI
scans were subsequently performed on the patients.

Inclusion criteria for patients with HZ and PHN were as follows: (1) right-handed; (2) HZ was identified as the
presence of herpes within 2 weeks of the onset of herpes and the herpes outbreak had not subsided; PHN was identified
as the presence of herpes lesions that had healed and lasted longer than 1 month (3) diagnosis determined by two
experienced clinicians in the pain department according to the International Association for the Study of Pain criteria;*’
and (4) VAS score>5. Exclusion criteria were as follows: (1) other types of chronic pain or neurological disorders; (2)
diagnosis of mental or psychological illness; (3) presence of substantial brain lesions; and (4) MRI contraindications
(ferromagnetic implants in the body, claustrophobia). Inclusion criteria for HCs were as follows: (1) right-handed; (2) age
matched to included HZ and PHN (50-80 years); (3) no chronic pain or neurological disorders; (4) conventional MRI
sequences did not reveal parenchymal brain lesions. After excluding subjects with poor image quality, 63 PHN patients,
25 hZ patients and 21 hCs were eventually included. The 63 PHN patients were divided into 3 subgroups with disease
durations of 1, 3, and 6 months and with 27, 14 and 22 patients, respectively, in the groups.
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MRI Data Acquisition and Processing
MRI data were collected on a 3.0 T Siemens TIM Trio scanner (Erlangen, Bavaria, Germany) in the radiology department of
the First Affiliated Hospital of Nanchang University. Three-dimensional high-resolution T1-weighted images of the brain
were collected at 176 sagittal positions in each participant. The gradient-echo sequence had the following parameters:
repetition time = 1900 ms, echo time = 2.26 ms, flip angle = 9°, matrix = 240 x 256, field of view = 215x230 ms, slice
thickness = 1.0 mm, slice gap = 0 mm, and scanning time = 3:34 minutes. During the MRI scans, participants needed to
close their eyes but remain awake. Earplugs were available for participants to use to reduce the noise from the machine that
they heard. Conventional T2-weighted images were used to exclude visible brain structural abnormalities.

DPABIsurf (version 1.6; http://rfmri.org/dpabi), a resting-state fMRI data analysis toolbox that calculates cortical

thickness from 3D T1-weighted imaging (T1WI) information, was used to reconstruct and estimate cortical thicknesses
in each group of subjects.”* The software is an upgraded version based on fMRIPrep20.2.1 and FreeSurfer software. It
integrates multiple functional interfaces for preprocessing, statistical analysis and results review. DPABIsurf is
a mature and reliable tool for resting-state functional brain MRI research. In brief, the preprocessing procedure
consisted of registering TIWI scans to Talairach space; performing offset field correction; removing the nonbrain
structures by skull stripping; segmenting the brain tissue into white matter, gray matter and cerebrospinal fluid;
identifying the boundary between gray matter and white matter in each cortical hemisphere; calculating the white
matter/gray matter and gray matter/cerebrospinal fluid ratios; expanding and deforming the cortical surface into
a sphere; and resampling onto the average surface. Cortical thickness was calculated by measuring the distance
between the white matter/gray matter boundary and the gray matter/pia mater boundary. Then, we simultaneously
calculated the estimated total intracranial volume for each subject for subsequent inclusion as a covariate in the

statistical analysis.

Construction of SCNs

We used the Desikan-Killiany atlas® to delineate the cerebral cortex. In each group, Pearson’s correlation coefficients of
cortical thickness between any node pairings were calculated to produce a 68-by-68 matrix. Sex, age and total
intracranial volume were added as covariates. Studies have shown that cortical thickness decreases with age,?® increases
with increasing total intracranial volume,?” and differs between sexes.”® Negative weighted edges were set to zero after
excluding self-connections.?’ The correlation coefficients greater than the threshold were retained, and the rest were set
to 0 according to the predefined threshold sparsity (S = 0.05, 0.01, 0.40). Figure 1 depicts each group’s correlation matrix
and binary matrix.
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Figure | Correlation matrix of the cortex thicknesses in each group. The upper row shows the cortical thickness correlation matrices of the HC, HZ, and PHN groups
after excluding self-connections. The color bar indicates the strength of the correlation coefficients. The lower row is the binary matrix for each group.
Abbreviations: HC, healthy control; HZ, herpes zoster; PHN, postherpetic neuralgia; m: month(s).
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Network Attribute Calculation

The different topological properties at the global and regional levels, with specific calculations and meanings shown in
Table 1 ** were as follows: the (1) global topological properties were local efficiency (Ejoca)), global efficiency (Egiobar),
clustering coefficient (C), characteristic shortest path length (L,), normalized clustering coefficient (y), normalized
characteristic shortest path length (A) and small-worldness (). To examine the topological characteristics of brain
networks, we created one hundred null networks. The average clustering coefficient (C,.,q) and the characteristic shortest
path length (L..,q) were calculated. Comparing the real network parameters (C,ea, Liea) With the random network
parameters, ¥ (Y = Cieat/Crang) and A (A = Liea/L;anq) Were obtained.(2) The regional topological properties were degree
centrality, nodal efficiency and betweenness centrality. Each network index was calculated repeatedly within the selected
density, and a graph was formed with density as the abscissa and with a certain network parameter as the ordinate. This
curve reflected the change in specific network indicators with network density. The area under the curve (AUC) of each
network indicator was summarized for further analysis.'

Statistical Analysis
SPSS 22.0 (SPSS Inc., Chicago, IL, USA) was used for statistical descriptive analysis of demographic and clinical data.
The Shapiro—Wilk test was used to assess the normality of all measurement data. Measurement data conforming to
a normal distribution were expressed as the mean + standard deviation; ANOVA was used for comparisons between the
groups, and the least significant difference (LSD) ¢ test was used for further between-group comparisons. Otherwise, the
median (interquartile spacing) was used for statistical description; the Kruskal-Wallis test was used for comparisons
between groups, and the Nemenyi test was used for further between-group comparisons. Sex ratios and skin lesions were
compared by the chi-square test. Statistical estimates were two-tailed, and p values < 0.05 indicated that differences were
statistically significant.

The nonparametric permutation test was used to explore the differences in network topologies between groups. First,
the differences between groups in each network measure were calculated. The correlation matrices of the randomized

Table | Topological Properties of Brain Graphs Computed in the Study

Topological Properties Descriptions

GLOBAL TOPOLOGICAL PROPERTIES

Clustering coefficient (C) The average inter-connectedness of a node’s direct neighbors

Characteristic shortest path The average shortest path length between any pairs of nodes

length (L)

Global efficiency (Egiobal) The efficiency of information transfer through the entire graph

Local efficiency (Ejocar) The average efficiency of information transfer over a node’s direct neighbors
Normalized clustering The clustering coefficient compared to that of matched random networks

Coefficient (y)

Normalized characteristic shortest | The characteristic shortest path length compared to that of matched random networks

path length (})

Small-worldness (o) The normalized clustering coefficient divided by the normalized characteristic shortest path length, which

reflect the balance of global efficiency and local efficiency (o=y/A)

REGIONAL TOPOLOGICAL PROPERTIES

Betweenness centrality The influences of a node over information flow between other nodes
Degree centrality The number (or sum of weights) of connections connected directly to a node
Nodal efficiency The efficiency of information transfer over a node’s direct neighbors

1178 ‘e Journal of Pain Research 2025:18



Xiong et al

group were then reconstructed after all individuals were mixed and randomly assigned. Based on these steps, the weight
matrices were binarized, and the differences in network indicators between groups of the random network were
calculated. Permutations were repeated 1000 times at each density to obtain the distribution of differences. P values
were based on the percentile of the real network measures difference (P < 0.05). Multiple comparisons between nodes
were achieved using false discovery rate (FDR) correction (P <0.05). In all statistical analyses, the Brain Connectivity
Toolbox (https://sites.google.com/site/betnet/)>* in MATLAB 2013b was used to construct and analyze the SCN.

BrainNet Viewer (http://www.nitrc.org/projects/bnv/) was used to present changes at the regional level.

A descriptive analysis of the spatial distribution of hubs in the networks of five groups was performed. A node was set
as a hub if its betweenness centrality was at least two standard deviations higher than the mean nodal centrality.>® We
used the AUC of each node’s betweenness centrality to identify a hub.

Results

Cohort Characteristics

Twenty-one HCs (Group A), twenty-five HZ patients (Group B), twenty-seven PHN patients with a disease duration of 1
to 3 months (Group C), 14 PHN patients with a disease duration of 3 to 6 months (Group D) and 22 PHN patients with
a disease duration greater than 6 months (Group E) participated in the study (Table 2). There were no statistically
significant differences in sex (¥*=1.509, P=0.825) or age (F=2.140, P=0.081) among the five groups. HAMA and HAMD
scores were significantly higher in HZ and PHN patients than in HCs (P<0.001). HAMD scores were higher in Group
E than in Group B (P=0.020). There was a significant difference in disease duration among Groups B-E (P<0.001). There
were no significant differences in patients’ VAS scores (K= 0.765, P = 0.858) or skin lesions (¥*=0.844, P=0.233).

Global Network Measures

The results of the global network measures of group-level SCNs are shown in Table 3, Figure 2A-2G and Figure 3A-3G.
AUC analysis showed that (1) for the comparison of Group A vs E, the Eyjgpa1 of Group E was smaller than that of Group
A (P=0.035). Moreover, the L, of Group E was greater than that of Group A (P=0.028).(2) The differences in the seven
global attributes (Ejocal, Egiobats C, Lp, v, A, and o) were not statistically significant when Group A was compared to
Groups B, C and D (P>0.050). (3) For the comparison of Group B vs E, none of the differences in the seven global
attributes (Eiocat, Egiobal, C, Lp, ¥, A, and o) were statistically significant (P>0.050).

Table 2 The Demographic and Clinical Scores of Five Groups

HC HZ (1-3 m) PHN (3-6 m) PHN (>6 m) PHN Statistical results
(Group A) (Group B) (Group C) (Group D) (Group E) (P values)
N 21 25 27 14 22
Demographics
Sex (M/F) 8/13 12/13 14/13 8/6 10/12 $*=1.509 (0.825)
Age (years) 66.38+6.01 69.00+4.79 62.81£10.13 68.86+9.83 66.05+10.08 F=2.140 (0.081)
Clinical data
Disease duration (months) - 0.5(0.4) 1.5(0.5) 3.8(2.0) 12.0(17.5) H=81.129% (<0.001)*
VAS score - 6.0(0.8) 6.0(1.5) 6.0(1.6) 6.0(1.3) H=0.765 (0.858)
HAMA score 6.0(0.0) 19.0(13.0) 24.0(15.0) 24.0(20.0) 25.5(9.0) H=58.408" (<0.001)*
HAMD score 6.0(1.0) 23.0(20.0) 25.0(23.0) 24.5(18.0) 27.5(8.0) H=52.799° (<0.001)
Skin lesions (L/R) - 9/16 13/14 6/8 10/12 ¥* =0.844 (0.839)

Notes: Measurement data that satisfy a normal distribution are described as the mean * standard; otherwise, data are expressed as the median (interquartile range).
x*denotes the chi-square test statistic, F denotes the ANOVA test statistic, and H denotes the Kruskal-Wallis test statistic.a: There were between-group differences
in all comparisons except between Groups C and D and between Groups D and E.b: Between-group differences existed between Group A and Groups B, C, D, and E,
and between Groups B and E.c: Between-group differences existed between Group A and Groups B, C, D, and E. *: denotes significance found.
Abbreviations:HC, healthy control; HZ, herpes zoster; PHN, postherpetic neuralgia; m: month(s); M/F, male/female; VAS, visual analog scale; HAMA, Hamilton
anxiety scale; HAMD, Hamilton depression scale; L/R, left/right.
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Table 3 Global Network Properties Between Groups

Group Avs B | Group Avs C | Group A vs D | Group A vs E | Group B vs E
C 0.613 0.328 0.496 0.088 0.294
Ly 0.211 0.484 0.102 0.028* 0.586
Egiobar | 0.220 0.526 0.108 0.035* 0.819
Eiocal | 0.687 0.383 0.664 0.585 0.777
% 0.443 0.479 0.598 0.176 0.639
A 0.199 0.107 0.499 0.424 0.262
c 0.315 0.656 0.536 0.150 0.781

Note: *: denotes significance found.The corresponding letters for each group are shown in Table I.
Abbreviations: C, clustering coefficient; L, characteristic shortest path length; Egoba, global efficiency; Ejoca, local
efficiency; y, normalized clustering coefficient; A, normalized characteristic path shortest length; o, small-worldness.

Intergroup Comparisons of Regional Network Measures

Intergroup comparisons of nodal attributes among the 5 groups revealed characteristic changes in certain nodes in PHN and HZ
patients (Table 4, Figure 4A-4C). AUC analysis showed that (1) in the comparison of Group A vs B, the nodal efficiency of the
right pars opercularis of HZ patients was greater than that of HCs (P<0.001). (2) The comparison of Group A vs C revealed that
the nodal efficiency of the right pars opercularis of PHN patients (disease duration 1 to 3 months) was greater than that of HCs
(P<0.001); (3) The comparison of Group A vs E showed that the nodal degree of the left pars triangularis of PHN patients (disease
duration>6 months) was greater than that of HCs (P<0.001) and the nodal efficiency of the right middle temporal gyrus of PHN
patients (disease duration>6 months) was greater than that of HCs (P<0.001). All the above results survived FDR correction.

Network Hubs

The hub nodes of Group A were the left postcentral lobule, right paracentral lobule and right supramarginal gyrus.
The hub nodes of Group B were the bilateral superior frontal gyrus, right lateral occipital gyrus, right pars
opercularis and right supramarginal gyrus. The hub nodes of Group C were the left precentral lobule, left rostral
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Figure 2 Changes in the global network properties with increasing network density. The changes in (A) clustering coefficient, (B) characteristic shortest path length, (C)
global efficiency, (D) local efficiency, (E) normalized characteristic shortest path length (y), (F) normalized clustering coefficient (y) and (G) small-worldness (c) with
increasing network density. (Network density: ranging from 0.05 to 0.40).

Note: *: denotes statistical significance.

Abbreviations: HC, healthy control; PHN, postherpetic neuralgia; m: month(s).
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Figure 3 Differences between PHN patients (>6 m) and HCs in global network parameters as a function of network density (0.05-0.40). (A) Clustering coefficient, (B)
characteristic shortest path length, (C) global efficiency, (D) local efficiency, (E) normalized characteristic shortest path length (y), (F) normalized clustering coefficient (y)
and (G) small-worldness (). The 95% confidence interval is represented by upper and lower blue lines, and the black line in the middle is the mean difference after
1000 permutations. The red line represents the true differences between groups, which fall outside the confidence interval and indicate significant differences between
groups (p < 0.050) under the current threshold.

Abbreviations: HC, healthy control; HZ, herpes zoster; PHN, postherpetic neuralgia; m: month(s).

middle frontal gyrus, and right pars opercularis. The hub nodes of Group D were the left bankssts and left lateral
orbitofrontal gyrus. The hub nodes of Group E were the bilateral superior frontal gyrus. (Table 5, Figure 5A-5E).

Discussion
In order to investigate whether there are abnormalities in the topological properties of brain networks of HZ and PHN
patients, we constructed SCNs based on cortical thickness. This study is the first to use cortical thickness to construct
SCNs and compute graph theoretical metrics to explore the changes in network topological characteristics of HZ and
PHN patients. We found that PHN patients with a disease duration greater than 6 months differed from HCs in Egjqpq and
L,. Differences in the properties of some nodes between HC and patient groups and between HZ and the PHN group with
a disease duration greater than 6 months were found. There were differences in the properties of some nodes between HC
and each patient group and between the HZ and PHN groups with a disease duration greater than 6 months.

Among all the groups, ¢ were greater than 1 within the chosen sparsity range, except for Group D, which had a o,,,;, <
134

1 but a mean value > 1. The “small-world” network, first proposed by Watts et al””, describes the connection between

Table 4 The P value for Regions Exhibiting Significant Between-Group Differences
in Nodal Centralities

P value
Group Comparison | Nodal Betweenness | Nodal Degree | Nodal Efficiency
HZ>HC
Rh pars opercularis 0.021* 0.003* <0.00 | **
(1-3 m) PHN>HC
Rh pars opercularis 0.011* 0.004* <0.001**
(>6 m) PHN>HC
Lh pars triangularis 0.086 <0.001%* 0.009*
Rh middle temporal 0.258 0.004* <0.001%#*

Notes: Regions were regarded as abnormal if they displayed significant between-group differences (cor-
rected by FDR) in at least one of the three nodal centralities. *p<0.05, uncorrected, **p<0.05, corrected.
Abbreviations: Lh, left hemisphere; Rh, right hemisphere; HC, healthy control; HZ, herpes zoster; PHN,
postherpetic neuralgia; m: month(s).
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A B (o] r.middle temporal gyrus
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lparstriangulari
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HC<HZ HC<PHN(1-3m) HC<PHN(>6m)

® Nodal efficiency ® Nodal degree

Figure 4 Regions showing significant between-group differences in nodal centralities (P<0.050, corrected). (A) Nodes that differ between the HZ group and the HC group.
(B) Nodes that differ between the |-3 month PHN group and the HC group. (C) Nodes that differ between the PHN group with duration greater than 6 months and the
HC group.

Abbreviations: r, right; |, left; HC, healthy control; HZ, herpes zoster; PHN, postherpetic neuralgia; m, month(s).

regular and random networks and is locally and globally efficient; pertinently, the human brain network has this
property.®> A brain network has a small-world property if its ¢ is > 1.*® The results suggested that the small-world
attributes of patients with PHN still persist even with a longer course of disease except for PHN patients with disease
duration>6 months. This may be related to the small sample size (only 14) of this group, which is also mentioned in the
limitations. It suggested that PHN patients maintain the overall and local efficiency of information dissemination, which
is consistent with a previous study showing that they retain small-world properties.''

Although small-world properties were retained across patient groups, Egjqba1 and L, were altered in PHN patients with
long-duration. Egjopa estimates the efficiency of network information transfer, reflecting the brain’s ability to exchange

information and utilize resources.>’ L, reflects all possible channels of information transfer between two brain regions.*®

Table 5 Hub Regions in Five Groups

Hub Region Nodal Betweenness
HC 23.62+22.12
Lh postcentral 106.24

Rh paracentral 95.90

Rh supramarginal 71.75

HZ 20.52+19.88
Lh superior frontal 65.25

Rh lateral occipital 84.06

Rh pars opercularis 65.21

Rh superior frontal 61.78

Rh supramarginal 66.29

(1-3 m) PHN 22.95£19.10
Lh precentral 85.35

Lh rostral middle frontal | 64.71

Rh pars opercularis 67.09

(3-6 m) PHN 18.45+17.83
Lh bankssts 75.22

Lh lateral orbitofrontal 57.59

(>6 m) PHN 20.05+20.45
Lh superior frontal 122.76

Rh superior frontal 72.66

Abbreviations: Lh, left hemisphere; Rh, right hemisphere;
HC, healthy controls; HZ, herpes zoster; PHN, postherpetic
neuralgia; m: month(s).
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Figure 5 Network hubs of five groups. (A) HC group. (B) HZ group. (C) PHN group of | to 3 months. (D) PHN group of 3 to 6 months. (E) PHN group of greater than 6 months.
Abbreviations: r, right; |, left; HC, healthy control; HZ, herpes zoster; PHN, postherpetic neuralgia; m: month(s).

They are both indicators of network integration, which ensures the rapid transfer of information between regions. The
reduced global efficiency and increased L, of PHN patients with a disease duration of >6 months suggested that there
was an abnormally attenuated network integration, ie, reduced information transfer between brain regions in long-
duration PHN. Furthermore, we found that patients with PHN showed alterations in global properties only at a disease
duration of >6 months, suggesting that PHN patients also maintain the ability to transmit information more efficiently
throughout the brain in the early stages of the disease. This has important implications for clinical decision-making
regarding the need for further restaging of PHN. In the future, the use of the two global metrics can be considered to
assist in the restaging of PHN.

In addition to the differences in global attributes, we also found differences in regional attributes between different
groups. Furthermore, network hubs were present in all patients and HCs. A node with high betweenness centrality can
control the flow of information because it is at the intersection of many short paths.>> Hubs are biologically expensive
and vulnerable to disease-related processes.>® In this study, some hubs were also nodes with significant nodal attribute
differences between two particular groups.

The right pars opercularis is the node that conforms to the above characteristics. It was the hub of both the HZ and
PHN (1-3 months) groups, as well as the node of increased efficiency of the PHN with a disease duration of 1-3 months
and HZ. Nodal efficiency is the ability of a particular node to transmit information in a network,’ which can reflect the
centrality of a node. The above results suggested that the brain region is very important in patients with HZ and early
PHN. A study exploring cortical morphology and motor inhibition in the pars opercularis found that the surface area of
the right pars opercularis had a significant effect on the ability to inhibit movement,** and disorders during motor
response inhibition are associated with anxiety and mood disorders.*' It suggested that emotional problems occurring
early in PHN may be related to this brain region.

The nodal degree of the left pars triangularis and the nodal efficiency of the right middle temporal gyrus in PHN
patients with a disease duration of >6 months were greater than those of HCs. The nodal degree is the number of edges
connected to that node,*® and an increase in degree reflects an increase in the centrality and importance of the node. The

left pars triangularis is a part of Broca’s area. Previous studies found that Broca’s area was involved in a variety of
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cognitive activities, including cognitive control, and social cognition.**** The right middle temporal gyrus plays an
important role in cognitive functioning.*> A previous PHN study also found reduced spontaneous brain activity in the
middle temporal gyrus in patients with neuropathic pain.*® Pain is a multidimensional experience encompassing diverse
and integrated brain functions, including emotional-affective and cognitive components.*” A number of previous PHN-
related studies also found changes in many structural or functional indicators of brain regions related to cognition.®’-!7*8
The changes in the structural properties of the two brain regions related to cognition in this study were opposite to the
trend of the changes, which may be a compensatory response of the brain structure in patients with long-duration PHN.

Notably, the inferior frontal gyrus, middle temporal gyrus, and one of the hubs of PHN (1-3 months)—the left
precentral gyrus— all belong to the emotion regulation network (ERN),** which involves emotional processing func-
tions. This suggested that among all stages in PHN patients, the brain regions related to emotional control had changes in
the structural properties, which may provide new insights into the neuropathological mechanisms underlying the
development of emotional problems in patients with this disease.

In addition to finding differences in the regional properties and hubs of certain patient groups that are affiliated within
the ERN, we also found other common hubs between some groups. The right supramarginal gyrus, which is a part of
wernicke’s area,”® was the common hub in HZ patients and HCs. A study”' showed that the volume of this brain region
was associated with the maintenance of emotion recognition, suggesting that it can serve as a more critical node during
the HZ stage than in HCs and may help HZ patients maintain the normal recognition of emotions, which has a protective
effect and is also in line with the fact that the disease is a gradual and chronic disease. Two longitudinal studies also
found changes in functional indices of the right marginal supramarginal gyrus in patients with PHN after treatment.’*>*
The bilateral superior frontal gyrus were the common hubs for HZ and PHN patients with a disease duration of >6
months, and the latter group had only these two hubs. The superior frontal gyrus is part of the prefrontal cortex (PFC),
which is a regulatory center for emotion and cognition.>® This may be related to altered processing of negative
emotions,” which suggests that the brain regions that control negative emotions are predominant when PHN progresses
to a long course of the disease and that the brain regions occupy a key position for transmitting information in the early
stages. A longitudinal study found an increase in ReHo in the right superior frontal gyrus in patients with PHN following
treatment.”> The above studies suggested that the changes in these brain regions are reversible, and in conjunction with
the results of this study, early targeting of these brain regions may allow for timely intervention and treatment.

In addition to the aforementioned hubs, there are a number of hubs that exist only in a certain group that are equally
worthy of our attention. The right lateral occipital gyrus was another hub in HZ patients, as well as a component of the
visual cortex. Visual attention is controlled by two partially segregated neural systems: the dorsal frontoparietal network
(DAN) and the ventral frontoparietal network (VAN).>® The left rostral middle frontal gyrus was a hub in PHN patients
(1-3 months). This brain region is located in the control network,”” which is a key brain region for emotion regulation.>®
The left bankssts and the left lateral orbitofrontal gyrus were the hubs in PHN patients (3—6 months). The left bankssts is
an auditory speech center, also a part of wernicke’s area.’® The left lateral orbitofrontal gyrus belongs to the orbitofrontal
cortex (OFC), which is involved in language, cognitive and emotional processing.’® These brain regions mentioned
above belongs to different functional networks or systems, suggesting that the progression of the disease in patients with
PHN may involve multiple aspects that need to be studied in an integrated manner.

Limitations

There Were Some limitations of This Study

(1) The sample size of this study was small. In the future, the functional and structural differences of PHN patients with
different disease durations should be analyzed after more MRI data have been collected from patients with long-duration PHN.
(2) Information on educational attainment was not complete for some of the subjects, so it was not possible to include educational
attainment in the demographic information for statistical analysis. In addition, cognition was not assessed in this study.

(3) Patients with PHN were likely to have had pretreatment prior to admission, and different treatments may have had an
impact on the development of subsequent conditions in patients with PHN. In the future, a longitudinal study should be
performed to compare how brain structure and function are altered in patients with PHN after different treatments.
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(4) Different from the networks constructed based on BOLD sequences and DTI sequences, the present study evaluated group-
level SCNis.*° Therefore, this study failed to correlate the network metrics of each group with the patients’ clinical data such as
scales. In the future, the analysis of individualized SCNs can be performed with a sufficient sample size and combined with
clinical features as well as machine learning to explore the neuroimaging markers of PHN in terms of brain structure.

(5) The mechanism of persistent pain in PHN patients is related to central sensitization. Brain multimodal MRI is an
excellent non-invasive research method for studying the central pathogenesis of PHN. This paper mainly focuses on
research and exploration in the structural aspect and does not conduct a comprehensive analysis in combination with
functional indicators. In future research, we will analyze both functional and structural indicators to explore the
connections between them.

Conclusions

We found that patients with long-duration PHN had enhanced integration of brain networks and diminished information
transfer between nodes, which provided evidence of the emergence of different structural network properties in these
patients and expanded the knowledge and understanding of HZ- and PHN-related neuroimaging. These findings may help
in the clinical restaging of PHN patients, on the basis of which therapeutic strategies can be adapted for PHN of different
disease durations in the future.
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