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Purpose: This study aimed to explore the abnormal changes in short- and long-range functional connectivity density (FCD) in
patients with herpes zoster (HZ) and postherpetic neuralgia (PHN).

Patients and Methods: Twenty HZ patients, 22 PHN patients, and 19 well-matched healthy controls (HCs) underwent resting-state
functional magnetic resonance imaging scans. We used FCD mapping, a data-driven graph theory method, to investigate local and
global functional connectivity patterns. Both short- and long-range FCD were calculated and compared among the PHN, HZ, and HC
groups. Then, the abnormal regions were used to calculate seed-based functional connectivity. Finally, correlation analyses were
performed between the altered FCD values and clinical datas.

Results: Compared with HCs, HZ patients showed significantly increased long-range FCD of the bilateral cerebellum, thalamus,
parahippocampal gyrus, superior temporal gyrus and lingual gyrus. HZ patients also displayed significantly decreased short-range FCD
of the bilateral posterior cingulate gyrus, median cingulate/paracingulate gyri, and left precuneus. Compared with HCs, PHN patients
displayed significantly decreased long-range FCD of the bilateral superior frontal gyrus and decreased short-range FCD in the bilateral
posterior cingulate gyrus, median cingulate/paracingulate gyri, and precuneus. However, there was no significant difference in either
long-range or short-range FCD between the PHN and HZ patients. Long-range FCD deficit areas and the right insula showed altered
functional connectivity in PHN patients. Furthermore, pain duration in patients with PHN was correlated with abnormal long-range
FCD.

Conclusion: Herpes zoster pain widely affects intra- and inter-regional functional connectivity, leading to disrupted short-range FCD
and increased long-range FCD during different stages of the disease. Long-term chronic pain in PHN patients may impair the pain
emotion regulation pathway. These findings could improve our understanding of the pathophysiological mechanisms of HZ and PHN
and offer neuroimaging markers for HZ and PHN.
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Introduction

Herpes zoster (HZ; also known as shingles) — a skin disease caused by reactivation of the varicella-zoster virus
(VZV) — is commonly accompanied by acute pain and erythematous rash.' Postherpetic neuralgia (PHN) is a chronic
neuropathic pain syndrome that persists or develops after the rash has healed and is the most common complication of
HZ, occurring in 5%—-30% of patients.>” PHN is defined as experiencing typical chronic neuropathic pain that lasts for
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more than a month after the resolution of HZ and is associated with various peripheral and central nervous system
abnormalities.* Debilitating and refractory pain seriously affects patients’ mental and physical health. Although antiviral
medications combined with steroids may reduce the risk of PHN, they are most effective shortly after rash onset.® Such
timely treatment requires a quick diagnosis in the early stage of HZ. Currently, HZ and PHN are difficult to diagnose in
clinical practice.® Therefore, it is crucial to identify other complementary diagnostic methods.

Identifying specific neuroimaging markers of shingles and exploring its internal pathophysiological mechanism can
facilitate the early diagnosis of HZ and PHN. Functional magnetic resonance imaging (fMRI) is an effective technique
widely used to identify specific neuronal imaging markers. Recently, numerous neuroimaging studies have confirmed the
changes in brain function in patients with HZ and PHN. Regional homogeneity (ReHo) and the amplitude of low-
frequency fluctuations (ALFF), indices commonly used to explore neuronal activity in the brain, have exhibited abnormal
values in the pain matrix (eg, frontal lobe, insula, and cerebellum) as well as in the brainstem and parietal lobe in HZ and
PHN patients.” These fMRI studies have confirmed the close association between the pathophysiology of PHN and
functional abnormalities in local brain regions,” however, they have limitations in evaluating the functional interactions
or integration among different brain regions. Resting-state functional connectivity (rsFC) is a method that measures
temporal correlations of blood oxygenation level-dependent (BOLD) signal fluctuations and has been widely used to
study the interactions between different brain regions.® For example, PHN patients were found to have reduced rsFC
among the dorsolateral prefrontal cortex, anterior cingulate cortex, and posterior cingulate cortex. This reduction leads to
weakened functional integration and disrupted intrinsic connectivity, between these regions and the default mode
network.’

However, to date, there have been few advanced studies on whole-brain functional connectivity changes in HZ and
PHN patients. Functional connectivity density (FCD) mapping is a voxel-level, data-driven graph theory method that
measures the number of functional connections between a given voxel and other voxels, with higher FCD values
indicating that these voxels are functionally connected to a large number of other brain voxels and play a more vital
role in information processing.” According to the neighborhood relationship between brain voxels, FCD can be further
divided into short- and long-range FCD,® which can simultaneously capture spontaneous neuronal activity and con-
nectivity within and between regions, in contrast to ReHo. Unlike traditional seed-based rsFC analysis,” FCD does not
require a priori selection of seed regions, thereby avoiding subjective bias.

In a previous study by our research group, FCD was used to explore intrinsic functional connectivity in HZ and PHN
patients, and it was found that both HZ and PHN patients exhibited damage to the default mode network.'® However, it is
still unclear whether this damage is related to the disruption of connectivity among adjacent structures or more distant
damage. Therefore, this study aimed to further explore the differences in long-range FCD and short-range FCD
throughout the whole brain in HZ and PHN patients. We evaluated alterations in local and global functional connectivity
patterns in patients with HZ and PHN. Short-range FCD reflects the plasticity of functional connections around voxels,
while long-range FCD can reflect the plasticity of remote functional connections.'' This approach measures significant
local and global functional connections of voxels over the whole brain, is suitable for investigating altered intrinsic
functional connectivity, and provides complementary information for more targeted analysis.

The main objectives of this study were as follows: (i) to evaluate alterations in the long- and short-range FCD in
patients with HZ and PHN and (ii) to correlate changes in FC with clinical variables such as pain intensity and duration
and establish a link between FC changes and clinical data to provide further imaging evidence of the central nervous
system mechanisms underlying PHN and HZ.

Materials and Methods

Participants

The study recruited 20 patients with HZ (age: 58.6+10.3 years, 13 males/7 females) and 22 patients with PHN (63.1£10.9 years,
11 males/11 females) from the Pain Department of the First Affiliated Hospital of Nanchang University, along with 19 sex- and
age-matched healthy controls (HCs) (57.6+7.3 years, 9 males/11 females). All participants were right-handed. The clinical
diagnosis of HZ or PHN was made by two experienced pain doctors based on the standards of the International Association for
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the Study of Pain (IASP).'* All patients underwent MRI scans on the day of admission and before systemic treatment. Before
fMRI scanning, the visual analog scale (VAS) was used to assess the intensity of spontaneous pain in HZ and PHN patients.
Patients were required to have a VAS score >5 (moderate to severe pain) to be included in this study, in this scale, pain intensity is
indicated on a scale from 0 to 10, with 0 indicating no pain and 10 indicating the most severe unbearable pain. Psychological
examinations, including the Symptom Checklist 90 (SCL-90), Hamilton Anxiety Scale (HAMA), and Hamilton Depression
Scale (HAMD), were also completed to assess the emotional state of the patients. All patients were included according to the
following criteria: (I) VAS score >5; (II) right-handedness; (III) clinically confirmed PHN and HZ. All HCs complied with the
following standards: (I) sex- and age-matched, and (II) VAS score=0. None of the participants had a history of mental or
neurological disorders, alcoholism, drug abuse, other types of pain, or drug use that could affect brain activity. The inclusion and
exclusion criteria for the study participants are presented as a flowchart in the Supplementary Material. This study followed the

principles of the Declaration of Helsinki and was approved by the Medical Research Ethics Committee and Institutional Review
Board of the First Affiliated Hospital of Nanchang University (ethics approval code: 20200145). Written informed consent was
obtained from all the participants.

MRI Data Acquisition

Functional magnetic resonance imaging data for all participants were obtained using a Trio 3.0T MRI scanner (Siemens,
Germany) at the Department of Radiology, First Affiliated Hospital of Nanchang University. First, all participants under-
went routine brain MRI scans to exclude organic brain lesions. Second, high-resolution 3D-T1 sequence scans were
performed to obtain a high-resolution three-dimensional anatomical image, with 176 sagittal T1-weighted images (repeti-
tion time [TR]=1900 ms, echo time [TE]=2.26 ms, flip angle=9°, matrix=240x256, field of view [FOV]=215x230 mm,
slice thickness=1.0 mm, scan time=8 min). Finally, 240 functional images were obtained using a single-shot gradient echo-
planar imaging sequence (TR=2000 ms, TE=30 ms, flip angle=90°, matrix=64x64, FOV=220x220 mm, slice
thickness=4 mm, 30 interleaved axial slices). During the rs-fMRI scan, the participants lay supine on the scanning table,
with their heads fixed in place with foam pads to minimize head movement. Headphones were provided to reduce the noise
generated by the gradient magnetic field. Participants were instructed to remain as still as possible, close their eyes, and stay
awake.

MRI Data Preprocessing

The functional magnetic resonance imaging data were preprocessed using the rs-fMRI data processing assistant (SeeCAT;
https://www.nitrc.org/projects/seecat/) toolkit based on the MATLAB2018b (MathWorks, Natick, MA, USA) platform.
Data preprocessing included the following steps. 1)Removal of the first 10 time points. 2) Slice timing correction. 3) Head

motion correction. Participants with a maximum head translation of >3 mm or head rotation of >3° in the x-, y-, or
z-direction were excluded. Next, framewise displacement (FD) was used as a measure of minor head motion in the
participants, and those with FD>0.3 were excluded. 4) Linear transformation was used to register the high-resolution T1-
weighted structural image with the functional image, which was registered to the standard space of the Montreal
Neurological Institute (MNI) (resampling voxel size 3x3%3). 5) Linear regression was employed to eliminate the influence
of covariates (Friston 24 head motion parameters, global signal, white matter signal and cerebrospinal fluid signal). 6)
Finally, bandpass filtering (0.01-0.1 Hz) and linear drift removal were performed.

FCD Data Preprocessing

Short-range and whole-brain FCD maps of each patient were calculated. The basic principle of FCD is to calculate the
Pearson correlation coefficient of BOLD signal time series between voxels. Long-range and short-range FCD calcula-
tions were performed using the SeeCAT toolbox (http://www.nitrc.org/Projects/seecat/). The detailed steps used to

calculate short- and long-range FCD values have been described in previous studies.” First, we used a correlation
threshold of r>0.25 to screens the functional connectivity between given voxels and other voxels in the whole brain.'
Second, according to the neighborhood relationship between brain voxels, FCD can be divided into short- or long-range
FCD. Following a previous study,'®> we considered connections within a given anatomical distance of 75 mm to be

effective regional functional connections (short-range FCD) and functional connections outside this region to be long-
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range (long-range FCD; the difference between whole-brain FCD and short-range FCD). Then, the long-range and short-
range FCD maps were converted to Z scores to improve normality, and finally, the FCD data were spatially smoothed
with a 6x6x6 mm?® full-width at half maximum Gaussian kernel.

Region-of-Interest-Based FC Calculation
Regions with significant differences in long-range FCD were set as regions of interest (ROIs) for seed-based rsFC
analysis. This was done to study changes in rsFC between the ROI and the whole brain. The DPABI toolbox was utilized

to extract the average time course of each ROI (http://rfmri.org/DPARSF). The Pearson correlation coefficient was used

to calculate the correlation of the average time course. The r value of FC was transformed into a z value via Fisher’s r-to-
z transformation to improve the normality of the distribution.

Statistical Analysis

First, the spatial distribution of average short-range and long-range FCD in the HZ, PHN, and HC groups was calculated.
Next, an analysis of covariance (ANCOVA) was performed using the DPABI toolbox to examine the differences in FCD
among the three groups, with age, sex, and average FD as covariates. GRF correction was employed to reduce the false-
positive rate (voxel-level P value< 0.01, cluster-level P value< 0.05). Cohen’s d'* was used as an effect size (ES)
indicator of significant differences in the average short- and long-range FCD values of brain areas among groups. The
FCD values of the regions with significant differences within the groups were extracted, and a partial correlation analysis
was performed on the short- and long-range FCD values and clinical data in the patient groups, with age and sex as
covariates. Second, after a random effects single-sample #-test in DPABI, we used only FC values for between-group
comparisons when the FC values extracted from the ROI analysis between the groups were statistically significant within
each group. Then, the z values of all ROIs among groups were evaluated using a general linear model (GLM) analysis in
DPABI after controlling for age and sex with GRF correction (voxel-level P value< 0.01, cluster-level P value< 0.05).
Cohen’s d was used to estimate ES and determine the magnitude of significant differences among the groups. Finally, we
evaluated the partial correlation between values of ROI-based rsFC and clinical parameters).

Results

Demographic Characteristics and Clinical Data

Table 1 lists the clinical characteristics of HZ and PHN patients. There were no significant differences in age (HZ vs HC, PHN
vs HC, and PHN vs HZ: P =0.73, 0.07, and 0.18, respectively; two-sample z-test) or sex (HZ vs HC, PHN vs HC, and PHN vs
HZ: P=0.56, 0.87, and 0.60, respectively; chi-square test) among the three groups. There were significant differences in pain
duration, HAMA scores, and HAMD scores between HZ and PHN patients (P<0.05, two-sample #-test).

Table | Participants’ Information

Clinical Information HZ Patients | PHN Patients | HC P value
(n=20) (n=22) (n=19)

Age (years, mean + SD) 58.6+10.3 63.1+10.9 57.6x7.3 0.46
Gender (male/female) 13/7 11711 9/10 0.35
VAS score (mean * SD) 6.6+0.9 6.3%1.0 - 0.26
Pain duration (days, mean * SD) 11.9%6.1 85.5+6.2 - <0.01
SCL-90 (mean * SD) 123.3+14.3 155.6+47.6 - 0.08
HAMA (mean * SD) 13.7+6.5 20.1+£8.9 - 0.01
HAMD (mean * SD) 14.2+5.0 21.94£9.2 - 0.01

Abbreviations: HZ, herpes zoster; PHN, postherpetic neuralgia; VAS, visual analog scale; SCL-90, Symptom
Checklist 90; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale.
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Spatial Distribution of Short-Range and Long-Range FCD in the HZ, PHN and HC Groups
All three groups showed similar spatial distributions of the FCD (Figure 1). The temporal lobe, parietal lobe, limbic lobe,
and cingulate lobe revealed a wide distribution of long-range FCD and short-range FCD. In addition, short-range FCD

Short-rang FCD Long-rang FCD

422312 130120

422312 130120 654447 16.4196

Figure | Spatial distribution of short-range and long-range FCD in the HZ, PHN, and HC groups.
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values were higher in the anterior cingulate and cingulate gyrus, and long-range FCD values were higher in the
postcentral gyrus, precentral gyrus, and frontal lobe.

Differences in Short-Range FCD and Long-Range FCD Among the HZ, PHN, and HC

Groups

Compared with the HC group, the HZ group exhibited a significant increase in long-range FCD of the bilateral
cerebellum, thalamus (THA), parahippocampal gyrus (PHG), superior temporal gyrus (TPOsup), and right lingual
gyrus (LING) as well as a significant decrease in the short-range FCD of the bilateral posterior cingulate gyrus
(PCG), median cingulate and paracingulate gyri (DCG), and left precuneus (PCUN) (Figure 2 and Table 2). Compared
with the HC group, the PHN group exhibited a significant decrease in the long-range FCD of the bilateral superior frontal
gyrus (SFG) as well as a significant decrease in the short-range FCD of the bilateral PCG, DCG, and PCUN (Figure 3
and Table 3). However, there were no significant differences between the PHN and the HZ groups in either long- or
short-range FCD.

Seed-Based Whole-Brain rsFC Analysis

We defined the regions showing differences in long-range FCD values as ROIs between the HZ and PHN groups and
examined the functional connections of these regions with the whole brain. In the PHN group, the rsFC of the bilateral
SFG showed significant differences (Figure 4), and the FC between the bilateral SFG and right insula in PHN patients
was significantly increased (Figure 4 and Table 4). However, compared with the HC group, the HZ group did not exhibit
significant differences in rsFC between regions with changes in long-range FCD and the whole brain.
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Figure 2 Distribution of brain areas with inter-group differences in short-range and long-range FCD between the HZ group and HC group (GRF corrected, voxel-level
P<0.01, cluster-level P<0.05) and comparison of average short-range and long-range FCD in brain regions that differed between the HZ group and HC group (P<0.05).
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Table 2 Differences in Short-Range FCD and Long-Range FCD Between HZ Group and HC Group (GRF
Corrected, Voxel Level P<0.01, Cluster Level P<0.05)

Brain regions Cluster Size MNI Coordinates F Values ES
(Voxels)

Decreased short-range FCD

Bilateral PCG/DCG/Left PCUN 444 6 —48 27 —4.4163 1.3651
Increased long-range FCD
Bilateral cerebellum/THA/PHG/TPOsup/LING 1089 6 -12 -3 4.4276 —1.6779

Notes: A positive F value indicates that the resting-state FCD value of the HZ group was greater than that of the HC group; a negative F value
indicates that the resting-state FCD value of the HZ group was less than that of the HC group.
Abbreviations: FCD, functional connectivity density; HZ, herpes zoster; HC, healthy control; ES, effect size.

Correlations of Brain Regions with Inter-Group Differences in FCD and rsFC with
Clinical Data

Long-range FCD values in the bilateral SFG were correlated with pain duration in the PHN group (=—0.58, P=0.011)
(Figure 5). However, no significant correlations were observed between the FCD and rsFC values and other clinical variables.

Receiver Operating Characteristic (ROC) Analysis of FCD in the Altered Regions
Between the Groups

As mentioned above, bilateral cerebellum/THA/PHG/TPOsup/LING showed significantly different long-range FCD
between the HZ and HCs, and bilateral SFG showed significantly different long-range FCD between the PHN and
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Figure 3 Distribution of brain areas with inter-group differences in short-range and long-range FCD between the PHN group and HC group (GRF corrected, voxel-level
P<0.01, cluster-level P<0.05) and comparison of average short-range and long-range FCD in brain areas that differed between the PHN group and HC group (P<0.05).
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Table 3 Differences in Short-Range FCD and Long-Range FCD Between PHN Group and
HC Group (GRF Corrected, Voxel Level P<0.01, Cluster Level P<0.05)

Brain regions Cluster Size MNI Coordinates F Values ES
(Voxels)

Decreased short-range FCD

Bilateral PCG/DCG/PCUN 418 0 —54 36 —4.5949 1.3711
Decreased long-range FCD
Bilateral SFG 517 -3 57 -3 —4.2359 1.6779

Notes: A negative F value indicates that the resting-state FCD value of the PHN group was less than that of the HC group.
Abbreviations: FCD, functional connectivity density; PHN, postherpetic neuralgia; HC, healthy control; ES, effect size.

HCs, suggesting that the long-range FCD in these brain regions can be used to discriminate between HZ and HCs as well
as PHN and HCs. To investigate this possibility, the mean long-range FCD values in these regions were extracted, and
ROC analysis was conducted. Areas under the curves of the two regions were 0.887 for the bilateral cerebellum/THA/
PHG/TPOsup/LING (Figure 6) and 0.957 for the bilateral SFG (Figure 7).

Discussion
Differences in FCD Among the HZ, PHN, and HC Groups

This study used FCD to investigate alterations in spontaneous brain activity in patients with HZ and PHN. Furthermore,
We differentiated between short- and long-range FCD to explore changes in intra- and inter-regional functional
connectivity in these patients. Compared with those of the HC group, the HZ and PHN groups exhibited significant
decreases in the short-range FCD of the PCG, DCG, and precuneus.

The DCG and PCG comprise the cingulate cortex, which is involved in the subjective perception of pain and its
cognitive and emotional regulation.'® In a study on chronic pain,'® a high concentration of opiate receptor binding sites
was observed in the cingulate cortex, suggesting that the DCG and PCG play important roles in the formation and
modulation of pain. The default mode network (DMN) is a functional brain network that typically exhibits stronger
activity at rest than during task execution, especially the execution of cognitive tasks, when its spontaneous activity is
somewhat suppressed.'” The cingulate cortex/precuneus is a core node of the DMN, playing a pivotal role in information
transmission, and is significantly associated with the processing of various sensory information.” We detected a decrease
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Figure 4 Distribution of brain areas with differences in the rsFC of ROls between the PHN group and HC group (GRF corrected, voxel-level P<0.01, cluster-level P<0.05)
and comparison of the average rsFC in brain areas that differed between the PHN group and HC group (P<0.05).
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Table 4 Brain Regions with Abnormal rsFC in PHN Group Based on ROI (GRF Corrected, Voxel Level
P<0.01, Cluster Level P<0.05)

Brain regions Cluster Size MNI Coordinates T Values ES
(Voxels)

ROI: Bilateral SFG
Regions with Increased rsFC: Right insula 25 36 12 -9 4.1564 —1.5882

Notes: A positive T value indicates that the resting-state FC value of the PHN group was greater than that of the HC group.
Abbreviations: rsFC, resting-state functional connectivity; PHN, postherpetic neuralgia; HC, healthy control; ES, effect size.

in the short-range FCD of the PCG, DCG, and precuneus in HZ and PHN patients, which is consistent with previous
research,'® indicating that pain due to HZ and PHN may disrupt the DMN and that impairment of the DMN can occur as
early as the acute phase of herpes zoster.

Furthermore, compared to the HC group, the HZ patients exhibited a significant increase in the long-range FCD of
different brain regions, including the cerebellum, thalamus, parahippocampal gyrus, superior temporal gyrus, and lingual
gyrus. Among these regions, the cerebellum and thalamus are both pain-related areas and part of the “pain matrix”, which
is defined as areas reliably activated in response to increasing levels of pain.'® The cerebellum projects to the thalamus,
transmitting a variety of information that subsequently ascends to the cerebral cortex, and the cerebral cortex sends this
information back to the cerebellum via the pons and inferior olive.'® The input of various pain-related information into
the cerebellum suggests that it is a crucial center for processing pain information. The thalamus is a vital sensory hub and
an important information integration center for pain processing, playing a key role in regulating and mediating cortical
excitability in response to pain signals.”® Therefore, it was anticipated that the long-range FCD of the cerebellum and
thalamus would significantly increase in HZ patients. Pain is known to be a complex sensation encompassing sensory,
affective, and cognitive dimensions.?' The parahippocampal gyrus is part of the limbic system and is closely related to
emotion regulation. We found an increase in the long-range FCD of the parahippocampal gyrus in HZ patients, indicating
that the limbic system and the pain matrix both participated in the regulation of complex neuropathic pain. Our study

results suggest that the superior temporal gyrus and lingual gyrus were involved, in addition to pain-related areas and the
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Figure 5 Correlation between FCD values in brain regions with inter-group differences and clinical data.
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Figure 7 ROC analysis of long-range FCD in the altered regions as a potential means to differentiate between patients with PHN and healthy subjects.

limbic system. The superior temporal gyrus is a part of the auditory language center that plays a crucial role in language
comprehension, auditory processing, and visual search.”® The lingual gyrus is an important area for processing visual
information. However, to date, there have been no reports of visual or auditory abnormalities in patients with HZ, and it
is unclear whether these abnormal changes are potentially related to the disease.

We discovered alterations in intra- and inter-regional functional connectivity in HZ and PHN patients; however, no
significant differences in short- or long-range FCD were found between the PHN and HZ groups. We believe that this is
attributed to the use of stringent statistical methods in inter-group comparisons; additionally, the duration of PHN was
relatively short in this study. Therefore, in future research, we will endeavor to expand the sample size and recruit these
patients with longer disease duration.
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Alterations in Seed-Based rsFC are Associated with Differences in Long-Range FCD in

the PHN Group

Long-range FCD of the bilateral SFG decreased in patients with PHN. The SFG is located in the upper region of the
frontal cortex and is responsible for working memory, stress perception, and the regulation of aversive emotions.>® The
frontal cortex is vital for cognitive control and plays a crucial role in the pain/emotion regulation pathway. It is involved
in the processing and integrating emotional information and regulating the direction and intensity of emotional
responses.”* Prior researches have established the involvement of prefrontal cortices (eg, IFG, MFG, SFG) in pain’s
affective and cognitive dimensions.”>*® The medial prefrontal cortex encodes the subjective perception of ongoing pain,
and gamma oscillations in this region encode subjection pain perception.”” SFG reportedly encodes subjective perception
at the beginning and end of the tonic stimulus.”® The prefrontal cortex receives ascending, nociceptive input and controls
top-down pain. Thus, SFG plays an important role in the pain pathway. In addition, previous research has revealed close
relationships of the frontal lobe with depression and anxiety”” and has confirmed the associations of PHN with
depression and anxiety.*® We found significant differences in HAMA and HAMD scores between HZ and PHN patients
(P<0.05), with more pronounced affective symptoms observed in PHN patients than in HZ patients, suggesting that long-
range chronic pain in PHN patients may impair the pain/emotion regulation pathway, thereby resulting in poorer emotion
regulation abilities.

Further seed-based rsFC analysis showed a significant increase in FC between the bilateral SFG and the right insula.
The insula is strongly associated with pain perception. The posterior insula receives sensory input from the somatosen-
sory cortex and the ventroposterolateral thalamic nucleus, encoding the pain experience, In contrast, the anterior insula
connects with the limbic system and frontal cortex, playing a role in evaluating pain intensity.>'~** In chronic neuropathic
pain, metabolic changes such as an increase in the choline concentration and upregulation of M2 muscarinic receptors in
the posterior insula have been observed.* The enhanced functional activity of the insula in PHN patients may be related
to the activation of M2 muscarinic receptors expressed in the insula. The projections from the insular cortex to the
bilateral frontal cortex can activate the pathway for evaluating pain intensity.>* In addition, the long-range FCD values of
the bilateral SFG were negatively correlated with the duration of pain in the PHN group. The SFG encodes the subjective
perception of ongoing pain and plays a crucial part role of in the pain/emotion regulation pathway.?*-*° This suggests that
long-range transmission of pain information alters the endogenous analgesia mechanism in patients with PHN, modifies
the affective response to pain, or decrease the subjective perception of pain and associated cognition to reduce the input
of pain signals. This may be an adaptive mechanism of the brain’s processing of pain information after long-term pain.

Receiver Operating Characteristic (ROC) Analysis of FCD in the Altered Regions

Between the Groups

The long-range FCD in bilateral cerebellum/THA/PHG/TPOsup/LING can be used to discriminate between HZ and HCs.
The long-range FCD in bilateral SFG can be used to distinguish PHN and HCs. Therefore, bilateral cerebellum/THA/
PHG/TPOsup/LING and bilateral SFG may be specific neuroimaging markers of HZ and PHN. Based on this, in the
future, these special neuroimaging markers can be validated through deep learning methods, which will help in the early
diagnosis of HZ and PHN.

Limitations

Our study had certain limitations. First, the duration of PHN was relatively short (average, 85.5 days). Second, each
patient had varying severity and location of skin damage, and whether these differences would lead to changes in brain
functional connectivity requires further exploration. Third, the sample size of this study was small. In subsequent studies,
we aim to increase the sample size to replicate the results of a study with large samples.

Conclusion
This study found that the DMN was disrupted in HZ and PHN patients. Additionally, both the pain matrix and limbic
system were found to participate in the regulation of complex neuropathic pain in HZ patients. However, long-term
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chronic pain in PHN patients may impair the pain/emotion regulation pathway. Additionally, the long-range transmission
of pain information may adjust the endogenous analgesia mechanism in PHN patients, causing abnormalities in local
brain activity in the areas responsible for emotion regulation and pain modulation.
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