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Background: Postherpetic neuralgia (PHN) is a chronic neuropathic pain condition persisting after herpes zoster, often accompanied
by emotional and functional impairment. Neuroimaging suggests central nervous system involvement, but reported structural and
functional findings remain inconsistent.

Methods: We conducted a systematic review and voxel-wise coordinate-based meta-analysis using Seed-based d Mapping with
Permutation of Subject Images (SDM-PSI). PubMed, Embase, Web of Science, CNKI, and WanFang were searched up to
December 31, 2025. Eligible studies used whole-brain resting-state fMRI indices (ALFF, fALFF, or ReHo) or structural MRI with
voxel-based morphometry (VBM), reporting standard MNI or Talairach coordinates. Random-effects SDM-PSI analyses were
performed for PHN versus healthy controls (HC), PHN versus herpes zoster patients (HZ), and PHN pre- versus post-treatment.
Sensitivity, heterogeneity, publication bias, and meta-regression analyses were also conducted.

Results: Twenty-one studies (31 datasets) were included. Compared with HCs, PHN patients showed increased activity in the right
cuneus, left putamen, and right anterior thalamic projections, and decreased activity in the right fusiform gyrus. Structural analyses
revealed gray-matter reductions in the left Heschl’s gyrus, right precentral gyrus, left postcentral gyrus, and left median cingulate/
paracingulate cortex. Compared with HZ patients, PHN showed increased activity in bilateral cerebellar Crus II and decreased activity
in the right superior parietal gyrus. Pre- versus post-treatment comparisons revealed limited alterations in the left median cingulate/
paracingulate gyri and right lingual gyrus. Major clusters remained robust in sensitivity analyses, with low-to-moderate heterogeneity.
Conclusion: PHN is associated with convergent structural and functional alterations across cross-modal sensory, affective—cognitive,
and cortico-basal ganglia networks. These network-level abnormalities may provide candidate neuroimaging biomarkers for char-
acterizing PHN-related disease state and pain chronicization, as well as preliminary treatment-related neuroimaging features reflecting
neuroplasticity. They may also guide future mechanism-based interventions, including network-level neuromodulation strategies.
Further longitudinal and interventional studies are needed to validate their clinical utility.

Keywords: Postherpetic neuralgia, voxel-based morphometry, resting-state fMRI, ALFF, fALFF, ReHo, SDM-PSI, coordinate-based

meta-analysis, chronic neuropathic pain

Introduction
Postherpetic neuralgia (PHN) is a debilitating form of chronic neuropathic pain that persists for at least one month following
the resolution of herpes zoster (HZ) skin lesions. It primarily affects older adults and is marked by spontaneous pain, allodynia,
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and hyperalgesia localized to the affected dermatome.' PHN is frequently accompanied by psychological comorbidities such
as anxiety and depression, leading to substantial impairment in quality of life.” Although both pharmacological and non-
pharmacological treatments are available, their efficacy remains limited, and the central mechanisms underlying PHN remain
incompletely understood, particularly the distributed brain network alterations supporting pain persistence.>*

Neuroimaging studies have increasingly been used to explore pain-related brain alterations in PHN. Resting-state
functional magnetic resonance imaging (rs-fMRI) studies have reported abnormal spontaneous brain activity, often
assessed with indices such as amplitude of low-frequency fluctuations (ALFF), fractional ALFF (fALFF), and regional
homogeneity (ReHo). Structural MRI (sMRI) studies have revealed gray matter changes in regions implicated in pain
processing and modulation. However, the results across individual studies are inconsistent, with differences in sample
size, imaging protocols, and analysis methods contributing to heterogeneity.

A growing body of research has identified structural and functional abnormalities in key regions of the so-called “pain
matrix”, including the thalamus, insula, amygdala, parahippocampal gyrus, precentral gyrus, dorsolateral prefrontal
cortex (DLPFC), cingulate cortex, somatosensory cortices, precuneus, lentiform nucleus, and brainstem.>° These regions
are implicated in the sensory-discriminative, affective-emotional, and cognitive-modulatory dimensions of pain proces-
sing, suggesting that PHN involves widespread alterations in both pain perception and regulation. Nevertheless, despite
these advances, the neuroimaging findings across PHN studies remain inconsistent, largely due to methodological
heterogeneity. Differences in imaging modalities, scanning protocols, pre-processing pipelines, statistical approaches,
sample sizes, and patient characteristics all contribute to divergent results.”® Such inconsistencies hinder the establish-
ment of a unified understanding of PHN-related neurobiological mechanisms, underscoring the need for meta-analytic
techniques to synthesize available evidence and clarify the central features of PHN-related brain alterations.

To date, no coordinate-based meta-analysis has quantitatively synthesized brain imaging findings in PHN, as
confirmed by our systematic search of PubMed, Embase, and Web of Science up to December 31, 2025. Existing studies
have employed diverse comparison designs, including PHN versus healthy controls,”** PHN versus HZ

19.20.22.23.25.26 and Jongitudinal assessments of PHN patients pre- and post-treatment.'*”>° These methodolo-

patients,
gical variations highlight the need for an integrated meta-analytic approach to identify robust and convergent patterns of
PHN-related brain alterations.

To address this gap, we conducted a multimodal voxel-wise coordinate-based meta-analysis using Seed-based d Mapping
with Permutation of Subject Images (SDM-PSI), an advanced approach that integrates reported peak coordinates and full
statistical maps.*®>' Compared with earlier techniques such as Activation Likelihood Estimation (ALE), SDM-PSI incorpo-
rates rigorous permutation testing, threshold-free cluster enhancement (TFCE), and a random-effects model to reduce false
positives and account for between-study heterogeneity, thereby improving both sensitivity and specificity.

We first conducted unimodal meta-analyses of structural MRI studies using VBM to assess gray matter volume, and
resting-state fMRI studies using ALFF, fALFF, and ReHo to examine spontaneous brain activity. Subgroup and
heterogeneity analyses were subsequently applied to test the robustness of the primary results. Meta-regression analyses
were also performed to explore the associations between neuroimaging findings and relevant clinical variables, such as
mean age, pain duration, gender ratio, and pain intensity (VAS scores).

This multimodal meta-analysis aimed to identify robust structural and functional neuroimaging signatures of PHN,
clarify its central mechanisms, and provide a quantitative foundation for future mechanistic and therapeutic research. The
detailed methodology is described in the following sections.

Methods

Search Strategy

This review was conducted in accordance with PRISMA guidelines,’ and the completed PRISMA checklist is provided in
Supplementary Table 1. The review was prospectively registered in the PROSPERO database (Registration number:
CRD420251030103). Five electronic databases were searched including PubMed, Web of Science, Excerpta Medica
(Embase), Chinese National Knowledge Infrastructure (CNKI) and WanFang Data from their inception to December 31,
2025 (Figure 1). No restrictions were applied to the year of publication. The search terms included a combination of
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Figure | PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and registers only.

neuroimaging modalities and PHN-related terms, such as: (Functional Magnetic Resonance Imaging OR Magnetic Resonance
Imaging OR Voxel-Based Morphometry OR Surface-Based Morphometry OR Arterial Spin Labelling OR Resting-State fMRI
OR Functional Connectivity OR Amplitude of Low-Frequency Fluctuation OR Fractional Amplitude of Low-Frequency
Fluctuation OR Regional Homogeneity OR Diffusion Tensor Imaging OR Gray Matter Volume OR White Matter) AND
(“Postherpetic Neuralgia” OR “Herpes Zoster Neuralgia” OR “Zoster-Associated Pain” OR “Herpes Zoster Pain” OR “Post-
Shingles Pain™). This search strategy was modified to be suitable for Chinese electronic databases. Search strategies were adapted
appropriately for Chinese databases (Supplementary Table 2). Additionally, the reference lists of included studies and relevant

reviews were manually screened to identify potentially missed articles. After duplicate removal, two independent reviewers
(NYC and MHY) screened the titles and abstracts for eligibility.

Eligibility and Exclusion Criteria
Inclusion Criteria
1. Adults (>18 years old) diagnosed with PHN, defined by persistent neuropathic pain lasting more than 1 month after

the resolution of shingles rash, in accordance with clinical diagnostic standards.
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2. Comparative designs including PHN vs HCs, PHN vs HZ patients, or longitudinal comparisons pre- and post-
treatment in PHN patients.

3. HC and HZ groups matched to PHN in age and sex.

4. Eligible studies included those using either resting-state fMRI (ALFF, fALFF, or ReHo) or structural MRI (VBM)
conducted at the whole-brain level. For ALFF and fALFF analyses, the conventional frequency range of 0.01-0.08
Hz was required.

5. Studies must report 3D peak coordinates in standard stereotactic space (either Montreal Neurological Institute
[MNI] or Talairach space).

6. Studies should include at least 10 participants per group (eg, PHN and HC). However, studies with smaller sample
sizes may be included if they contribute unique longitudinal or treatment-related imaging data and meet other
methodological criteria.

Exclusion Criteria

1. Incomplete or unavailable neuroimaging data, including studies that did not report standard three-dimensional
coordinates (MNI or Talairach) from resting-state fMRI (eg, ALFF, fALFF, ReHo) or structural MRI (eg, VBM),
even after contacting the corresponding authors.

2. Lack of whole-brain analysis, including those limited to region-of-interest (ROI) analyses without voxel-wise
comparisons across the entire brain.

3. Non-original research, such as reviews, meta-analyses, case reports, conference abstracts, editorials, or letters to
the editor.

4. Studies not published in English or Chinese, unpublished manuscripts, conference abstracts, and non-academic
sources were excluded; academic theses or dissertations were eligible if they met the same coordinate-reporting
and methodological quality criteria as published articles.

Corresponding authors of the original studies were contacted by phone or Email when data were unavailable or
unclear. To avoid duplicate inclusion of overlapping samples, only the article with the largest sample size and the most
comprehensive information was included when two or more studies used the same data source. For longitudinal or
intervention studies, baseline data and eligible pre- and post-treatment contrasts were analyzed separately according to
the corresponding comparison.

Data Extraction

Two independent reviewers (NYC, MHY) screened articles by title and abstract for relevance. These studies were then
screened for eligibility through full-text evaluation. For each included article, two independent reviewers extracted data.
Any disagreements were resolved through collaboration with a third reviewer (LTL). Detailed instructions on the type of
information to extract were also discussed among the team members. The following information was extracted from each
manuscript: (a) authors and year of publication; (b) participant characteristics (sample size, mean age, sex ratio, years of
education); (¢) study design; (d) pain duration; (¢) MRI acquisition parameters (MRI scanner magnetic field strength,
timing to scan, software, slice thickness, FWHM, thresholds for significance corrected for multiple comparisons or
uncorrected, etc); (f) rs-fMRI methodology; (g) clinical assessment scales, primarily the Visual Analog Scale (VAS), as
this was the only consistently reported clinical pain measure across studies. Coordinates from each study were
independently extracted following the SDM-PSI requirements. When both corrected and uncorrected results were
reported in an rs-fMRI or sMRI study, corrected results were preferentially extracted to reduce the risk of false-
positive findings. As detailed in Supplementary Table 3, the extracted data and eligibility of each included article

were then validated by an independent reviewer (NYC).

Neuroimaging Data Synthesis and Coding
All eligible studies were reviewed to extract the peak coordinates of brain regions showing significant group differences.
For each study, the following information was collected: (1) sample size of each group; (2) diagnostic criteria; (3)
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statistical values (eg, ¢ or z scores) and corresponding p-values; (4) stereotactic coordinates (MNI or Talairach space); and
(5) direction of the effect (increased or decreased activation/volume), as detailed in Supplementary Table 4.

When studies reported coordinates in Talairach space, these were converted to MNI space using the Lancaster
transform (icbm2tal). If multiple contrasts were reported within a study (eg, different subgroups or time points), only the
most relevant contrast for the current analysis was included to avoid double-counting of samples. For studies reporting
only figures, coordinates were extracted using MRIcron or directly obtained from the authors if necessary. If no #-value
was provided, we used the SDM website (https://www.sdmproject.com/) to convert the p-value or z-value into #-value.

Two independent reviewers (NYC, MHY) extracted the neuroimaging data, and any discrepancies were resolved
through discussion or consultation with a third reviewer (LTL). The extracted coordinates and statistical information were
formatted according to the SDM-PSI requirements for subsequent voxel-wise meta-analysis.

Quality Assessment

A customized quality checklist (20-point scale), adapted from previous neuroimaging meta-analyses, was used, and
studies with a total score below 16 points were excluded.**** The total score of the form was 20, with two parts of
sample information (10 points) and imaging methods (10 points). A detailed list of quality assessments is provided in
Supplementary Table 5. It evaluated diagnostic standardization, demographic and clinical reporting, sample size,

scanning parameters, preprocessing procedures, analysis transparency, and discussion of study limitations. Two authors
(NYC, MHY) independently assessed each study, and discrepancies were resolved via consensus within the team.

Voxel-Wise Meta-Analysis of Functional Differences
Voxel-wise meta-analyses of functional imaging data (ALFF, fALFF, and ReHo) were performed using the SDM-PSI
(version 6.23beta, https://www.sdmproject.com/), following standardized procedures. SDM-PSI uses peak coordinates

and corresponding ¢-values from each study to generate multiple imputed effect-size maps (Hedges’ g) for increased and
decreased activity, which are then combined using a random-effects model accounting for sample size, intra-study
variability, and inter-study heterogeneity.”> Rubin’s rules were applied to pool multiple imputations,®’ and significance
was tested using a permutation-based estimation of the family-wise error rate (FWER). The MetaNSUE algorithm was
applied to estimate likely effect sizes while modelling uncertainty and realistic noise.>® SDM maps were visualized using
MRIcron software (https://www.mricro.com/mricron/).

Whole-brain meta-analyses were conducted for the following contrasts: PHN vs HC, PHN vs HZ, and PHN pre- and
post-treatment. For the primary analysis, we applied a voxel-wise uncorrected threshold of P < 0.005, peak SDM-Z > 1,
and a minimum cluster extent of >10 voxels. This thresholding approach was selected with reference to previous SDM-
based neuroimaging meta-analyses, including SDM-PSI studies, that used similar criteria in chronic pain and other
neuropsychiatric conditions.>’ > In addition, because a relatively small cluster extent may increase sensitivity but may
also raise the possibility of false-positive findings, TFCE-based FWE correction (Prgcg < 0.05, 5000 permutations) was
applied as a complementary, more stringent analysis to test the stability of significant clusters.*’

Voxel-Wise Meta-Analysis of Structural Differences

Voxel-wise meta-analyses of structural brain alterations based on VBM data were also conducted using the same SDM-
PSI pipeline and thresholding strategy for the PHN vs HC, PHN vs HZ, and PHN pre- and post-treatment comparisons
when eligible VBM datasets were available.

Robustness, Heterogeneity, and Publication Bias Analysis

To evaluate the robustness and reproducibility of the main meta-analytic findings, we performed a whole-brain voxel-
based jack-knife sensitivity analysis by iteratively re-running the analysis while excluding one dataset at a time. This
procedure was repeated K times, where K represents the total number of included datasets. If the major brain regions
identified in the original analysis remained significant across most or all iterations, the findings were considered robust
and highly replicable.
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Between-study heterogeneity was assessed using the I statistic.*! A value of I° < 50% was interpreted as indicating
low-to-moderate heterogeneity, suggesting that the proportion of variance attributable to between-study differences was
within an acceptable range. Heterogeneity was assessed for significant clusters identified in the main meta-analytic
analyses using the SDM-PSI random-effects framework. The relatively small cluster extent threshold (>10 voxels) was
adopted to improve sensitivity in detecting consistent but spatially limited effects. However, we acknowledge that this
threshold may increase the risk of false-positive findings. Therefore, TFCE-based family-wise error correction was
additionally applied as a more stringent validation to enhance the robustness of the findings.

Potential publication bias for significant clusters was evaluated by visually inspecting funnel plots and conducting
Egger’s test on peak coordinates.*> A p-value < 0.05 in Egger’s test, along with funnel plot asymmetry, was considered
indicative of potential publication bias.*?

Meta-Regression Analyses
Voxel-wise meta-regression analyses were performed using SDM-PSI to assess whether clinical and demographic
variables, including mean age, sex ratio, pain duration, and VAS scores, contributed to the heterogeneity of the main
meta-analytic results.

Statistical significance was assessed using TFCE-based family-wise error correction at Prpcg < 0.05. Peak SDM-Z >
1 was used for cluster reporting. Meta-regression analyses were conducted at the whole-brain level, and only moderator-
related clusters that overlapped with significant regions identified in the main meta-analysis were interpreted, following
recommended SDM-PSI procedures and prior meta-analytic studies.

Results

Included Studies and Sample Characteristics

A total of 21 studies comprising 31 datasets met the inclusion and exclusion criteria, including 11 published in English
and 10 in Chinese. Among them, 12 rs-fMRI datasets investigating PHN patients versus HCs reported results using
ALFF, fALFF, or ReHo indices, and 6 sMRI datasets employed VBM for the same comparison. For comparisons
between PHN and HZ patients, 4 rs-fMRI and 3 VBM datasets were included. Additionally, 6 rs-fMRI datasets explored
functional brain changes in PHN pre- and post-treatment. The demographic and clinical characteristics of all included
studies are summarized in Table 1. All included studies achieved a quality score > 17 on the 20-point checklist
(Supplementary Table 5).

Functional and Structural Abnormalities Among Included Studies

A systematic synthesis of the included studies revealed convergent functional and structural abnormalities across the
PHN vs HC, PHN vs HZ, and PHN pre- and post-treatment comparisons (Table 2). Most clusters survived the primary
threshold (voxel-wise P < 0.005), whereas only a subset remained significant under TFCE-based FWE correction,
consistent with the more conservative nature of TFCE.

Functional Alterations

Across the included datasets, PHN patients exhibited increased functional activity in the right cuneus cortex, left
lenticular nucleus/putamen, and right anterior thalamic projections, while decreased activity was observed in the right
fusiform gyrus relative to HCs (Figure 2a). When compared with HZ patients, PHN patients showed enhanced
activation in the bilateral cerebellar Crus II, particularly in the left, and a reduction in the right superior parietal
gyrus (Figure 3). In the longitudinal comparison between PHN pre- and post-treatment stages, only limited changes
were detected, including increased activation in the left median cingulate/paracingulate gyri and decreased activation
in the right lingual gyrus, suggesting subtle or heterogeneous treatment-related effects (Figure 4). TFCE-corrected
glass-brain visualizations of the PHN vs HC, PHN vs HZ, and PHN pre- and post-treatment comparisons are provided
in Supplementary Figures 14 to further illustrate the spatial distribution and direction of the more conservative meta-

analytic findings.
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Table | Demographic and Clinical Characteristics of Studies Included in the Functional Rs-fMRI and Structural VBM Meta-Analyses

Study Year PHN Mean Age Education Pain Duration Healthy Mean Age Education Years Time Software Slice FWHM Methodology Threshold P-value
(Female), 1SD, Year Years (Female), n 1SD, Year (s) Thickness (mm)
n (mm)

PHN vs HC

Functional

ALFF/fALFF/ReHo

Cao’ 2019 23 (12) 71.26+843 8.39+3.62 3.8317.26 23 (15) 69.78+9.05 9.78+3.45 420s SPM8 35 4 ALFF GRF P<0.0I
corrected

Zhang'® 2016 17 (8) 64.82£7.03 5.53+4.17 5.126.17 17 (10) 60.88£6.47 5.94%3.53 824s DPARSF 4 8 fALFF, ReHo AlphaSim P<0.05
corrected

Yi'! 2017 15 (5) 61.53+13.25 9.12+3.0 6.60xNA 15 (5) 55.73+8.31 11.48+2.30 486s DPARSF, SPM12 4 6 fALFF, ReHo AlphaSim P<0.001
corrected

Liao et al'? 2015 8 (4) 60.00 £7.01 NA 10.75£5.52 84 61.15£6.54 NA 480s SPM8 35 6 ALFF AlphaSim Pvoxel<0.001,
corrected Pcluster<0.05

Jiang"? 2017 12 (5) 60.92+9.29 8.87+3.45 NA 12 (5) 61.75+8.82 9.26+5.53 480s DPARSF, SPM8 4 4 ALFF, fALFF AlphaSim Pvoxel<0.001,
corrected Pcluster<0.05

Bai et al'* 2022 34 (NA) 65.61£5.49 NA NA 40 (NA) 64.45£3.48 NA 480s SPM8 4 NA ALFF AlphaSim Pvoxel<0.001,
corrected Pcluster<0.05

Cao'® 2017 18 (9) 64.30£6.40 NA 13.60+19.60 20 (12) 60.30+5.80 NA 420s DPARSF, REST 5 4 fALFF, ReHo AlphaSim Pcluster<0.05
corrected

Huang 2020 24 (9) 67.00£14.10 NA 7.57 240 20 (13) 63.10£12.20 NA 438s DPARSF 36 6 ALFF FDR P<0.05

etal'® corrected

Cao etal'” 2017 19 (8) 64.40£2.10 NA 5.40x1.30 19 (11) 61.40£1.10 NA 420s DPARSF 4 4 fALFF, ReHo AlphaSim Pvoxel<0.05
corrected

Guetal'® 2019 18 (7) 59.67+8.41 NA 3.89+0.87 18 (7) 59.2747.74 NA 480s DPABI 4 4 ALFF GRF Pvoxel<0.025,
corrected Pcluster<0.05

Hui et al'? 2020 12 (5) 60.92+9.29 8.87+3.45 NA 12 (5) 61.75+ 8.82 9.26 + 5.53 480s DPABI, SPM8 4 6 ALFF, fALFF AlphaSim P<0.05
corrected

Cao et al®® 2017 23 (13) 65.90£2.30 NA 12.20+3.70 55 (24) 63.10£0.79 NA 420s DPARSF 4 4 fALFF, ReHo AlphaSim Pvoxel<0.05
corrected

Structural

VBM

Zhang'® 2016 17 (8) 64.82£7.03 5.53£4.17 5.12£6.17 17 (10) 60.886.47 5.94£3.53 824s SPM8 | 8 VBM uncorrected P<0.001

Jiang"? 2017 12 (5) 60.92+9.29 8.87+3.45 NA 12 (5) 61.75+8.82 9.265.53 312s SPM8 | 4 VBM AlphaSim Pvoxel<0.001,
corrected Pcluster<0.05

Wang 2017 17 (6) 62.53%12.79 6.53% 1.81 4.15+ 2.64 17 (8) 54.65%11.96 6.82% .42 696s DPARSF 8 VBM FDR P<0.05

etal?! corrected

Yu et al®? 2021 28 (11) 63.07+7.90 NA 2.50+1.35 21 (9) 58.48+10.34 NA 546s SPM8 | 8 VBM AlphaSim Pvoxel<0.01,
corrected Pcluster<0.05

(Continued)

€32 eN



:sdyyy

61:9707 YoIeasay uled jo [euanof

Table 1 (Continued).

Liu et al® 2019 22 (13) 65.50£11.25 NA 2.00£2.25 28 (19) 54.00£9.75 NA 480s DPARSF | 8 VBM GRF Pvoxel<0.01,
corrected Pcluster<0.05

Li et al® 2022 25 (12) 63.0 £ 751 488 +2.18 5.126.17 25 (15) 61.68+ 8.09 572+ 201 NA SPM8 NA NA VBM uncorrected P<0.001

Study Year PHN Mean Age Education Pain Duration HZ Mean Age Pain Duration Time Software Slice FWHM Methodology Threshold P-value

(Female),n 1SD, Year Year (Female), n 1SD, Year Thickness (mm)
(mm)

PHN vs HZ

Functional

ALFF/fALFF/ReHo

Cao'® 2017 18 (9) 64.30£6.40 NA 13.60£19.60 32 (13) 60.80£6.00 0.90+0.60 420s DPARSF, REST 5 4 fALFF, ReHo AlphaSim Pcluster<0.05
corrected

Liang® 2013 6(3) 58.33£4.03 NA 4.00£1.67 6 (4) 59.17£3.12 0.38+0.04 420s SPM8, REST 4 4 ALFF, fALFF uncorrected P<0.05

Cao et al®® 2017 23 (13) 65.90+2.30 NA 12.20+3.70 50 (21) 60.50+1.80 0.98+0.10 420s DPARSF, SPM8, 4 4 fALFF, ReHo AlphaSim Pvoxel<0.05

REST corrected

Liang et al* 2014 6(3) 58.33+4.03 NA 4.001.67 6(4) 59.17£3.12 0.38+0.04 420s SPM8, REST 4 4 ReHo uncorrected P<0.05

Structural

VBM

Cao'® 2017 18 (9) 64.30£6.40 NA 13.6£19.6 32 (13) 60.80£6.00 0.90+0.60 628s DPARSF, SPM8 8 VBM AlphaSim Pcluster<0.05
corrected

Yu et al®? 2021 28 (1) 63.07£7.90 NA 2.50%1.35 25 (1) 59.00+£9.84 0.44+0.25 546s SPM8 8 VBM AlphaSim Pvoxel<0.01,
corrected Pcluster<0.05

Liu et al”® 2019 22 (13) 65.50+11.25 NA 2.00£2.25 33 (20) 57.00£12.50 0.30£0.38 480s DPARSF | 8 VBM GRF Pvoxel<0.01,
corrected Pcluster<0.05

Study Year PHN Mean Age Education Pain Duration Treatment Treatment Clinical Assessment Time Software Slice FWHM Methodology Threshold P-value

(female), n +SD, year years Duration Scales Thickness (mm)
(mm)

PHN Pre- and Post-Treatment

Functional

ALFF/fALFF/ReHo

Jiang"? 2017 12 (5) 60.92+9.29 8.87+3.45 NA NA NA NA 480s DPARSF, SPM 8 4 4 ALFF, fALFF AlphaSim Pvoxel<0.001,
corrected Pcluster<0.05

Chun 2023 10 (5) 69.50+13.80 NA 3.25%2.35 0.5 stSCS NA 412s DPARSF, SPM 8 22 6 ALFF GRF Pvoxel<0.001,

etal”’ corrected Pcluster<0.05

Zhang 2020 15 (8) 64.13£7.33 NA 3.57£2.27 6 NA VAS Baseline, VAS 420s DPARSF, SPM 8 4 4 fALFF, ReHo AlphaSim Pvoxel<0.05

et al® After Treatment corrected

Fan et al®’ 2022 10 (5) 69.50+13.80 NA 3.25%2.35 0.5 stSCS NA 420s DPARSF, SPM 8 22 4 ReHo GRF Pvoxel<0.005,
corrected Pcluster<0.05

Notes: All included studies adopted the Montreal Neurological Institute (MNI) space for coordinate reporting, recruited right-handed patients, and employed 3.0 Tesla MRI scanners. Details of clinical assessment scales used in each
study are summarized in Supplementary Table 3.

Abbreviations: ALFF, amplitude of low-frequency fluctuations; AlphaSim corrected, Monte Carlo simulation-based multiple comparison correction method; DPARSF, Data Processing Assistant for Resting-State fMRI; DPABI, Data
Processing and Analysis for Brain Imaging; fALFF, Fractional Amplitude of Low-Frequency Fluctuations; FDR corrected, False Discovery Rate corrected; FWHM, full width at half maximum; GRF corrected, Gaussian Random Field
corrected; ReHo, regional homogeneity; REST, Resting-State fMRI Data Analysis Toolkit; VBM, Voxel-Based Morphometry; SPM, Statistical Parametric Mapping.
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Table 2 Significant Brain Regions Identified in the Meta-Analysis for Functional and Structural Alterations Across PHN Vs HC, PHN Vs HZ, and PHN Pre- and Post-Treatment

Comparisons

Group Change Signal Threshold Brain Region MNI P-value Voxels SDM- ,2(%) Jack-Knife
Type Enhancement Coordinate Z value Analysis
PHN vs HC Functional Increased Prrce<0.05 Right cuneus cortex 8, =70, 24 0.007000029 220 4412 2.702088 14/17
changes
Puncorrected<0.005 Left lenticular nucleus, -30, -6, 0 0.000081658 286 3.77 2.166723 15/17
putamen
Right anterior thalamic 14, -8, 12 0.001141012 29 3.051 38.669537 12/17
projections
Decreased Puncorrectea<0.005 | Right fusiform gyrus, BA 20 | 44, —36, —28 | 0.001525819 36 —2.962 18.143925 12/17
Structural Decreased P+rce<0.05 Left Heschl’s gyrus —42, —16, 8 | 0.000999987 957 —4.511 2.795088 3/6
changes
g Puncorrected<0.005 | Right precentral gyrus, BA 4 54, —6, 38 0.000620782 362 -3.229 15.924041 3/6
Left median cingulate / -2, 38,44 | 0.001739502 228 —2.922 17.656252 2/6
paracingulate gyri
Left postcentral gyrus, BA 2 | —42, —32, 44 | 0.001260817 20 -3.021 12.015899 3/6
PHN vs HZ Functional Increased P+rce<0.05 Left cerebellum, crus Il —34, —76, 0.000999987 400 5.074 5.815318 6/6
changes —42
Puncorrectea<0.005 Right cerebellum, crus II 42, -72, —42 | 0.000319362 810 3415 4.158621 4/6
Decreased Ptrce<0.05 Right superior parietal gyrus, 28, —64, 50 | 0.000999987 370 —5.879 0.664024 6/6
BA 7
PHN pre- and post- Functional Increased P1rce<0.05 Left median cingulate / —12, =50, 32 | 0.019999981 97 2.724 14.841345 1/4
treatment changes paracingulate gyri
Decreased Prrce<0.05 Right lingual gyrus, BA 17 6, —80, —6 0.01300001 | 27 —4.123 0.996007 1/4
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Figure 2 Functional and structural alterations in PHN vs HC. (a) Functional analysis revealed increased activation in the right cuneus cortex (red). (b) Structural analysis
showed decreased gray matter volume in the left Heschl’s gyrus (green). Color bars represent positive (red) and negative (green) SDM-Z values.

Left 5 Right
Cerebellum, Superior
Crus II Parietal
Gyrus

*
Sav

Functional Analysis

SDM-Z value(Positive) SDM-Z value(Negative)
..

2 4

Figure 3 Functional alterations in PHN vs herpes zoster (HZ) patients. Increased activation was observed in the left cerebellum (Crus Il), while decreased activity was found
in the right superior parietal gyrus. Color bars represent positive (red) and negative (green) SDM-Z values.
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Figure 4 Longitudinal functional alterations in PHN (pre- and post-treatment comparison). Increased activity was detected in the left median cingulate/paracingulate gyri and
decreased activity in the right lingual gyrus. Color bars represent positive (red) and negative (green) SDM-Z values.

Structural Alterations

Compared with HCs, PHN patients demonstrated GMV reductions predominantly in the left Heschl’s gyrus, right
precentral gyrus, left postcentral gyrus, and left median cingulate/paracingulate cortex, while no regions showed
consistent GMV increases (Figure 2b).

Jack-Knife Sensitivity Analysis

The robustness of the meta-analytic results was assessed using a whole-brain jack-knife sensitivity analysis, in which the
meta-analysis was iteratively repeated while excluding one dataset at a time. Regions that remained significant in most
iterations were considered robust.

The results indicated that most main clusters of functional and structural alterations remained significant in most
leave-one-out iterations, supporting the robustness of the principal findings. Specifically, in the PHN vs HC comparison,
key functional regions such as the right cuneus cortex, left putamen, and right anterior thalamic projections remained
significant in more than 70% of iterations (Table 2). Similarly, the left Heschl’s gyrus and precentral/postcentral gyri in
the structural analysis were retained in at least half of the iterations (3/6). Additional clusters identified in the
supplementary jack-knife analyses are reported in Supplementary Tables 6—10.

In the PHN vs HZ comparison, the left cerebellum (Crus II) and right superior parietal gyrus (BA 7) remained
significant in all six iterations (6/6), demonstrating excellent reproducibility across studies. The right cerebellum (Crus II)
also showed consistent significance in most iterations (4/6), supporting stable cerebellar alterations between the two
groups (Table 2 and Supplementary Tables 11-13).

In contrast, findings from the PHN pre- and post-treatment analysis showed limited reproducibility, with only a few
regions, specifically the left median cingulate/paracingulate gyri and right lingual gyrus (BA 17), surviving in isolated

iterations, suggesting greater heterogeneity in treatment-related effects (Table 2 and Supplementary Tables 14, 15).
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Analysis of Heterogeneity and Publication Bias
We assessed between-study heterogeneity and potential publication bias across all significant clusters in the PHN vs HC,
PHN vs HZ, and PHN pre- and post-treatment comparisons, as detailed in Supplementary Table 16 and Supplementary

Figures 5-15.
For the PHN vs HC contrast (including both functional and structural imaging data), values of ©* and I° were

generally low across significant clusters (° ranging from 2.70% to 38.67%), indicating low-to-moderate between-study
heterogeneity. Corresponding Q” values were non-significant in most clusters. Egger’s test showed no significant
evidence of small-study effects or publication bias (all P > 0.05), and excess significance tests were likewise non-
significant.

In the PHN vs HZ functional contrast, heterogeneity indices remained low (I° ranging from 0.66% to 5.82%), and
Egger’s test did not indicate publication bias (all P > 0.05). However, due to the relatively small number of included
datasets (n = 6), the statistical power of bias detection may be insufficient, and findings should be interpreted with
caution.

Similarly, for the PHN pre- and post-treatment functional contrast, the number of studies did not meet the threshold
for valid publication bias testing. Therefore, no funnel plot or Egger’s test was performed for these contrasts.

Meta-Regression Analyses

Voxel-wise meta-regressions were performed to evaluate the effects of sex, age, education, pain duration, and VAS pain
intensity on functional and structural alterations. Several significant moderator-dependent clusters were identified;
however, none of these clusters overlapped with the main meta-analytic findings. This suggests that the core PHN-
related abnormalities identified in the main meta-analysis were not primarily explained by the available demographic or
clinical moderators. Detailed meta-regression statistics are provided in Supplementary Table 17.

Discussion

PHN as a Disorder of Large-Scale Brain Network Reorganization

To the best of our knowledge, this is the first whole-brain multimodal neuroimaging meta-analysis integrating resting-
state spontaneous functional activity and structural gray matter alterations to characterize the central mechanisms of
PHN. By synthesizing evidence across comparisons between PHN and healthy controls, PHN and herpes zoster patients,
and longitudinal pre—post treatment data, our findings move beyond isolated regional abnormalities and instead support
a systems-level model of PHN pathophysiology. This systems-level perspective is consistent with contemporary clinical
frameworks that conceptualize PHN as a heterogeneous neuropathic pain condition involving interacting peripheral and
central mechanisms, including central sensitization, impaired inhibitory modulation, and affective—cognitive
dysfunctions.**

Collectively, the observed alterations converge on three interacting functional systems: (i) cross-modal sensory
processing networks, (ii) affective—cognitive regulatory networks, and (iii) cortico-basal ganglia circuits involved in
adaptive and maladaptive behavioral control. This framework provides a unifying explanation for how persistent
nociceptive input following peripheral nerve injury may drive central sensitization, emotional distress, and pain
chronicization in PHN.

Cross-Modal Sensory Processing Reorganization in PHN
A prominent finding of the present meta-analysis is the involvement of visual, auditory, and parietal association cortices,
including the cuneus, fusiform gyrus, lingual gyrus, Heschl’s gyrus, and superior parietal gyrus. Rather than indicating
independent dysfunctions within individual sensory modalities, these alterations may suggest a broader reorganization of
cross-modal sensory processing systems in PHN.

Chronic pain has increasingly been conceptualized as a condition characterized by altered sensory specificity and
distributed perceptual processing, in which persistent nociceptive input may disrupt modality-specific boundaries and
promote aberrant multisensory integration.*> Within this framework, the involvement of occipital and visual association
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cortices should be interpreted cautiously. Increased spontaneous activity in occipital regions does not necessarily indicate
primary visual dysfunction in PHN, but may reflect altered visual—-attentional engagement, pain-related hypervigilance,
or broader cross-modal sensory integration under persistent nociceptive input.

This interpretation is also supported by neuroimaging findings from other chronic pain conditions. For example,
visual-related regions such as the cuneus, lingual gyrus, fusiform gyrus, and occipital cortex have been reported in
migraine*® and chronic low back pain,*” and occipital lobe abnormalities have also been described in HZ/PHN-related
neuroimaging studies.'® These observations suggest that visual cortical alterations may not be specific to PHN, but may
represent a broader feature of chronic pain-related brain reorganization. Nevertheless, the precise role of visual
association cortices in PHN remains unclear, and the present findings should therefore be regarded as hypothesis-
generating rather than definitive.

Similarly, decreased activity in parietal areas may be associated with altered top—down allocation of attentional
resources toward external sensory space. Structural alterations in auditory association cortex may further suggest that
long-standing pain is associated with altered auditory—somatosensory integration, potentially contributing to sensory
processing changes beyond the primary pain modality.

Affective—Cognitive Network Maladaptation and Emotional Burden in PHN

Beyond sensory processing, the present findings highlight substantial involvement of brain regions implicated in affective
and cognitive regulation, particularly the medial cingulate/paracingulate cortex and bilateral cerebellar Crus II. These
regions form core components of the medial pain pathway and salience-related networks that encode the affective and
motivational dimensions of pain.

Importantly, contemporary models distinguish pain perception from pain-related suffering, proposing that suffering is
mediated by distributed limbic and cingulate circuits rather than sensory-discriminative pathways alone.*® Structural and
functional abnormalities within the medial cingulate cortex observed in PHN therefore provide a neurobiological
substrate for the emotional distress, rumination, and cognitive burden frequently reported in these patients.

Structural reductions in the cingulate cortex likely reflect long-term maladaptive plasticity induced by sustained
emotional distress and pain-related rumination. In contrast, increased functional engagement of this region following
treatment may represent compensatory reactivation of top—down regulatory mechanisms that modulate pain-related
affect.

Beyond its classical role in motor coordination, the cerebellum—particularly Crus II—has been increasingly
recognized as an integral component of cognitive—affective control networks involved in emotional regulation and
internal monitoring of pain-related signals. Recent circuit-based models of chronic pain further emphasize that affective
suffering and pain persistence are encoded across distributed cortico—limbic and cortico—basal ganglia circuits, and that
effective treatment requires modulation of these circuits rather than suppression of nociceptive input alone.*’ Within this
framework, heightened engagement of cerebellar Crus II in PHN may reflect maladaptive involvement of cognitive—
affective control circuits that sustain pain-related emotional load.

Clinically, dysfunction within affective—cognitive networks provide a neural substrate for the high prevalence of
anxiety, depression, and cognitive burden observed in PHN patients. These findings underscore the importance of
addressing emotional and cognitive factors in PHN management and suggest that regions such as the cingulate cortex
and cerebellum may serve as promising targets for neuromodulatory interventions, including non-invasive brain
stimulation or integrative therapies aimed at alleviating both pain intensity and emotional suffering.

Cortico—Basal Ganglia Circuit Remodeling and Maladaptive Compensation
Another key contribution of this meta-analysis is the identification of altered activity within the lenticular nucleus and its
associated cortical networks, pointing to maladaptive remodeling of cortico—basal ganglia circuits in PHN. These circuits
play a central role in integrating sensory input with motivational, emotional, and motor planning processes, thereby
shaping adaptive behavioral responses.

Hyperactivation of the putamen may reflect compensatory engagement aimed at maintaining behavioral readiness
under persistent nociceptive stress. However, prolonged activation of this circuit may paradoxically reinforce pain-related
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salience and maladaptive habits, contributing to pain persistence and reduced behavioral flexibility. This interpretation
aligns with contemporary models that conceptualize chronic pain as a disorder of learning and prediction, in which
maladaptive reinforcement mechanisms perpetuate pain experience even after peripheral pathology stabilizes.”

From a translational perspective, cortico—basal ganglia alterations may underlie impaired pain coping strategies and
variable treatment responsiveness in PHN. Targeting this circuit through behavioral interventions, neuromodulation, or

integrative therapeutic approaches may help disrupt maladaptive pain-related habits and facilitate functional recovery.

Integrated Clinical Implications and Future Directions
Taken together, the present findings support a reconceptualization of PHN as a disorder of large-scale brain network
reorganization encompassing cross-modal sensory processing, affective—cognitive regulation, and cortico-basal ganglia

Cross—modal sensory
processing networks

Affective—cognitive
regulatory networks

Cortico—basal ganglia
circuits

Representative regions
* Cuneus cortex
* Lingual gyrus
* Fusiform gyrus
* Heschl’s gyrus
* Superior parietal gyrus
* Precentral/postcentral gyri

Functions:

* Multisensory integration

* Sensory hypervigilance

* Reduced sensory specificity

AN

Representative regions
* Median cingulate
» Paracingulate gyri
* Cerebellum Crus II

Representative regions
* Putamen (lenticular nucleus)
* Anterior thalamic projections

Functions:
* Emotional processing

* Cognitive appraisal

k Pain-related rumination /

Functions:
» Salience learning
* Maladaptive pain maintenance

K Behavioral reinforcement

Cross—modal sensory Affective—cognitive
reorganization dysregulation

~N |

Postherpetic Neuralgia
(PHN)

Contributes to

.

Clinical Manifestations
 Persistent pain
» Hyperalgesia/allodynia
» Emotional disturbance
* Sleep impairment
* Reduced quality of life

Maladaptive pain learning
and maintenance

Figure 5 Schematic summary of large-scale brain network reorganization in postherpetic neuralgia. This figure summarizes the principal brain systems implicated in PHN
based on the present voxel-wise meta-analysis, including cross-modal sensory processing networks, affective—cognitive regulatory networks, and cortico—basal ganglia
circuits. These systems may interact to contribute to persistent pain, sensory hypervigilance, emotional disturbance, sleep impairment, and reduced quality of life. The figure
is intended as a conceptual framework rather than a direct anatomical connectivity map. These network-level alterations may represent candidate neuroimaging biomarkers
and potential therapeutic targets for future mechanism-guided interventions.
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circuitry. Importantly, these network-level abnormalities may have potential clinical and translational implications.
Rather than being viewed only as descriptive neuroimaging findings, the identified network-level alterations may provide
candidate neuroimaging biomarkers for characterizing PHN-related disease state and pain chronicization, as well as
preliminary treatment-related neuroimaging features reflecting treatment-related neuroplasticity. This interpretation is
consistent with current neuroimaging-based pain biomarker frameworks, which emphasize diagnostic, prognostic,
predictive, and treatment-response applications while requiring further validation before clinical use.’'% In this context,
neuroimaging biomarkers may help characterize the central nervous system involvement of PHN beyond pain intensity
alone, and may provide objective features for future mechanism-based patient stratification, prognosis prediction, and
treatment-response monitoring.

These findings may also inform future therapeutic target selection. If PHN-related symptoms arise from interactions
among pain processing, emotional regulation, cognitive control, and multisensory integration networks, clinical inter-
ventions should not focus exclusively on classical pain-related regions. Instead, network-modulating strategies may target
affective—cognitive and multisensory systems to improve pain-related emotional distress, hypervigilance, and maladap-
tive sensory processing. For example, cingulate/paracingulate-related regulatory circuits may provide a potential frame-
work for future neuromodulation approaches, such as repetitive transcranial magnetic stimulation (rTMS), transcranial
direct-current stimulation (tDCS), or other non-invasive brain stimulation techniques; sensory association networks may
be relevant to multisensory training or sensory reweighting strategies; and affective—cognitive circuits may be addressed
through cognitive-behavioral strategies or integrative pain management.”>>> Therefore, the present findings provide
a preliminary neuroimaging framework for developing mechanism-guided interventions that go beyond peripheral
analgesia and target maladaptive central network reorganization in PHN.

However, these clinical implications remain exploratory. The identified brain network alterations should be regarded
as candidate biomarkers and potential therapeutic targets, rather than established clinical tools at this stage. Future
longitudinal and interventional neuroimaging studies are needed to determine whether these network-level alterations can
predict PHN development, symptom burden, or treatment response, and whether direct or indirect modulation of these
networks can improve pain, emotional symptoms, and quality of life in PHN patients. To provide a more intuitive
summary of the proposed network-level framework, we developed a schematic illustration of large-scale brain network
reorganization in PHN (Figure 5).

Limitations

Several limitations of this meta-analysis should be considered. First, although we adopted the SDM-PSI framework and
performed TFCE corrections to minimize false positives, the number of available neuroimaging studies on PHN remains
relatively small, particularly for VBM and longitudinal designs. This limited sample size may reduce statistical power
and constrain the detection of smaller or more heterogeneous effects. Second, heterogeneity across studies—including
differences in MRI scanners, acquisition parameters, preprocessing pipelines, statistical thresholds, and pain duration—
may contribute to variability in reported findings, despite our efforts to harmonize coordinates and apply strict inclusion
criteria.

Third, heterogeneity across imaging modalities should be considered when interpreting the pooled findings. The
resting-state indices included in this meta-analysis capture different aspects of spontaneous brain activity: ALFF and
fALFF primarily reflect the amplitude of low-frequency fluctuations, whereas ReHo reflects local synchronization of
neural activity. In contrast, VBM assesses structural gray matter volume rather than functional activity. Therefore,
convergent findings across these modalities should be interpreted as complementary evidence of broad central involve-
ment in PHN rather than as direct measures of the same biological process. Although SDM-PSI allows coordinate-based
synthesis across studies, methodological differences in imaging metrics, preprocessing pipelines, statistical thresholds,
and sample characteristics may contribute to heterogeneity and influence the interpretation of pooled results. Due to the
limited number of available studies within each modality, more refined modality-specific subgroup analyses were not
feasible. Future studies with larger datasets and harmonized acquisition and analysis protocols are needed to clarify
modality-specific and cross-modal neuroimaging signatures of PHN.
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Fourth, although meta-regression analyses were performed to explore the potential influence of demographic and
clinical variables, the interpretation of these findings is limited by the small number of available datasets and inconsistent
reporting of clinical measures across studies. The lack of spatial overlap between moderator-related clusters and the main
meta-analytic findings suggests that the core PHN-related network abnormalities may not be primarily driven by the
available demographic or clinical variables, such as age, pain duration, or VAS pain intensity. Alternatively, this negative
finding may reflect the limited sensitivity of currently available clinical measures to capture the complexity of PHN-
related brain network alterations. Future studies combining neuroimaging with multidimensional clinical, sensory, and
psychological assessments are needed to clarify these relationships.

Fifth, the cross-sectional design of most included studies restricts causal interpretations regarding the temporal
progression of PHN-related brain alterations. While the available longitudinal studies provided preliminary evidence
for treatment-related modulation, the sample size remains insufficient to draw definitive conclusions.

Finally, coordinate-based meta-analysis inherently relies on reported peak coordinates rather than full statistical maps,
which may overlook spatially distributed or subthreshold effects. Future research incorporating image-based meta-
analysis, harmonized acquisition protocols, larger multicenter cohorts, and longitudinal designs will be essential for
clarifying the dynamic neural mechanisms of PHN and improving translational applicability.

Conclusion

In conclusion, this multimodal voxel-wise coordinate-based meta-analysis demonstrates that PHN is characterized by
convergent structural and spontaneous functional alterations across three large-scale brain network systems, namely
cross-modal sensory processing systems, affective—cognitive regulatory networks, and cortico—basal ganglia circuits.
These findings support PHN as a disorder of maladaptive central network reorganization rather than a collection of
isolated regional abnormalities. Importantly, these network-level alterations may provide candidate neuroimaging
biomarkers for characterizing PHN-related disease state and pain chronicization, as well as preliminary treatment-
related neuroimaging features reflecting neuroplasticity. They may also provide potential therapeutic targets for future
mechanism-guided and network-modulating interventions, including neuromodulation strategies. Further longitudinal
and interventional neuroimaging studies are needed to validate their clinical utility as biomarkers or therapeutic targets
and to clarify the causal mechanisms underlying PHN-related brain network plasticity.
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