www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Abnormal alterations in structure-
function coupling at the modular
level in patients with postherpetic
neuralgia

Zihan Li%?, Jian Jiang®?, Xiaofeng Jiang™?, Yangyang Xie%?, Jing Lu™?, Lili Gu**" &
Shunda Hong?"*

To investigate the presence of modular loss of coupling and abnormal alterations in functional and
structural networks in the brain networks of patients with postherpetic neuralgia (PHN). We collected
resting-state functional magnetic resonance imaging data and diffusion tensor imaging data from

82 healthy controls (HCs) and 71 PHN patients, generated structural connectivity (5C) and functional
connectivity (FC) networks, and assessed the corresponding clinical information assessment. Based
on AAL(90) mapping, the brain network was divided into 9 modules, and the structural-functional
connectivity (SC-FC) coupling was compared at the whole-brain level and within the modules, as

well as alterations in the topological properties of the brain network in the patient group. Finally,
correlation analyses were performed using the following clinical scales: Visual Analogue Scale (VAS),
Hamilton Anxiety Scale (HAMA), and Hamilton Depression Scale (HAMD). Compared with HCs,
patients with PHN had reduced global efficiency (Eg) and local efficiency (Eloc) of structural and
functional networks. The FC in the PHN group presented abnormal node clustering coefficients (NCp),
local node efficiencies (NLe), and node efficiencies (Ne), and the SC presented abnormal node degrees
(Dc), NCp, NLe, characteristic path lengths (NLp), and Ne. In addition, SC-FC coupling was reduced

in the patient default network (DMN), salient network (SN), and visual network (VIS). Moreover, the
degree of impairment of graph theory indicators was significantly positively correlated with scales
such as VAS scores, and the coupling of modules was significantly negatively correlated with the early
course of the patient’s disease. Large-scale impaired topological properties of the FC and SC networks
were observed in patients with PHN, and SC-FC decoupling was detected in these modules of the
DMN, SN, and VIS. These aberrant alterations may have led to over-transmission of pain information or
central sensitization of pain.

Varicella-zoster virus (VZV) can induce herpes zoster (HZ) and postherpetic neuralgia (PHN)!. VZV establishes
alifelong latent infection in the neurons of 90% of the population, and in one-third of the population, reactivation
of VZV leads to HZ due to a compromised immune system; this usually presents as a characteristic unilateral
rash along 1 or 2 dermatomes, which usually disappears within a few weeks?. Postherpetic neuralgia is one of
the most serious complications of HZ and refers to persistent pain for more than 1 month after herpes zoster
infection is cured®. Clinically, it usually manifests as localized pain of different types in the skin, which can be
accompanied by sleep disorders and emotional changes, and in severe cases, it can cause depression and suicidal
thoughts in patients®. Currently, the clinical diagnosis of PHN is well defined, However, there are no effective
treatments for PHN, and its neuropathological mechanisms remain unclear®.

In recent years, through intensive magnetic resonance imaging (MRI), we have shown that disease states
lead to the presence of abnormal alterations in structural connectivity (SC) and functional connectivity (FC) in
brain networks®®. Currently, a study has applied graph theoretic analysis to calculate the topological properties
of FCs for patients with PHN, and the results show that patients with PHN exhibit reduced FCs in several
brain regions, including the pain substrate and precuneus and cingulate gyrus®, indicating that there are widely
reduced global and nodal efficiencies, as well as increased characteristic path lengths, in the functional networks
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of PHN patients'®!!. The above results suggest disruption of the modular organization of functional brain
networks, altered functional small-world properties, and impaired functional connectivity in patients with
PHN%!%; however, past studies have not much explored the effects of PHN on the topological organization of
brain structural networks. Notably, patients with PHN exhibit extensive alterations in the diffusion properties of
fiber bundles'?. Few studies have analyzed DTI data from PHN patients with SC, and FC and SC are combined in
that they can more sensitively detect changes in brain microstructure organization and better interpret abnormal
alterations in brain connectivity'%. Various studies have shown that both SC and FC complement each other; SC
implies physiological anatomical limitations, whereas FC influences SC through brain plasticity'>~17; i.e., greater
coupling suggests that anatomical structures have limitations in functional transmission. Similarly, we can apply
this approach to probe the neuropathological mechanisms of PHN in depth at the network level.

The human brain is a complex network that can operate efficiently due to its ability to simultaneously separate
and integrate functionally through specific connectivity patterns, thus ensuring information transmission
efficiency and information integration'®. Therefore, it is not comprehensive enough for us to focus only on
structural-functional connectivity (SC-FC) coupling at the whole-brain level, and the analysis of SC-FC
coupling can link structural networks and functional networks for integrated consideration, which can reveal
the mechanism of the disease in a more comprehensive and deeper way than studies using one imaging method
alone!*. The modular structure of the human brain network contains many relevantly connected nodes, which
are usually the basic units for processing information. In addition, modularity is an important feature of brain
networks; i.e., brain regions are tightly connected within groups and sparsely connected between groups'®-2!.
Functionally coupled modules contribute to a balance between functional separation and integration, ensuring
efficient intra-module information processing along with fast inter-module information exchange and high
resilience to network nodes and impaired connectivity’??*. Human brain networks have a well-defined
modular organization, and this study classified human brain networks into nine sub-networks based on past
literature: visual, auditory, default, salience, sensorimotor, frontoparietal, cingulate insula-covered, attentional,
and subcortical networks®>. Chronic pain and physical or psychological stressors may lead to progressive
functional and structural changes in brain networks and maintain or enhance cognitions/emotions about the
pain experience26; however, it remains unclear whether the altered organization of structural and functional
connectivity is selectively disrupted in chronic pain patients. We will analyze whether there are selective SC-FC
coupling alterations in the above nine modules at the module level.

The aims of our analyses were as follows: (i) to explore the altered nature of structural versus functional
network graph theory in patients with PHN, (ii) to explore whether SC-FC coupling is altered in patients at the
whole-brain level, (iii) to further explore whether the modular organization of the 9 major sub-networks exhibits
abnormal SC-FC coupling, and (iv) to further analyze the relationship between the relevant alterations and the
clinical information, assuming that the above studies revealed abnormal alterations in the brain networks of the
patients. Our hypothesized SC-FC coupling was altered at the multi-scale network level (i.e., at the whole-brain
and modular levels). The above studies could further improve the knowledge of the central neuropathological
mechanisms of PHN.

Materials and methods
Subjects and data collection
Patients with PHN in the pain department of the First Affiliated Hospital of Nanchang University from March
2018 to December 2023 were collected for magnetic resonance scanning and subjects were assessed for physical
condition and completed clinical scales by an experienced pain physician. The inclusion criteria were as follows:
(1) right-handed, (2) persistent pain for 1 month or longer after the healing of herpes zoster rash, (3) An
experienced pain physician will assess the patient’s pain level using the VAS (Visual Analog Pain Score), and
patients with a VAS score greater than 4 will be selected, and (4) patients with herpes zoster and postherpetic
neuralgia with herpes zoster occurring mostly in the anterior and posterior chest regions. The exclusion criteria
were as follows: (1) herpes zoster in specific areas (eyes, ears), (2) suffering from other persistent acute or chronic
pain, (3) suffering from neurologic or psychiatric disorders, (4) history of head trauma or alcohol or drug abuse,
or (5) contraindications to MRI. We initially included 100 PHN and 100 HC subjects and excluded 47 subjects
with poor image quality (e.g., significant head movement, motion artifacts, and preprocessing failures and poor
spatial alignment of the images); ultimately, 71 PHN and 82 HC subjects were included in this study, the PHN
group included 36 males and 35 females; the HC group included 40 males and 42 females. We used Gpower
3.1.9.7 software to demonstrate our sample size.

All the subjects completed the VAS (patient group), Hamilton Depression Scale (HAMD), and Hamilton
Anxiety Scale (HAMA) before the MRI scan.

Image acquisition and preprocessing

Data acquisition

MRI data were acquired using a 3.0T Siemens Trio TIM scanner (Erlangen, Bavaria, Germany) and an
8-channel phased-array head quadrature coil in the Department of Radiology of the First Affiliated Hospital
of Nanchang University. The fMRI data were obtained using an echo planar imaging sequence. The scanning
parameters were as follows: repetition time (TR) =2000 ms, echo time (TE) =30 ms, flip angle =90°, field of view
(FOV)=220x 220 mm, matrix =64 x 64, 30 interleaved axial slices, layer thickness=4.0 mm, and scanning time
point=240. 3D high-resolution T1-weighted structural images were acquired with TR=1900 ms, TE=2.26 ms,
flip angle =9°, FOV =215 x 230 mm, matrix =240 x 256, 176 sagittal slices, and 1-mm layer thickness. During the
MRI scan, patients were asked to close their eyes, try not to think, and avoid falling asleep while the MRI scan
was performed.
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Functional magnetic resonance data preprocessing

All pre-processing of functional data was performed via Statistical Parametric Plotting (SPM12). Statistical
parametric mapping (SPM12) and brain imaging data processing and analysis were performed on a MATLAB
platform. The first 10 volumes were discarded to stabilize the magnetic field. The usual step slice timing was
omitted because we used a short TR (800 ms) to avoid diffusion effects. Slice timing was omitted. Head motion
correction motion was performed on the remaining images and realigned with the first image. To minimize
unwanted motion-related effects, subjects with head movement motion above a 2.5 mm threshold were excluded.
Regressions were then performed on the interfering covariates, including Friston-24 partial motion parameters
and white matter and cerebrospinal fluid signals. Afterward, the functional images were spatially normalized
to standard stereotaxic space (Montreal Neurological Institute [MNI] template) for spatial normalization.
Anatomical alignment by power series algebra was performed according to the corresponding co-registration
and spatial segmentation of the T1-weighted images. In addition, 4-mm isotropic Gaussian kernel smoothing
and bandpass filtering (0.01-0.08 Hz) were used.

DTI data preprocessing

All DTI data were preprocessed using FMRIB’s diffusion tensor imager and FMRIB’s software library. The
specific steps for DTT data preprocessing were as follows: (1) convert DICOM images to the NIFTI format, (2)
perform b0 image extraction, (3) perform brain extraction, (4) correct for vorticity and head motion, and (5)
compute fractional anisotropy (FA) using linear least squares fitting method.

Network construction

To construct the functional and structural networks, an automated anatomical atlas, AAL90, was used as a
profile of the entire brain, through which each node was defined as one of 90 regions of interest. Functional and
structural networks are constructed of uniformly weighted types.

Construction of the FC network

Regional blood oxygen level-dependent signal time series of rs-fMRI data were extracted by averaging voxel time
series data. The FC value between any two nodes was calculated based on the Pearson correlation between the
regional time series. A weighted functional network with a 90 x 90 FC matrix was constructed for each subject.

Construction of the SC network

Based on the “Pipeline for Analyzing Brain Diffusion Images” software on Linux and MATLAB for brain
network construction, the specific steps for defining the nodes and edges of the network were as follows. (1)
Definition of network nodes: Briefly, 3D T1-weighted images of each subject were aligned with b 0 images
in DTI space (nondiffusion-weighted gradient direction), and then the transformed T1 images were further
nonlinearly aligned to the MNI-ICBM 152 template. The auto-anatomical labeling template was then warped
from MNI space to DTI space using an inverse transformation. In this way, a structured brain network with 90
nodes (45 per cerebral hemisphere) was obtained. (2) Network edge definition: Fiber tracking and whole-brain
fiber construction were performed by fiber assignment based on the continuous tracking (FACT) algorithm.
Fiber bundle tracking stopped when the fractional anisotropy (FA) was less than 0.2 or the tracking steering
angle between two connections was greater than 45°. We chose a threshold for fiber bundles to reduce the effect
of misconnections. Two regions were considered to be structurally connected (network edges) if at least three
fibers were present (T =3). We defined the weight of the edge (wij) as the product of the number of fiber bundles
(FNs) in the white matter fiber tracts between any two brain regions and the average FA value of the fiber tracts
(wij=FNij x FAij). A weighted brain structural network (90x90) with the composite properties of the fiber
bundles can thus be constructed for each subject.

Application of graph theoretic analysis

The Graphical Theoretical Network Analysis Toolkit (GRETNA) was used to measure functional and structural
network properties through theoretical graphical analysis. Global (network efficiency and small-world properties)
and node topology metrics were calculated for each participant. The global network efficiency metrics include
global efficiency (Eglob) and local efficiency (Eloc). For small-world characteristics, five evaluation metrics
were used: the clustering coeflicient (Cp), characteristic path length (Lp), normalized clustering coefficient
(y=Creal/Cmean random), normalized characteristic path length (A =Lreal/Lmean random) and small-world
characteristics (6=y/\). The node-to-topology metrics include betweenness centrality (BC), degree centrality
(DC), node efficiency (NE), node local efficiency (NLE), and the node clustering coefficient (NCP). The
functional network analysis employed a series of sparsity thresholds (ranging from 0.04 to 0.4 with an interval
0f 0.01) to ensure that the generated networks could be used for small-world estimation with sparse properties
while minimizing the number of spurious edges.

Coupling of the FC and SC networks

First, we generated the FA * FN network via dot-production of the FA matrix with the FN matrix on the
basis of previous studies, considering both dimensions of the microstructure. We subsequently calculated the
coupling values between the SC network (FA * FN network) and the FC network separately. SC-FC coupling
analysis, which refers to the correlation analysis between the strength of structural connections and functional
connections, has been described in previous studies. In this study, we not only performed SC-FC coupling
analysis at the whole-brain level but also explored the relationship between FC and SC matrices and networks at
the modular level. Modularity is a feature of complex networks that reflects the subspecialization of the network
into smaller modules. Each module contains several densely interconnected nodes, whereas connections
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Fig. 1. Research flowchart.

PHN(n=71) | HC(n=82) | X*/Z/F value | P value
Age(years) 63.52+£9.48 56.48+6.28 | 30.061 <0.001
Sex(M/F) 36/35 40/42 0.056 0.812
VAS score 6.23(1.1) - -1.626 0.104
Duration of disease (days) | 133.54+58.68 | - 34.50 <0.001
HAMA score 19.61£5.69 6.6+1.82 14.771 <0.001
HAMD score 21.58+6.18 54+1.73 9.363 0.003

Table 1. Participant information.

between nodes in different modules are relatively sparse’”. The modular SC-FC coupling was computed by
the Spearman rank correlation between a row of the SC matrix and the corresponding row of the FC matrix
(excluding self-connections). For the nine modules, which include the visual, auditory, default-mode, salience,
sensorimotor, frontoparietal, cingulo-opercular, attention and subcortical subnetworks, the intra-module SC-
FC coupling was computed as the Spearman correlation of the structural and functional connections between
the module and the other modules.

Statistical analysis
All the statistical analyses were performed using the Statistical Package for Social Sciences (SPSS 23.0). Sex
differences were compared using the x? test, continuous variables were tested for conformity to a normal
distribution, conformity to a normal distribution was tested using the independent samples t test, and non-
conformity was tested using non-parametric tests and post hoc Bonferroni correction. p <0.05 was considered
statistically significant.

Correlation analyses were used to explore the relationships between clinical assessments (total VAS, HAMD,
and HAMA scores) and network attributes after controlling for sex, age, and education level (p <0.05).

The broad research process is shown in Fig. 1.

Results
Demographic and clinical characteristics of the participants are shown in Table 1
See Table 1.

Scientific Reports | (2025) 15:2377 | https://doi.org/10.1038/s41598-025-86908-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Nature of functional and structural network graph theory in PHN patients

In all subject groups, we observed small-world properties. Compared with those of the HCs, the Sigma and
Gamma values of the SC network in the PHN group were greater; the Sigma and Gamma values of the FC
network were lower, but the difference was not statistically significant. The FC and SC networks in the PHN
group presented a decrease in global efficiency (Eg) and local efficiency (Eloc), as shown in Figs. 2 and 3.
In addition, the patients in the PHN group showed a significant decrease in the two networks and showed
significant decreases in DC, Ne, NCp, and NLe in some nodes, as well as elevated NLp, as shown in Figs. 4 and
5. After testing the obtained difference nodes we performed a multiple test using the Bonferroni correction and
the results were still significantly different. For details, see Table 2.

SC-FC coupling results in PHN patients at the whole-brain level
There was no significant difference in SC-FC coupling between the PHN and HC groups at the level of the
whole-brain network (p=0.21>0.05), as shown in Fig. 6.

SC-FC coupling results for PHN patients at the module level

Among the nine modules, the PHN patients presented significantly lower coupling within the default mode
network, salience network, and visual network modules than the HCs, as shown in Fig. 7. After testing the
obtained difference modules we performed a multiple test using the Bonferroni correction and the results were
still significantly different. The differences in coupling within each module are detailed in Table 3.

Clinical relevance
We correlated the difference graph theory metrics as well as the three different subnetwork coupling values with
the clinical scales, as shown in Fig. 8.

We found a significant negative correlation between disease duration and SC-FC coupling of default and
salient network modules in patients with early PHN (30-90 days), as shown in Fig. 9.

Discussion

This is the first time that DTI and rs-fMRI methods have been combined to explore the central neuropathological
mechanisms of PHN from the perspective of structure—function coupling. The main findings of this study are as
follows: (1) Compared with those of HCs, the brain network graph theory topology metrics of the PHN group
exhibited significant and extensive attenuation, as evidenced by the global efficiency, node efficiency, local node
efficiency, degree centrality, and clustering coeflicient. (2) Compared with HCs, some subnetwork couplings in
the PHN group exhibited attenuated alterations. (3) The module-level SC-FC coupling values of PHN patients
were significantly negatively correlated with their disease duration (within 90 days), and some graph-theoretic
topology metrics were significantly correlated with clinical metrics, such as the VAS, HAMA, and HADA.
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Fig. 2. Comparison of FC network graph theory metrics for HC and PHN; green area: HC group, red area
PHN group.
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Fig. 3. Comparison of SC network graph theory metrics between HC and PHN groups; green area: HC group,
red area PHN group.

In the present study, our topological results revealed that patients in the PHN group had lower Eg and Eloc
values, as well as longer characteristic paths Lp, suggesting that the overall and local nodes of the human brain
network have reduced transmission capacity and slower transmission of information in the network?. The
elevated Sigma of SC networks in PHN patients indicates a greater degree of local specialization and overall
integration of structural networks. However, Gamma is usually interpreted as an indicator of the strength
of network segregation or specialization®. The diametrically opposite changes in these two metrics, the FC
network and SC network, may be related to structural compensatory mechanisms. DC values can be a good
response to the connectivity of a certain brain region or node in the whole-brain network hub, and its response
to the degree of node centrality is more reliable for specifically evaluating the alteration of the brain network™®.
The Cp is usually used to assess the information processing efficiency of brain networks, whereas the Ne, NLe,
and NCp are related to the efficiency of local node information transfer?”. All of the above metrics are reduced
in response to the impaired structural and functional networks in PHN patients. These abnormal nodes with
reduced topological properties were mostly distributed in the default, salient, and visual networks. Moreover,
we found that the SC-FC coupling of these subnetworks was abnormally altered. Our study suggested that the
DMN, SN, and VIS modules are more detached from anatomical channels in PHN patients.

SC-FC coupling represents a pairwise relationship between structural and functional networks and has
been widely used to explore changes in the progression of neurological diseases®'~3>. We failed to analyze SC-
FC coupling at the whole-brain level to show that there was a between-group difference between the PHN
and HC groups, suggesting that intact SC-FC associations are still present in the brain integration of PHN
patients. Whereas abnormal alterations in SC-FC coupling were found at the level of modular networks, we
hypothesized that there may be several reasons for this. On the one hand, module-dependent SC-FC coupling
must preferentially capture subtle changes in neural activity in the PHN. We found a significant negative
correlation between disease duration and SC-FC coupling of default and salient network modules in patients
with early PHN (30-90 days), demonstrating that reorganization of brain networks is absent in the early stages of
PHN and that the worsening of the disease state with the progression of the disease leads to accelerated changes
in the SC-FC coupling of the modules; however, a more detailed mechanism needs to be confirmed by further
longitudinal studies. On the other hand, SC-FC coupling represents the asynchronous nature of functional and
structural connectivity; i.e., aberrant SC-FC coupling may result from inconsistent changes in structural and
functional networks*. In the early lesioned brain, to maintain the diversity of functional organization and the
interplay of neural activity, structural deficits may lead to the diversification of large-scale coherent functional
network patterns and highly dynamic properties, resulting in the disruption of SC-FC coupling®>~%’. Therefore,
we believe that the results of the modular level study may be superior to those of the whole-brain level, and
previous studies have noted that regional SC-FC coupling is a specific feature of brain organization, and that the
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Graph measures ‘ P value T value
Functional network

Eg 0.30x1073 |3.70
Eloc 0.30x1072 | 3.02
NCp

IFGtriang.L 0.24x10-3 | 3.76
PALR 0.43x10-3 | 391
NLe

IFGtriang.L 0.14x10-3 | 3.60
PAL.R 0.13x10-3 | 3.93
Ne

ROL.L 0.24x10-3 | 3.37
PUTL 0.53x10-4 | 4.16
PUTR 0.25x10-3 | 3.75
PAL.R 0.30x10-3 | 3.71
STG.L 0.44x10-4 |4.21
STG.R 0.16x10-3 | 3.87
Structural network

Eg 0.24x10-2 | 3.09
Eloc 0.13x10-2 | 3.29
DC

ORBsupmed.L | 0.19%x10-3 | 2.49
PCGR 0.42x10-3 | 3.83
NCp

DCG.L 0.22x10-3 | 3.88
NLe

SFGmed.R 0.15x10-3 | 3.90
DCG.L 0.44x10-3 | 3.59
PCUN.L 0.37x10-3 | 3.65
PCUN.R 0.10x10-4 | 4.56
NLp

PCG.R 0.28x10-3 | -3.73
CUN.L 0.42x10-3 | -3.61
CAU.L 0.27x10-3 | -3.73
Ne

ORBsupmed.L | 0.35x10-3 | 3.66
PCG.R 0.25x10-3 | 3.75
CAU.L 0.23x10-3 | 3.77

Table 2. Indicators of discrepancies in graphical analyses. Abbreviations in the above table correspond to
brain regions| L, R stands for left and right respectively. IFGtriang: Inferior frontal gyrus, triangular part, PAL:
Lenticular nucleus, pallidum, ROL: Rolandic operculum, PUT: Lenticular nucleus, putamen, STG: Superior
temporal gyrus, PCG: Posterior cingulate gyrus, DCG: Median cingulate and paracingulate gyri, PCUN:
Precuneus, CUN: Cuneus, CAU: Caudate nucleus, ORBsupmed: Superior frontal gyrus, medial orbital.

strength of its coupling varies greatly between brain regions and is influenced by genetic factors®, which also
illustrates the need for analysis at the module level.

The default network (DMN) plays an important role in maintaining the efficiency of pain inhibition in
healthy states and painful conditions, and disturbances in DMN dynamics are associated with chronic pain
states***%. A previous study revealed that DMN disorder from the acute herpes zoster period was a long-term
phenomenon that persisted after the characteristic pain disappeared. This is consistent with our finding that
abnormal alterations in SC-FC coupling of DMN subnetworks occurred in line with the above results and that
the posterior cingulate gyrus, as a core hub of the DMN, showed a significant negative correlation between its
DC and Ne values and VAS scores. Additionally, its NLp showed a significant positive correlation with VAS
scores, which, from an information flow perspective, implies that pain generation and pain sensitization may
be closely related to the disturbance of information exchange in this node. The above results may provide some
clues for further research on the neural mechanisms of PHN. Our study also revealed that the SC-FC coupling
of the synaptic network module was reduced, suggesting that the coherence of the functional and structural
connectivity network within this module was altered. The synaptic network, with the ACC and insula as core
nodes, is thought to be involved in directing attention to salient stimuli, such as pain*!, and in patients with
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Fig. 6. Whole-brain SC-FC coupling at the individual level for HC, PHN groups.

intractable tumor pain who have undergone cordotomy or cingulotomy, the connectivity of the prominence
network is reduced*?. In addition, increased connectivity in parts of the synaptic network (insula and anterior
cingulate gyrus) is observed in patients with chronic pain syndromes, low back pain, and migraines***>. These
results invariably suggest that the resting-state connectivity of the salience network is a hallmark of chronic
pain perception. In the present study, we found that the SC-FC coupling of the salient network was reduced in
patients with PHN, suggesting that the function of patients with PHN is detached from the structure to a certain
extent in the painful state. The significant negative correlation between patients’ VAS scores and the coupling
values at the level of the DMN and SCN modules in this study also suggested that the degree of coupling within
the two subnetworks of the DMN and SCN severely affects patients’ ability to perceive pain. A number of studies
have reported that visually related brain regions are involved in pain modulation, but the exact mechanism
remains unclear, which may be related to the fact that visual distraction can improve pain tolerance by diverting
attention away from pain, thus reducing the intensity of perception?. Vision is an important part of the selective
attention process*’, and vision is involved in the integration of brain functions in chronic pain through central
neural cross-modal integration®®. In patients with PHN, scholars have reported alterations in neural activity
involving parts of the visual network as well as in gray matter volume®, which is similar to our findings. The
reduced SC-FC coupling in the visual network of PHN patients may be a result of long-term adaptation to pain.
We understand that the disruption of structure-function relationships in the sensory cortex of PHN patients is
due to increased degradation of myelin as well as axons'3, which in turn affects the biased perception of pain-
related visual stimuli.

Many previous studies have confirmed substantial congruence between SC-FC coupling and the hierarchical,
cytoarchitectural, and evolutionary expansion of cortical function and have also shown that flexible functional
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Fig. 7. Nine module coupling values at the individual level for HC and PHN groups.

Module HC PHN P value T value
Attention -0.063+0.46 | -0.155%0.51 | 0.99 0.08
Auditory -0.048+0.45 | -0.608+0.43 | 0.86 0.18
Cingulo-Opercular -0.037+0.36 | -0.030+0.40 | 0.91 -0.11
Default-mode* 0.232+0.41 [0.032+0.45 | 0.46x1072 | 2.87
Frontoparietal 0.006+0.37 | -0.023+0.38 | 0.99 0.09
Salience* 0.237+0.43 |-0.014+0.45 | 0.53x 1073 | 3.54
Sensorimotor 0.168+£0.32 | 0.269+0.33 | 0.055 -1.93
Subcortical subnetworks | 0.083+0.39 | 0.097+0.48 | 0.84 -0.21
Visual* 0.178+0.18 | 0.016+0.18 | 0.034 213

Table 3. Means and standard deviations for the nine modules, as well as p-values and t-values after two-
sample t-tests. Note: * stands for coupling difference module.

reconstruction and efficient multifunctional integration rely on fewer anatomical constraints®*~>2. Therefore,
anatomically, too few constraints (i.e., SC-FC uncoupling) may lead to over-transmission of information,
which also includes nociception perception. PHN is often thought to result from abnormal hyperexcitability
of neurons associated with pain or enhanced synaptic transmission, which amplifies pain signaling®®; this idea
highly overlaps with our findings.

In conclusion, our study identified changes in specific sub-networks in patients with PHN, and these findings
differ from those of previous pain-related studies, reveal that the DMN, SCN, and VIS may play a synergistic
role in different stages of pain information processing through multi-level structural connections and functional
interactions. The observed structural-functional decoupling of these three networks in PHN patients may reflect
the disruption of dynamic balance in brain networks during pain adaptation, leading to the maintenance and
amplification of pain. Further investigation into the decoupling mechanisms of these networks is crucial for
understanding the neuropathological basis of PHN.

Several limitations should be noted in this study. First, in constructing structural and functional brain
networks, we divided the entire brain into 90 regions based on previously published maps. Future studies could
select nodes based on different brain anatomical or functional templates. Second, the cross-sectional design of
the present study did not allow us to assess the dynamic evolution of structural and functional network changes;
therefore, future longitudinal studies are necessary. This experiment only examined the sub-network of PHN
patients and the HC group that differed in coupling at the module level, and did not address other chronic pain;
in the future, we will compare PHN pain with other types of pain to discover the most characteristic indicators
of PHN pain. Finally, the sample size of this group was small; therefore, future studies need to be supported by
larger sample sizes.
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Fig. 8. Correlation analysis between graph theory indicators of difference and clinical scales in HC and PHN
groups, The red areas represent negative correlations and the blue areas represent positive correlations, with
darker colors representing stronger correlations.

Conclusion

Our study revealed that patients with PHN show large-scale network topological property impairments in
functional and structural networks, as well as abnormal alterations in selective SC-FC coupling at the modular
level, compared with HCs. These impairments may be related to symptoms of persistent pain in PHN patients.
Our findings provide a neural basis for large-scale brain network alterations in PHN patients and provide
valuable information for elucidating the neuropathologic mechanisms of PHN.
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Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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