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Background: Herpes zoster (HZ) and postherpetic neuralgia (PHN), which are common chronic pain disorders, can cause long-term
pain and negative emotions accompanied by structural brain changes; however, their temporal dynamics and causal relationships
remain unknown.

Purpose: This study employed causal structural covariance network (CaSCN) analysis was used to explore gray matter volume
(GMV) alterations across disease stages and their causal relationships. CaSCN refers to directed causal influences between brain
regions based on structural covariance.

Patients and Methods: This study employed a cross-sectional observational design. In this study, 157 treatment-naive first-episode
HZ and PHN patients (53 acute HZ, 53 subacute HZ and 52 chronic PHN) were enrolled, along with 85 sex- and age-matched healthy
controls (HCs). Voxel-based morphometry (VBM) was applied to analyze high-resolution T1-weighted magnetic resonance images
and measure GMV in each participant. On the basis of the results of the intergroup comparisons, the left pericalcarine cortex and
bilateral thalamus (voxel-level p < 0.001, cluster-level p < 0.05) presented significant differences and were selected as seed regions for
subsequent CaSCN analysis.

Results: Compared with healthy controls, patients with HZ and PHN presented stage-specific GMV changes, and areas such as the
left pericalcarine cortex and bilateral thalamus presented GMV changes at the time of onset; causal structure analysis revealed that the
left pericalcarine cortex and bilateral thalamus presented significant positive causal effects on the left middle occipital gyrus, left
middle temporal gyrus, left angular gyrus, left cerebellum, right inferior temporal gyrus, left medial superior frontal gyrus, left cusai
lobe and other brain regions.

Conclusion: This study revealed dynamic patterns of GMV changes over time in HZ and PHN patients by CaSCN analysis, providing
new perspectives for understanding the neuroimaging mechanisms of HZ and PHN and clarifying the causal relationships of brain
structural alterations during disease progression.

Keywords: causal structural covariance network, gray matter volume, herpes zoster, postherpetic neuralgia, structural covariance
network

Introduction

Varicella-zoster virus (VZV) is a ubiquitous, double-stranded DNA alpha herpesvirus that establishes lifelong latency in
sensory-ganglion neurons and causes two main human illnesses: primary varicella (chickenpox) and reactivation as
herpes zoster (shingles).! The three phases during HZ reactivation are defined as acute HZ-related pain, subacute HZ-
related pain, and PHN.? The annual incidence of HZ increases annually and increases with age.> Approximately 5-30%
of patients with HZ progress to postherpetic neuralgia (PHN),* manifested by varying degrees of pain that last for 3
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months after the rash heals.” Patients with PHN are often present with persistent burning, intermittent shock-like pain,
and triggering allodynia (hyperalgesia and allodynia). These pains often have a significant impact on the patient’s
quality of life, sleep, emotional well-being, and may even cause anxiety and depression.”* The pathological mechanism
of PHN involves a dual disturbance of the peripheral and central nervous systems. Varicella-zoster virus reactivation
triggers neuroinflammation and axonal damage, leading to peripheral sensitization; Persistent peripheral nociceptive
input induces altered neuronal plasticity in the dorsal horn of the spinal cord and passes through the thalamus-cortical
circuits spread to higher brain regions, resulting in “central sensitization”.>'® The transition to chronic pain involves key
brain regions including the thalamus, anterior/posterior cingulate cortex, insula, and prefrontal cortex.'' Alterations in
this network underpin persistent pain and associated negative affect. Structural magnetic resonance imaging studies using
voxel-based morphometry (VBM) analysis have shown that the gray matter volume (GMV) of PHN patients is

12—-14

abnormally concentrated in pain-related areas (thalamus, anterior cingulate cortex, cerebellum, etc.), emotion

regulation areas (prefrontal cortex, amygdala, etc.),'*"’

visual processing and cognitive control areas (talar fissure,
cuneiform, temporal lobe, angular gyrus, etc.).'*'® However, existing studies have not distinguished the causal relation-
ship between structural changes in various brain regions, and it is difficult to analyze the temporal diffusion pattern of
structural abnormalities. This limitation limits the understanding of the mechanism of PHN neuroimaging.

The structural covariance network (SCN) quantifies the cooperative changes in gray matter morphology indices in
brain intervals,'’ providing a new perspective for exploring disease-related brain network reorganization. SCN analysis
revealed that the brain network of PHN patients showed global efficiency reduction, modular destruction, and dysfunc-
tion of pivot nodes (such as thalamus), suggesting that chronic pain may affect multidimensional clinical symptoms by
reshaping the topological organization of the brain network.'® However, the traditional SCN can only describe the
synchronicity of brain region changes on the basis of zero-time lag correlation and cannot reveal the causal association of
these changes. Granger causality analysis provides methodological support to overcome this bottleneck. The core idea is
that if the historical information of brain region A can significantly improve the ability to predict future changes in brain
region B, then there is a “Granger causal effect” between A and B.'” In patients with PHN, the thalamus-to-anterior
cingulate gyrus was found to be enhanced at rest, whereas the flow to descending pain modulation pathways (eg, the
prefrontal cortex to the thalamus) was weakened, which may reflect imbalances in central pain modulation mechanisms.”
20 However, the relationship between brain structural changes and the course of the disease is still unclear, and the causal
relationship among gray matter changes is still unclear.

Causal structural covariance networks apply Granger causality analysis to structural data arranged in a specific order
(eg, disease progression, duration) and can reflect the causality of brain intersections well. This method, first applied in
epilepsy research, reveals the causal relationship between progressive GMV damage between the hippocampus and other
extrahippocampal structures in medial temporal lobe epilepsy.”' Subsequently, research using CaSCN analysis has made
progress in the understanding of a variety of diseases, including epilepsy”*® depression,**** Alzheimer’s disease®®
schizophrenia,?’ Parkinson’s disease,”® and so on. These studies demonstrate a causal relationship between the hippo-
campus, thalamus, and other brain regions, such as the amygdala, prefrontal cortex, and cerebellum, demonstrating the
value of CaSCN in exploring disease progression mechanisms and identifying potential intervention targets.

In this study, CaSCN analysis is applied to patients with HZ and PHN, with the aim of determining the initial regions
of brain structural changes in HZ and PHN and their diffusion patterns, providing a neuroimaging basis for early disease
identification, progression prediction, and targeted intervention. In particular, the identification of key regions may
contribute to more precise transcranial stimulation therapy, provide new treatment ideas for such refractory chronic
painful diseases, and provide stronger insights into the brain structural networks involved in the development of HZ and
PHN diseases.

Materials and Methods
Research Objects

This study employed a cross-sectional observational design. The patients selected for this study were treated for shingles
from July 2019 to November 2024 in the pain department of the First Affiliated Hospital of Nanchang University in;
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these patients were hospitalized for HZ or postherpetic neuralgia PHN while in a treatment-naive state. In addition,
healthy volunteers were recruited from the community and surrounding areas as a control group. Some of these patients
were part of a previous study group.””

Inclusion Criteria for Patients

(1) Right-handed;

(2) HZ in the acute phase was characterized by herpes, and the duration of herpes disease was longer than 1 month. In
the subacute stage, HZ was characterized by herpes lesions, with a duration of longer than 1 month and less than 3
months. Chronic PHN was defined as a herpetic lesion that lasts for longer than 3 months.>

(3) Diagnosis was made by two attending physicians in the pain department according to the criteria of the

International Association for the Study of Pain;*’

Exclusion Criteria for Patients

(1) Having other types of chronic pain or neurological diseases;

(2) Already diagnosed with mental or psychological illness;

(3) T2 sequence found to have brain parenchymal lesions;

(4) Contraindications to MRI (including claustrophobia and ferromagnetic implants in the body).

Inclusion Criteria for Healthy Controls (HCs)

(1) Right-handed;

(2) Age- and sex-matched with the included HZ and PHN patients;
(3) No chronic pain or neurological disease;

(4) No parenchymal brain lesions found in conventional T2 sequences.

After excluding the subjects with poor image quality, a total of 53 acute HZ patients, 53 subacute HZ patients, 52 chronic
PHN patients and 85 HCs were ultimately included.

Basic patient information, including sex, age, disease course on the first day of admission, visual analog scale score,
site of onset, and skin lesion characteristics, was collected. The Hamilton Depression Scale®® and the Hamilton Anxiety
Scale®' were used. The levels of depression and anxiety of the patients were assessed separately.

The study was conducted in accordance with the approved guidelines and the principles of the Declaration of
Helsinki, and all procedures involved in the study were formally approved by the Ethics Committee of the First
Affiliated Hospital of Nanchang University (ethics approval code: 20200145). All the participants were recruited from
the pain department of the First Affiliated Hospital of Nanchang University, and before they participated in the study,
they provided written informed consent.

MRI Data Acquisition

MRI data from all the patients were collected using a Siemens TIM Trio 3.0T (Erlangen, Bavaria, Germany) scanner
equipped with the radiology department of our hospital. Three-dimensional, high-resolution T1-weighted imaging was
obtained by magnetization preparation of fast gradient echo sequences with the following parameters: pulse repetition
time = 1900 ms, pulse echo time = 2.26 ms, flip angle = 9°, field of view = 215 mm X 230 mm, and matrix = 240 x 256
sagittal scans of 176 layers with a thickness of 1.0 mm each. During the scan, the participants were asked to close their
eyes, try not to think, keep their heads still, and avoid falling asleep. In addition, to check for substantial disease in the
brain, each participant underwent a routine T2-weighted imaging scan. We also performed functional MR imaging
sequences, but they were not used in this study.
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Data Processing

Voxel-based morphometric analysis: All T1 images in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) were
analyzed using CAT12 (http://dbm.neuro.unijena.de/cat12/) to obtain data to be used in MATLAB 2021b (MathWorks,
Inc., Natick, MA, USA). The following preprocessing steps were applied: (1) The images were checked for artifacts, and

they were repositioned to adjust the image origin at the commissure. (2) The T1-weighted image was normalized to the
standard space, and the GM, white matter and cerebrospinal fluid regions were divided and resampled. (3) The
segmented GM image was smoothed using an 8 mm half-peak full-width Gaussian core. The resulting smooth GM
image was used as the GMV for subsequent group comparisons. The total intracranial volume (TIV) for each participant
was calculated as a covariate for comparative analysis.

Voxel-Based Morphometric Analysis (VBM)

To map the progressive pattern of GMV atrophy in patients, all patients were divided into three subgroups (acute,
subacute, chronic) according to the progressive stage of disease duration. The GMV images for each subgroup were
subsequently compared with those of healthy controls using a two-sample ¢ test (voxel-level p < 0.001, cluster-level p <
0.05). In these analyses, sex, age, and intracranial total volume were regressed as covariates.

CaSCN Analysis

GMYV data for all patients were sorted in order of disease duration from low to high. The seed-based CaSCN was
subsequently constructed using pseudotime series, similar to the method of GC analysis applied for functional MR
imaging data analysis.”' The seed region was selected from the previously mentioned voxel-based morphometric
analysis. The seed points were extracted using the toolkit RESTplus (http://www.restplus.net/forum/RESTplus).

Granger causality values indicated that volume changes in brain regions lagged behind seed points, which may indicate
that this volume change is driven by seeds. When performing the CaSCN analysis, sex, age, and total intracranial volume
were regressed as covariates. To present statistical significance, the GC plot was converted to a z score plot, with the z
score and Granger causality values used as thresholds for multiple comparative correction false discovery rate (FDR).?'
To further investigate the causal relationship between regions of interest (ROIs), obtained from CaSCN analysis, we
performed ROI-to-ROI GC analysis and signed path coefficient GC analysis and analyzed the causal relationship
between ROIs. The software programs MRIcroGL (NITRC: MRIcroGL: Tool/Resource Info) and toolkitsBrainNet
Viewer (NITRC: BrainNet Viewer: Tool/Resource Info) were used to present the results.

Statistical Analysis

Prospective power analysis (GPower) indicated that a total sample of 66 was required to detect a large effect (f = 0.40) in
the primary one-way ANOVA (a = 0.05, power = 0.80). For pairwise comparisons, a total sample of 52 (26 per group)
was needed to detect a large effect (d = 0.80). Our study sample (N = 157) and group sizes (n = 53) substantially exceed
these requirements, confirming adequate power for the primary study aims.

For all the measurement data, the Shapiro—Wilk test was first used to test their normality. The normally distributed
data are expressed as the means + standard deviations and were compared using the independent sample ¢ test. For metric
data that did not conform to a normal distribution, the median (interquartile range) was calculated. For the analysis of the
count data, ie, sex, the Pearson chi-square test was used for statistical analysis.

All of the above statistical analyses were performed with SPSS 27.0 (SPSS Inc., Chicago, IL, USA) software. A two-
tailed test was used for all statistical inferences, and if the P value was less than 0.05, the results were considered
statistically significant.

Results

Demographic and Clinical Characteristics
The clinical and demographic data are shown in Table 1.
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Table | Clinical Demographics of Patients with Different Course of Disease and Matched Healthy Controls

Stage | Stage 2 Stage 3
Patient HC P Patient HC P Patient HC P
M:F 27:26 28:25 0.846 29:24 28:25 0.846 27:25 19:18 0.958
Age 60.69+10.51 | 61.17+6.96 0.785 62.92+8.65 | 61.17+£6.96 0.253 66.50+9.12 | 62.8618.12 0.051
Duration (day) 17.5(6.75) NA NA 40(27) NA NA 180(294) NA NA
Hand (R/L) 53/0 53/0 NA 52/0 53/0 NA 52/0 37/0 NA
HAMA 16.24+2.26 NA NA 22.58+8.44 NA NA 23.33+£9.09 NA NA
HAMD 26.31+2.80 NA NA 32.48+10.93 NA NA 32.17+12.06 NA NA
VAS 6.0(1.0) NA NA 6.0(1.0) NA NA 6.0(1.5) NA NA

Notes: Data that met the normal distribution were described as mean * standard deviation and data that did not fit the normal distribution were described as
median(interquartile) range. No statistically significant differences were found in gender or age between the three patient groups and the healthy control group (P >
0.05). Stage |: Acute herpes zoster (HZ) patient group (rash duration <| month); Stage2: Subacute HZ patient group (rash duration 1-3 months); Stage3: Chronic
postherpetic neuralgia (PHN) patient group (pain duration >3 months).

Abbreviations: P, Two-sample t-test; M, man; F, female; R, right; L, left; HAMA, hamilton anxiety scale; HAMD, hamilton depression scale; VAS, visual analogue scale;
HC, Healthy Control.

Changes in Gray Matter Volume

To map the progressive pattern of GMV atrophy in patients, all patients were divided into three subgroups (acute,
subacute, chronic) according to the progressive stage of disease duration. Compared with the healthy control group
(voxel-level p < 0.001, cluster-level p < 0.05), patients in the acute phase of herpes zoster presented decreased GMV in
the left talar fissure and bilateral lingual gyrus (MNI: =3, 88, —4; k = 1110; peak-t = 5.37; Prwg-corr= 0.015; Cohen’s d =
01.043), and no area of increased GMV was observed (Figure 1). Patients in the subacute stage of herpes zoster presented
increased GMV in the bilateral thalamus, hippocampus, lingual gyrus, right parahippocampal gyrus (MNI: —18, =30, 4; k
= 2721; peak-t = 4.54; Prwg-con< 0.001; Cohen’s d = 0.886), and left anterior central gyrus and decreased GMV in the
right inferior temporal gyrus, cerebellum, right fusiform gyrus, and right middle temporal gyrus (MNI: 46, —54, —24; k =
1916; peak-t = 4.39; Prwg-corr = 0.001; Cohen’s d = 0.857) (Figure 2). Patients with chronic postherpetic neuralgia
presented reduced GMV in the left cerebellum, right temporal pole middle gyrus (MNI: 20, —40, —46; k = 130; peak-t =
3.65; PrwEg-cor= 0.070; Cohen’s d = 0.779), right hippocampus, left superior temporal gyrus, left anterior and para-
cingulate gyrus, left medial and paracingulate gyrus, and left inferior parietal angular gyrus (Figure 3). The differences in

gray matter volume (GMYV) among the clinical stages are presented in Table 2.

CaSCN Analysis

CaSCN Analysis of Patients with Herpes Zoster in the Acute Phase

Taking the left thalamus as the seed point, there was a significant causal relationship (P = 0.05, FDR correction) in the
right inferior temporal gyrus, the pericortex of the left talar fissure, the right middle temporal gyrus, the right thalamus,
and the left middle temporal gyrus (areas with voxels greater than 10 were selected) (Table 3), and causal analysis was
performed on the regions with significant causal relationships (suggesting that the thalamus may be the center of the
directional network and that it may have a positive causal effect on other regions). These regions were extracted for ROI-
to-ROI CaSCN analysis. The ROI-to-ROI results revealed a directional network that showed a causal relationship
between regions and revealed that a decrease in left thalamic GMV affected the volume of the right inferior temporal
gyrus, the left talar fissure pericortex, the right thalamus, and the left middle temporal gyrus (GC = 0.48, z = 3.80, p <
0.05, FDR-corrected) (Figure 4).

CaSCN Analysis of Patients with Herpes Zoster in the Subacute Phase
Taking the left thalamus as the seed point, there was a significant causal relationship between the left cerebellum, the left
talar fissure pericortex, and the left angular gyrus (P = 0.05, FDR correction) (Table 3), and causal analysis was carried

out on the regions with significant causal relationships. The results revealed that the reduction in left thalamic GMV
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Figure | GMV changes in acute Herpes Zoster patients. Blue area: Compared with HC, patients with acute-phase Herpes Zoster exhibited decreased gray matter volume
in the left pericalcarine cortex and bilateral lingual gyri. The left pericalcarine cortex, located in the occipital lobe, serves as the core region for primary visual information
processing and facilitates the focusing of attention on specific locations in the visual field. The bilateral lingual gyri participate in higher-order visual functions (eg, visual
feature processing).

affected the volume of the left cerebellum and left angular gyrus. Changes in GMV in the left angular gyrus affected the
volume of the left cerebellum (GC = 0.29, z = 3.98, p < 0.05, FDR-corrected).

Taking the right thalamus as the seed point, there was a significant causal relationship between the left cerebellum and
the left medial superior frontal gyrus (P = 0.05, FDR correction) (Table 3), and causal analysis was carried out on the
regions with significant causal relationships. The results showed that the reduction in right thalamic GMYV affected the
volume of the left cerebellum and the left medial superior frontal gyrus (GC = 0.34, z = 4.01, p < 0.05, FDR-corrected).

Taking the pericortex of the left talar fissure as the seed point, there was a significant causal relationship between the
left cerebellum and the left angular gyrus (P = 0.05, FDR corrected) (Table 3), and causal analysis was carried out on the
areas with significant causal relationships. The results revealed that the changes in GMV in the left talar fissure pericortex
and left angular gyrus affected the volume of the left cerebellum (GC = 0.34, z = 4.10, p < 0.05, FDR-corrected)
(Figure 5).

CaSCN Analysis of Patients with Herpes Zoster in the Chronic Phase

Taking the left talar fissure pericortex as the seed point, the left cuneiform cortex had a significant causal relationship (P
= 0.05, FDR correction) (Table 3), and causal analysis was carried out on the areas with significant causal relationships.
The results revealed that the decrease in GMV in the left-talar fissure cortex affected the volume of the left cuneiform
cortex (GC = 0.55, z =4.47, p < 0.05, FDR-corrected) (Figure 6).

Discussion

In this study, CaSCN analysis was used to explore the development of HZ and PHN, as well as the changes in GMV, and
the causal associations among these changes. The study design was based on disease duration ranking, and an SCN was
constructed on the basis of changes in CMV,*? and the causal relationships among GMV changes in various brain regions
were studied. The results revealed that the early stage of shingles was characterized by structural abnormalities in vision-
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Figure 2 GMV changes in patients with subacute Herpes Zoster. Blue area: Decreased GM was observed in the following regions compared to healthy controls (HC):
bilateral thalamus, bilateral hippocampi, bilateral lingual gyri, right parahippocampal gyrus, left precentral gyrus, the right inferior temporal gyrus, cerebellum, right fusiform
gyrus, right middle temporal gyrus. The thalamus serves as a key relay nucleus for sensory information transmission, and its structural changes may directly affect the
transmission and integration efficiency of pain signals in the center. The involvement of the hippocampus and parahippocampal gyrus suggests that the limbic system
emotional memory circuit is involved in the chronicity of pain, or provides a neural structural basis for the formation of painful memories and accompanying emotional
disorders (such as anxiety and depression).

related areas (the left pericalcarine cortex), which then spread to emotional, cognitive, and motor networks through the
driving action of the thalamus and ultimately led to extensive brain structural reorganization. The main findings and their
clinical significance are as follows:

Patterns of Brain Structure Changes During Disease Progression
In the group of patient in the acute stage of herpes zoster, a significant decrease in gray matter volume was observed in
the left pericalcarine cortex (mainly including the primary visual cortex V1 region) and bilateral lingual gyri. The left
pericalcarine corte is located in the occipital lobe and is the core area of primary visual information processing, visual
stimuli focus and direct attention to specific locations in the field of vision,>® The bilateral lingual gyri participate in more
advanced visual functions (eg, visual feature processing).** Early structural alterations in these areas may indicate that
acute HZ pain may trigger alterations at the primary cortical level through a visual-sensory integrated network. Previous
studies have confirmed that visual input, particularly input that is received by the affected area, increases the perception
of pain.*> This finding shows that patients in the acute stage of HZ not only experience nociceptive stimuli but also may
experience sensitization across sensory channels due to the visual stimuli of skin lesions.

As the disease progresses to the subacute stage, the gray matter atrophy pattern reveals a diffusion trend that includes
the bilateral thalamus, hippocampus, lingual gyrus, right parahippocampal gyrus, and left anterior central gyrus (primary
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Figure 3 GMV changes in patients with chronic Postherpetic Neuralgia. Blue area: Patients with chronic phase Postherpetic Neuralgia have reduced GM in the right
temporal pole middle gyrus, left cerebellum, right hippocampus, left superior temporal gyrus, left anterior and paracingulate gyrus, left medial and paracingulate gyrus, and
left inferior parietal margin angular gyrus compared to HC. The anterior cingulate gyrus and medial prefrontal cortex are the core nodes of emotion regulation. Alterations
in the parietal cortex (angular gyrus) may be associated with spatial attention integration and somatic representation dysfunction.

motor cortex). Significant abnormalities in the thalamic structure at this stage provide key support for the “central
sensitization” hypothesis; ie, continuous peripheral nociceptive input through the thalamus—cortical circuits spreads pain
signals to the broader central network, ultimately leading to dysfunction of the pain regulatory system.>® The thalamus
serves as a key relay nucleus for sensory information transmission,?” and its structural changes may directly affect the
transmission and integration efficiency of pain signals in the center.*® Moreover, the involvement of the hippocampus and
parahippocampal gyrus suggests that the limbic system emotional memory circuit is involved in the chronicity of pain,*®
or provides a neural structural basis for the formation of painful memories and accompanying emotional disorders (such
as anxiety and depression).*

In the chronic PHN stage, gray matter atrophy extends to additional brain regions, such as the right temporal polar
middle gyrus, left cerebellum, right hippocampus, and left superior temporal gyrus. This pattern of involving multiple
networks suggests that chronic pain may trigger cognition-compensatory dysregulation of the emotion regulation
network. The anterior cingulate gyrus and medial prefrontal cortex are the core nodes of emotion regulation, and their
structural abnormalities may be the neuropathological basis for the high incidence of anxiety and depression in patients
with PHN.*' Alterations in the parietal cortex (angular gyrus) may be associated with spatial attention integration and
somatic representation dysfunction,** providing an explanation for the common physical perception disorders of chronic
pain. Persistent atrophy of the cerebellum is not only associated with motor coordination deficits but may also reflect

pain-related abnormalities in atypical compensatory effects in the emotional circuit.****

8 htps: Journal of Pain Research 2026:19



Zou et al

Table 2 Differences in Gray Matter Volume (GMV) Among the Clinical Stages

Stage Regions k Peak MNI (x, y, z) PEWE-corr T Cohen’s d
Stagel Cluster | 1110 —3,88,-4 0.015 537 1.043
Stage2 Cluster 2 1916 46,-54,-24 0.001 4.39 0.857
Cluster 3 2721 —18,-30,4 0.000 4.54 0.886
Stage3 Cluster 4 130 —20,-40,-46 0.070 3.65 0.779

Notes: Stage |: Acute herpes zoster (HZ) patient group (rash duration <| month); Stage2: Subacute HZ patient
group (rash duration -3 months); Stage3: Chronic postherpetic neuralgia (PHN) patient group (pain duration >3
months). Cluster | comprises the following brain regions: Calcarine_L, Lingual_L/R; Cluster 2 comprises the
following brain regions:Temporal_Inf_R, Cerebelum_6_R, Cerebelum_Crusl_R, Fusiform_R, Temporal_Mid_R;
Cluster 3 comprises the following brain regions:Thalamus_L/R, Hippocampus_L/R, Lingual_R/L,
ParaHippocampal_L, Precuneus_L; Cluster 4 comprises the following brain region: Cerebelum_L; Stage 3 included
several additional small scattered clusters besides Cerebelum_L, specifically located in:Cerebelum_Crusl_L,
Cingulum_Ant_L, Temporal_Sup_L, Cingulum_Ant_L, Parietal_Inf_L, etc.

Abbreviations: k, cluster size in voxels; MNI, Montreal Neurological Institute space; T, peak T-statistic from the
cluster-based inference; FEWV, family-wise error.

Table 3 Brain Regions with Significant Causal Relationships to the Calcarine_L and Thalamus_L/R

Stage ROI Regions k Peak MNI (x, y, z) Peak Intensity
Stagel Thalamus_L Temporal_Inf_R 38 50,-26,-27 0.68097
Calcarine_L I 3,-92,-11 1.1982
Temporal_Mid_L 21 —57,-56,-5 —2.1775
Thalamus_R 52 6,-17,11 3.8098
Temporal_Mid_L 36 —50,-53,5 3.9401
Stage2 Thalamus_L Cerebelum_9_L 57 —2,-57,-47 1.0852
Calcarine_L 99 3,-90,-12 —2.2088
Angular_L I —53,-65,41 5.0374
Thalamus_R Cerebelum_9_L 20 —2,-57,-45 0.86315
Frontal_Sup_Medial_L 20 2,27,54 34211
Calcarine_L Cerebelum_8 L 54 —38,-54,-53 0.90826
Angular_L 33 —54,-59,32 5.4415
Stage3 Calcarine_L Cerebelum_8 L 54 —38,-54,-53 0.90826
Angular_L 33 —54,-59,32 5.4415

Notes: Stage I: Acute herpes zoster (HZ) patient group (rash duration <I month); Stage2: Subacute HZ patient group (rash
duration -3 months); Stage3: Chronic postherpetic neuralgia (PHN) patient group (pain duration >3 months).
Abbreviations: R, right; L, left; k, cluster size in voxels; MNI, Montreal Neurological Institute space.

Central Driving Role of the Thalamus in Network Reorganization
Structural neuroimaging studies have revealed that herpes zoster causes different structural changes in the brain at
different stages. The thalamus is a key nerve center in pain signaling,*> and patients with chronic pain experience
thalamocortical rhythm disturbances*® and motor control dysfunction.*” The thalamus is closely related to the mood and
emotion of pain.*® The results of CaSCN analysis revealed that the thalamus plays a central driving role in the spread of
disease. In the acute phase, the left thalamus showed significant causal effects on the right inferior temporal gyrus, the
left talar fissure pericortex, the right thalamus, and the left middle temporal gyrus. This finding confirms the pivotal role
of the thalamus in pain information relay,*’ suggesting that structural alterations in the left thalamus may occur through
transhemispheric connections (such as the corpus callosum) or the thalamus—cortical loops that drive structural remodel-
ing of a wider range of brain regions.>® The causal effect of the left thalamus on the left talar fissure cortex is particularly
important, suggesting that although the talar fissure pericortex shows earlier structural changes in VBM analysis, its
persistent structural remodeling may be regulated by thalamic dysfunction.

On the basis of causal structure covariance network (CaSCN) analysis, this study reveals the dynamic brain network
reorganization pattern in the progression of herpes zoster neuralgia: 1) Acute phase (<1 month): The causal effect is
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Figure 4 Causal Structural Covariance Network between brain regions in a group of patients with acute phase Herpes Zoster. The blue arrows indicate that decreased GM
volume in the left thalamus affects the volume of the right inferior temporal gyrus, left pericalcarine cortex, right thalamus, and left middle temporal gyrus. The causal effect
is dominated by the “thalamus—visual/temporal lobe network”. The significant causal flow of the left thalamus to the right inferior temporal gyrus, the left talar sulcus
pericortex (including the VI area), the right thalamus and the left middle temporal gyrus constitute the early information propagation network of the “thalamic—visual—
temporal lobe”, suggesting the initial abnormality of pain-perception integration.

Figure 5 Causal Structural Covariance Network between brain regions in a group of patients with Herpes Zoster in the subacute phase. The blue arrows indicate that the
decreased GM volume in the left thalamus affects the volume of the left cerebellum and left angular gyrus; the GM alterations in the left angular gyrus affect the volume of the
left cerebellum; the decreased GM volume in the right thalamus affects the volume of the left cerebellum and left superior medial frontal gyrus; the GM changes in both the
left pericalcarine cortex and left angular gyrus affect the volume of the left cerebellum. Causal pathway diffusion of the thalamus — cerebellum/parietal lobe. Directional
effects of the left thalamus on left cerebellar region VI and the left inferior parietal angular gyrus, and the right thalamus on the left cerebellar region VI and the left medial
prefrontal cortex, indicating that the pain signal diffuses to the motor—spatial coordination network. Notably, the causal effect of the left angular gyrus on the left cerebellum
may reflect the compensatory regulatory mechanism of the parietal—cerebellar circuit.
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Figure 6 Causal Structural Covariance Network between brain regions in a group of patients with chronic Postherpetic Neuralgia. The blue arrow indicates that decreased
GM volume in the left pericalcarine cortex affects the volume of the left cuneus. The causal pattern is simplified. The left talar sulcus cortex — the left cuneiform lobe (V2/
V3 region) have significant positive causal flow, and network reorganization tends to be stable at this stage, but the dynamic regulation within the visual network is retained,
which may suggest adaptive changes in neuroplasticity during the chronicity process.

dominated by the “thalamus—visual/temporal lobe network™. The significant causal flow of the left thalamus to the right
inferior temporal gyrus, the left pericalcarine cortex (including the V1 area), the right thalamus and the left middle
temporal gyrus constitute the early information propagation network of the “thalamic—visual-temporal lobe”, suggesting
the initial abnormality of pain-perception integration. 2) Subacute phase (1-3 months): Causal pathway diffusion of the
thalamus — cerebellum/parietal lobe. Directional effects of the left thalamus on left cerebellar region VI and the left
inferior parietal angular gyrus, and the right thalamus on the left cerebellar region VI and the left medial prefrontal
cortex, indicating that the pain signal diffuses to the motor—spatial coordination network. Notably, the causal effect of the
left angular gyrus on the left cerebellum may reflect the compensatory regulatory mechanism of the parietal-cerebellar
circuit. 3) Chronic phase (>3 months): The causal pattern is simplified. The left talar sulcus cortex — the left cuneiform
lobe (V2/V3 region) have significant positive causal flow, and network reorganization tends to be stable at this stage, but
the dynamic regulation within the visual network is retained, which may suggest adaptive changes in neuroplasticity
during the chronicity process.

Notably, we observed causal effects (eg, left angular gyrus — left cerebellum) in the subacute phase, which may
reflect compensatory structural reorganization. In the early stages of chronic pain, the brain may attempt to regulate
abnormal pain signals by reorganizing neural circuits, and the angular gyrus is involved in spatial attention and
somatosensory integration.’’ Its regulation of the cerebellum may be an attempt to restore sensation-compensatory
mechanisms for movement coordination. However, as the course of the disease progresses to the chronic stage, this
compensatory pattern gradually weakens and is replaced by a positive causal effect dominated by atrophy and diffusion.
This dynamic may reflect the transition from compensated to decompensated, providing a new perspective on the neural
mechanisms that make PHN pain chronic.

Methodological Value of Brain Structure Causal Network Analysis

In this study, causal structural covariance network (CaSCN) analysis was applied to patients with HZ and PHN,
overcoming the limitation of the traditional structural covariance network (SCN), which can describe only synchronicity
changes. The conventional SCN is based on zero-time lag correlation and cannot distinguish whether thalamic damage
drives atrophy in other brain regions. Through Granger causal analysis, the CaSCN reveals the timing and directionality
of structural changes in PHN, such as thalamus-driven visual cortex atrophy, providing a causal framework for analyzing
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disease transmission. This approach can help us to determine the “source” and “path” of disease transmission, not just
static structural differences. This design provides an efficient way to explore the dynamic mechanisms of the disease
compared with time-consuming true longitudinal studies. By stratifying patients by disease course, we are able to obtain
a “snapshot” of the entire course of the disease in a single study, providing a more comprehensive perspective on the
neural mechanisms of PHN. In conclusion, our study generates the first causal network hypothesis of brain alterations
across HZ stages. We eagerly anticipate future research that will build upon this foundation to rigorously validate and
refine these proposed causal pathways.

The initial atrophy regions and key driver nodes identified in this study provide potential targets for early interven-
tion. The thalamus, as the central driver region of disease spread, may be an ideal target for neuromodulation (eg, deep
brain stimulation and transcranial magnetic stimulation). Moreover, the structural changes in the perital cortex in the
acute phase suggest that early cognitive behavioral interventions targeting the visual-sensory integration network may
help prevent the development of PHN. Interventions targeting these early targets may interrupt the “waterfall effect” of
disease spread, blocking the transition from acute HZ to chronic PHN. Clinical trials have shown that motor cortical
stimulation relieves pain in some patients with chronic pain disorders.”>>* In particular, for patients whose pain has not
resolved after standard treatment, imaging markers may become important auxiliary indicators for treatment decision-
making and prognosis. Abnormal features of brain networks at different disease stages provide a neuroscientific basis for
“stage-specific” treatment strategies, which may improve the accuracy and effectiveness of existing treatment methods.
The progressive causal network alterations we mapped across HZ stages offer a potential objective framework for
predicting disease trajectory. Future studies could investigate whether this causal network signature in the acute or
subacute phase can serve as a neuroimaging biomarker to identify patients at high risk for chronification, thereby
facilitating early and aggressive intervention to prevent the development of PHN.

Our study transcends mere descriptive observations to directly address core theoretical frameworks of chronic pain.
First, in the context of chronic pain development, the progressive trajectory of causal network alterations we mapped
provides a neural model for the transition from acute to chronic pain. This suggests that, much like what has been

demonstrated in other chronic pain conditions such as neuropathic back pain,>*>

early identification of causal network
features could potentially enable risk stratification in acute herpes zoster patients,”® thereby facilitating precision
interventions to effectively prevent the progression to chronic pain. Second, these dynamic changes provide compelling
evidence for maladaptive neuroplasticity as a central mechanism.’’ The shift of causal influences from sensory-
integrative hubs to those governing affective and self-referential processing likely reflects an initial failed compensatory
response to persistent nociception that ultimately solidifies into a pathological architecture. Finally, our results underscore
that the pathology of PHN is rooted in large-scale network reconfiguration. The central driving role of the thalamus in
this reorganization demonstrates that the critical dysfunction lies not in isolated “pain centers” but in altered causal

interactions within distributed networks.>®

Research Limitations and Future Directions

(1) Although the design, which is based on the course of the disease, provides a new perspective on disease progression,
it is necessary to carry out real longitudinal studies in the future to track the multitime point image trajectory of HZ to
PHN transformation and verify the timing model with clinical and biomarker data. (2) Analyzing only gray matter
volume failed to account for the multidimensional mechanism of pain conduction. In the future, DTI (white matter
integrity) and fMRI (resting/task-state functional connectivity) should be integrated to construct a “structure—functional—
clinical” model. The use of cross-modal coupling analysis, such as structural-functional coupling, can improve early
warning sensitivity. For instance, such integration could test whether the identified causal hub in the thalamus exerts
aberrant control over functional networks involved in sensory and affective pain processing, thereby linking a structural
cause to a functional consequence and ultimately to the clinical phenotype of PHN. (3) The documentation of educational
levels and comorbidities was imperfectly documented for some patients, and no cognitive evaluation was performed;
these limitations in clinical data collection will be systematically improved in future studies. (4) Unlike the network built
on the basis of BOLD sequences and diffusion tensor imaging sequences, the network in this study is a group-level SCN,
and individualized SCNs can be analyzed in the future when the sample size is sufficient.
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Conclusion

In this study, causal structure covariance network analysis was applied to reveal the dynamic change pattern of gray matter
volume in patients with HZ and PHN and the causal associations of these changes. The thalamus, which is a core driver node,
has significant causal effects on multiple brain regions, supporting its key role in the chronicity of pain. The identified time-
specific structural changes and key driver nodes provide a neuroimaging basis for early intervention, disease prediction, and
personalized treatment strategies, which are expected to improve the clinical management of this refractory disease.
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