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Objective: Deafferentation pain refers to pain that can arise from a mismatch between motor intention and sensory feedback owing to
the interruption of sensory input caused by nervous system damage. Visual feedback interventions using virtual reality (VR) have been
implemented as a treatment approach to promote sensorimotor congruence. However, the degree of pain relief achieved with VR
interventions varies considerably across individuals, and the neural mechanisms underlying this variability remain unclear. This study
aimed to investigate the relationship between resting-state brain networks and individual differences in the effects of a VR visual
feedback intervention on deafferentation pain.

Methods: We examined 10 patients with deafferentation pain. They underwent a VR intervention designed to relieve pain. Resting-
state electroencephalography was recorded, and pain intensity was assessed before and after the intervention. In addition, we compared
resting-state networks between the patients and 23 healthy adults.

Results: Our results demonstrated interindividual variability in pain relief that was significantly correlated with the beta band network
properties, particularly small-worldness and the average clustering coefficient among nodes within the frontal region. Patients showed
significantly higher small-worldness than healthy adults, along with a significantly higher average clustering coefficient across nodes
within the frontal region compared with other regions. These nodes exhibited significantly stronger functional connectivity with the
frontoparietal region compared with healthy adults.

Conclusion: These findings suggest that small-worldness or frontoparietal connectivity may be involved in the sensitivity to
sensorimotor congruence in visual feedback interventions, thereby contributing to individual differences in pain reduction.
Keywords: virtual reality, deafferentation pain, EEG, brain network, functional connectivity

Introduction

Deafferentation pain refers to pain arising from the interruption of sensory input due to nervous system damage, such as limb
amputation or brachial plexus injury. Pain occurring after limb amputation is termed phantom limb pain, characterized by
painful sensations perceived in an absent limb, which is still perceived to exist. It reportedly occurs in approximately 60% of
cases.' In addition, patients with brachial plexus injury also develop pain resembling phantom limb pain.> These deaf-
ferentation pains are characterized by severe spontaneous pain in body parts distal to the lesion, despite reduced or absent
nociceptive responses to external stimuli,® leading to a decline in quality of life.* Thus, developing therapeutic strategies to
alleviate deafferentation pain remains an urgent clinical challenge. A proposed mechanism underlying this pain is a mismatch

between motor intention and sensory feedback.® Specifically, when the predicted movement generated by the efference copy
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does not match the actual sensory feedback, an error signal arises, which may be perceived as pain. This mechanism suggests
that reducing sensorimotor incongruence helps alleviate deafferentation pain.

Visual Feedback Interventions and Individual Variability

As a therapeutic approach for deafferentation pain, interventions that manipulate visual feedback using a mirror or virtual
reality (VR) system have been proposed.”® These interventions aim to align internal prediction with sensory feedback by
providing visual feedback of lost limb movements, thereby alleviating pain. However, previous studies have reported
inconsistent effects,”'® suggesting that effectiveness varies across individuals. For example, one study reported that
deafferentation pain severity varies according to the extent to which the phantom limb can move freely (sensorimotor
consistency).'' Conversely, an intervention that improves sensorimotor congruence through visual feedback reportedly
enhances the sense of agency (SoA) over movements, without necessarily reducing pain intensity.'? These findings
suggest individual differences in sensitivity to sensorimotor congruence induced by visual feedback interventions, which
may underlie the variability in pain reduction. However, the factors underlying this individual sensitivity remain unclear.

Neural Bases Associated with Deafferentation Pain

To investigate these factors, it may be useful to first analyze brain states and infer relevant factors through functional
analyses. Previous studies have suggested that deafferentation pain results from plastic changes in frontoparietal regions,
including the sensorimotor, anterior cingulate, and dorsolateral prefrontal cortices, because of interrupted centripetal inputs
due to peripheral injury.'>"'> Among these regions, frontal areas appear particularly relevant, as an electroencephalography
(EEG) study in patients with phantom limb pain demonstrated increased beta-band activity in frontal regions,'® and such
activity has been proposed to reflect changes in the descending pain modulatory system.'” Beyond these local changes, recent
evidence reported cortical reorganization at a network-level scale in the resting state, suggesting that not only local plasticity
but also abnormalities in functional connectivity among multiple brain regions contribute to deafferentation pain.'®
Consistent with this view, amputees have been reported to exhibit higher small-worldness, a network metric that reflects
the balance between global integration and local clustering, compared with healthy individuals.'® This finding suggests that
the overall organization of brain networks may be altered in these patients. Taken together, these findings indicate that both
whole-brain network architecture and functional networks centered on frontal regions may undergo reorganization, and that
the state of these networks spanning regions with diverse roles may contribute to the modulation of deafferentation pain.
However, it remains unclear whether specific networks are associated with individual differences in the effects of visual
feedback interventions on deafferentation pain, namely sensitivity to sensorimotor congruence.

Study Aim

This study aimed to investigate the relationship between resting-state brain networks and individual differences in the
effects of a visual feedback intervention on deafferentation pain. A VR system was adopted to manipulate the visual
feedback of movements in patients with deafferentation pain because VR-based interventions enable more flexible
manipulations of visual feedback.?® Resting-state EEG was chosen because recording EEG during VR interventions may
introduce noise or cause electrode displacement. Using the EEG data, we performed network analyses based on graph-
theoretical measures, including clustering coefficient and small-worldness, to explore individual differences in VR-
induced pain relief. Among these indices, this study focused on the clustering coefficient, which constitutes a component
of small-worldness, because it may reflect functional modules among brain regions (see the network indices section).
This study sought to provide a better understanding of the mechanisms underlying deafferentation pain alleviation.

Materials and Methods

Participants

Ten patients with deafferentation pain (mean age = 49.8 years, SD = 14.1; two women) participated in this study.
Deafferentation pain was assessed using the short-form McGill pain questionnaire 2 (SF-MPQ2), which has demon-
strated high reliability and validity.>' This scale comprises 22 items rated on an 11-point Likert scale. We conducted
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a post hoc power analysis with this sample size using an effect size derived from one of our main results (Cohen’s d =
0.80). This analysis indicated a statistical power of 0.62 (see Limitations).

The inclusion criteria were having deafferentation pain (SF-MPQ?2 score > 1) and either a history of limb amputation
or a diagnosis of brachial plexus injury. The exclusion criterion was having verbal communication impairments. Clinical
experts confirmed that all patients had no impairments. To confirm whether a network index associated with individual
differences in VR-induced pain changes reflected abnormality, we compared resting-state networks between patients and
healthy people. For this comparison, we used a sample of 23 healthy adults (mean age = 24.3 years, SD = 4.6; 11 women)
obtained from another study with a different purpose. Although a between-group difference was observed in ages, we
confirmed a non-significant association between the network index and age (see the Results section). A summary of the
data for patients and healthy adults is presented in Supplementary Table 1. No randomization was conducted in this study.

This study was approved by the Institutional Review Board (Kio University, Japan; ethics approval number R5-17) and
conducted in accordance with the Declaration of Helsinki. All participants provided written informed consent before
participation. This study was conducted after being registered in the UMIN Clinical Trials Registry (UMIN000051887).

VR System

Movements of the intact forearm and hands/fingers of the patients were detected and recorded using infrared motion
capture systems (Kinect for Windows v2, Microsoft; Leap Motion, Leap Motion Inc). Subsequently, three-dimensional
computer graphics models of their movements were generated and mirrored to create symmetrical representations. The
mirror-inverted image representing a virtual limb was visually presented to patients through an immersive head-mounted
display (Oculus Rift, Oculus VR) that tracked head orientation and movements to provide real-time feedback.

EEG Recording and Preprocessing

Participants were instructed to sit on a chair with their eyes closed and to remain in a resting state. EEG data were
recorded from 64 channels according to the international 10-20 system using the BioSemi ActiveTwo system.
Recordings were obtained under closed-eye conditions for 3 min at a sampling rate of 1,024 Hz. The recorded EEG
signals were amplified across all channels and digitized. Electrode impedances were maintained below 5 kQ throughout
the recording. Pre-processing was performed using MATLAB (R2023b) and EEGLAB (v2022.1). Offline pre-processing
of the EEG data included downsampling to 256 Hz and applying a 1-100 Hz band-pass filter. Given that the combination
of ZapLine”® and CleanLine™ is reportedly effective for removing power line noise,”* we removed the power line noise
at 60 Hz using this method. Further, we performed re-referencing using the reference electrode standardization

. 25,2
technique,”>*°

which provides a standardized reference rather than a simple average across channels. The continuous
EEG was subsequently segmented into 2-s epochs with 50% overlap between consecutive epochs. Automatic epoch
rejection was applied using a joint-probability criterion (single-channel 6 SD and all-channel 2 SD thresholds) to remove
outlier epochs. Artifact components arising from eye blinks or muscle activity were identified using independent

component analysis and were subsequently removed after a visual inspection of their characteristics.

Network Analyses
The EEG data were analyzed using the DISCOVER-EEG pipeline.”” We used the Desikan—Killiany atlas to allocate the
estimated cortical signals into 68 regions of interest (Supplementary Table 2). The frequencies of interest were alpha (8—

12 Hz) and beta (13-30 Hz) bands.'® Source-based connectivity matrices were obtained by computing amplitude
envelope correlation (AEC), which was used to quantify functional connectivity as the Pearson correlation between
the amplitude envelopes of the two signals. This measure has been shown to be relatively robust against the influence of
volume conduction.”” Network analysis based on graph theory was performed afterward. This analysis applied
a thresholding procedure wherein the top 20% of connectivity strengths were assigned a value of 1 (edges), and all
others were set to 0, yielding binary network matrices. This thresholding procedure has been reported to yield
reproducible graph metrics when using AEC-based connectivity.?” Using the binarized matrices, two local and three
global network indices were calculated as follows:
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Degree:

Where 4;; = 1 indicates the presence of an edge between nodes i and j, whereas 4;; = 0 indicates its absence. N represents
the total number of nodes in the functional connectivity network. The degree of node i quantifies the extent to which the
node is connected in the network.

Clustering coefficient:

Where k; denotes the degree of node 7, and E; represents the number of edges existing between the neighboring nodes of
node i. The clustering coefficient of node i quantifies the proportion of possible triangles around the node that are actually
formed, reflecting its tendency to form functional clusters with its neighbors.

Global clustering coefficient:

1 N
Cg]ob = ngl G

Where C; denotes the local clustering coefficient of node i, and N represents the total number of nodes in the functional
connectivity network. The global clustering coefficient quantifies the overall tendency of nodes in the network to form
clusters.

Global efficiency:

1 1
G=—— Y~
27

NN = 1)z Ly
Where L;; represents the shortest path length between nodes i and j, and N denotes the total number of nodes in the
functional connectivity network. The global efficiency quantifies the overall efficiency of the information transfer across
networks.
Small-worldness:

_ Cglob/ Crand
Lglob / Lrand

Where Cyjop and Crang denote the average clustering coefficients across all nodes in the observed and comparable random
networks, respectively, while Lgq, and Lyang represent the average shortest path lengths across all possible pairs of nodes
in the observed and random networks, respectively. The small-worldness quantifies the extent to which a network
exhibits small-world properties, characterized by high local clustering and short global path lengths.

Procedure
This study employed a pre—post test design. In the PRE condition, resting-state EEG was recorded, and pain intensity was
evaluated using SF-MPQ?2. To evaluate the SoA toward phantom or affected limb movements, we used three items

selected from the questionnaire developed by Imaizumi et al,'

each rated on a five-point Likert scale. Furthermore, we
assessed the sense of ownership (SoO) toward their limbs using three other items of the same questionnaire. After the
PRE condition, patients underwent a VR intervention as a rehabilitation treatment (Figure 1).*® This intervention
comprised the following tasks: (1) hand opening and closing/forearm pronation—supination tasks in a VR environment;
(2) scooping up balls; and (3) collecting blocks and placing them into holes. The intervention continued for approxi-
mately 20 min. In the POST condition, pain intensity, SoA, and SoO were reassessed using questionnaires to investigate

whether they improved after the intervention.
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Affected side

Intact side

Figure | VR intervention. Participants wore a VR headset and performed tasks using intact and virtual limbs. The figure illustrates the action of scooping blocks in the VR
environment using both the upper limbs.

Statistical Analyses

To investigate the changes in pain intensity, SoA, and SoO after the VR intervention, we first analyzed the differences
between the PRE and POST conditions using paired t-tests. As additional analyses, we conducted correlation analyses of
pain intensity in the PRE condition and network indices. Thereafter, we investigated the relationship between individual
differences in pain relief and network indices. To quantify the individual differences, the difference in deafferentation
pain between the PRE and POST conditions was calculated as an index of pain changes (DPg4;), with larger values
indicating greater improvement. Using this variable, we performed correlation analyses with network indices. To
compare the influences of a network index, SoA, and SoO on pain relief, we performed a multiple regression analysis
with the network index, SoA, and SoO in the PRE condition as independent variables and DPg;s as a dependent variable.
To investigate whether pain was alleviated through improvement in SoA or SoO, we calculated the difference in SoA
(SoAgif) or SoO (S0Qy;r) between the PRE and POST conditions. We conducted mediation analyses using the network
index as an independent variable, SoAg;r or SoOg;r as a mediation variable, and DPy;r as the dependent variable. In the
multiple regression and mediation analyses, a network index that exhibited a significant correlation with the DPg;s was
selected as an independent variable. The parameters were estimated using the maximum likelihood method.

To confirm whether the network indices identified in the above analyses reflected an abnormality, we compared the
network indices between patients and healthy adults. For these comparisons, we performed Welch’s t-tests for the local indices
and 2x2 ANOVA with the factors of group (patient and healthy) and frequency (alpha and beta) for the global indices.
Subsequently, we investigated regional differences using anatomical and functional parcellations. The anatomical regions
were subdivided into the frontal, parietal, temporal, and occipital regions. Functional regions were subdivided based on the
parcellations of the default, sensorimotor, executive, and frontoparietal networks.?? For each of the four subdivided regions,
the average clustering coefficient was calculated using the local clustering coefficients. For the anatomical and functional
regions, we conducted one-way repeated-measures ANOVA to compare the average clustering coefficients among the four
subdivided regions. To investigate whether the subdivided regions identified in these analyses were associated with changes in
pain, we performed correlation analyses between the average clustering coefficient and DP ;. Finally, we presented illustra-
tions of edges and heat maps that showed the functional connectivity between nodes that constituted the subdivided region
identified as significant in the above analysis and the other nodes. When comparing across regions in both the correlation and
variance analyses (ie, in the correlation analyses of local network measures and in the regional analyses), multiple
comparisons were corrected using the false discovery rate procedure with the Benjamini—-Hochberg method. Statistical
significance was set at o < 0.05. All analyses were conducted using Mplus (version 8.10) or R software (version 4.3.0).
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Results

Differences in Pain Intensity, SoA, and SoO Between the PRE and POST Conditions
Paired t-tests revealed significant differences in SoA (#9) = —3.47, p = 0.007, Cohen’s d = —1.10) and SF-MPQ?2 (#9) =
2.54, p = 0.032, Cohen’s d = 0.80), but not in SoO (#(9) = —1.88, p = 0.093, Cohen’s d = —0.59) (Figure 2). The results
indicated that pain and SoA, but not SoO, were significantly improved by the VR intervention. However, the standard
deviation of DPy;; was 49.5, indicating heterogeneity in pain changes after the intervention, with some participants

showing improvement, while others did not.
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Figure 2 Changes after the VR intervention. Differences in SoA and SoO (a) and pain intensity (b) between the PRE and POST conditions. Relationship between small-
worldness and pain changes (c). The colored lines indicate the data from individual patients, and the grey line indicates a liner regression line. DP g refers to the difference in
deafferentation pain between the PRE and POST conditions.

Abbreviations: SF-MPQ2, short-form McGill pain questionnaire 2; SoA, sense of agency; SoO, sense of ownership.
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Relationships Between Network Indices and Pain Changes
In the PRE condition, no significant correlations were observed between the pain intensity and any of the five network
indices (Supplementary Table 3). Regarding individual differences in pain changes, a correlation analysis revealed

a significant correlation between small-worldness in the beta band and DPg;; (» = —0.81, p = 0.005) (Figure 2); however,
no significant correlations were observed with the other indices (Supplementary Table 4). These results indicate that

patients exhibiting lower small-worldness in the beta band experienced greater pain relief, and vice versa.

The multiple regression analysis revealed a significant standardized path coefficient from small-worldness to DPgy;¢
(B =-0.77, p < 0.001) but not from SoA (5 =0.11, p = 0.55) or SoO (f=-0.17, p = 0.39) to DPy;¢ (Figure 3). Further, the
mediation analysis showed a significant standardized path coefficient from small-worldness to DP;¢ after controlling for
SoAgir (8 =—0.90, p < 0.001) and SoOg;s (8 = —0.79, p = 0.009). Regarding the indirect effects of small-worldness on
DP s, bootstrapping (resampling = 2,000) revealed bias-corrected 95% confidence intervals for SoA;r (—0.05, 1.10) and
SoOg;r (—0.75, 0.12), indicating non-significant mediation effects (detailed results are presented in Supplementary
Table 5). These results indicated that pain changes after the VR intervention were not significantly associated with
SoA or SoO but rather with small-worldness.

Differences in Network Indices Between Patients and Healthy Adults
Regarding the degree and clustering coefficient in the beta band, Welch’s t-tests revealed significant differences between
patients and healthy adults at several nodes (Supplementary Table 6). Regarding the small-worldness, in the beta band,

patients showed higher small-worldness (mean = 1.95, SD = 0.32) compared with healthy adults (mean = 1.66, SD =
0.28). A 2x2 ANOVA revealed a significant interaction between the group and frequency (F(1, 31) =4.57, p = 0.041, 77p2
=0.13). For the interaction, a significant simple main effect of the group was observed in the beta band (F(1, 31) = 6.08,
p =0.019, np2 = 0.16), but not in the alpha band (F(1, 31) = 0.02, p = 0.89, npz < 0.001) (Figure 4). Conversely, no
significant group effects were observed in the global clustering coefficient (ps > 0.058) or global efficiency (ps > 0.57).
To confirm the effect of age, we conducted a correlation analysis with the small-worldness. The result indicated no
significant correlation coefficient between the small-worldness and age in patients (» = 0.12, p = 0.74) or healthy adults
(r=0.04, p = 0.86). These results indicated that patients exhibited significantly higher small-worldness in the beta band
than that in healthy adults.

(a) (b)

e SOoAit N

-40 -.22
=77 \ -.90 @ DPar
SoO0 — - 17 —
/ -79 >
1 g
/ -44 04
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Figure 3 Influence of the small-worldness on pain changes after the VR intervention. A multiple regression (a) and mediation (b) analysis. The red arrows indicate paths that
were significant in the multiple regression or mediation analyses. DP 4 refers to a difference in deafferentation pain between the PRE and POST conditions. SoAy;s and SoO ;¢
refer to differences in the senses of agency and ownership between the PRE and POST conditions, respectively.

Abbreviation: SW, small-worldness.
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Figure 4 Differences in global indices between patients and healthy adults.

As significant differences were observed between patients and healthy adults in the beta band, we calculated its
average clustering coefficient. For anatomical and functional regions, neither the patients nor the healthy adults showed
significant left-right differences (adj. ps > 0.11). In the anatomical regions, one-way repeated-measures ANOVA showed
significant differences in patients (F(3, 27) = 5.76, p = 0.004, 77p2 = 0.39) and healthy adults (F(3, 66) = 3.15, p = 0.031,
np2 = 0.13). Post-hoc analyses revealed that the frontal region was significantly higher than the parietal region (#9) =
4.31, adj. p = 0.012, Cohen’s d = 1.36) or the temporal region (#9) = 3.85, adj. p = 0.012, Cohen’s d = 1.22) (Figure 5).
Conversely, no significant differences among the regions were observed in healthy adults (adj. ps > 0.13). Regarding the
functional regions, one-way repeated-measures ANOVA indicated a significant difference in patients (F(3, 27) = 3.52,
p = 0.028, np2 = (0.28), but not in healthy adults (F(3, 66) = 1.63, p = 0.19, np2 = 0.07). Post-hoc analyses for patients
revealed that the executive network was significantly higher than the default (#9) = 3.79, adj. p = 0.026, Cohen’s d =
1.20) or frontoparietal network (#(9) = 3.20, adj. p = 0.032, Cohen’s d = 1.01), whereas those for healthy adults showed
non-significant differences (adj. ps > 0.19). These results indicated that in patients, the average clustering coefficient in
the frontal region or executive network was significantly higher than that in other regions. Regarding the relationships
between their average clustering coefficients and DPg;s, correlation analyses revealed significant correlations with the
frontal region (r = —0.71, p = 0.021) and executive network (» = —0.87, p = 0.001).

To confirm which nodes were associated with the frontal region or executive network, we illustrated edges present in
>30% of patients or healthy adults (Figure 6). The images indicated that many patients exhibited edges between the
identified nodes and the frontoparietal area, whereas such connections were absent in healthy adults. Furthermore, heat
maps were generated to illustrate the functional connectivity between these nodes and all 68 nodes (Figure 6). In patients,
these nodes showed weak functional connectivity with nodes in the temporal and occipital areas, a pattern similar to that
observed in healthy adults. However, patients exhibited stronger functional connectivity than healthy adults between
these nodes and those in the frontoparietal area. Accordingly, we computed the mean functional connectivity across all
connections between these nodes and the frontoparietal area across both hemispheres, and compared this value between

patients and healthy adults. Welch’s t-tests revealed significant differences between patients and healthy adults in the
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Figure 5 Average clustering coefficients. Average clustering coefficients of four anatomical and functional regions in patients and healthy adults (a). Relationship between
pain changes and an average clustering coefficient of the frontal region or executive network (b). Red dots in the brain images indicate nodes that constitute each anatomical
or functional region. DPg; refers to the difference in deafferentation pain between the PRE and POST conditions.

Abbreviations: Average CC, average clustering coefficient; DE, default mode network; EX, executive network; FP, frontoparietal network; FR, frontal region; OC, occipital

region; PR, parietal region; SM, sensorimotor network; TE, temporal region.
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patients and healthy adults (b). Grey points represent nodes constituting the frontal region or executive network. Node names are listed in Supplementary Table 2.
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anatomical region: #12.09) = 3.40, p = 0.005, Cohen’s d = 1.55, and the functional region: #(12.55) = 3.41, p = 0.005,
Cohen’s d = 1.52. The results indicated that the frontoparietal functional connectivity in patients was significantly
stronger than that in healthy adults.

Discussion

This study aimed to investigate the relationship between resting-state brain networks and individual differences in the
effects of a VR visual feedback intervention on deafferentation pain. Our results demonstrated that VR intervention
significantly reduced pain intensity, supporting the effects of the VR intervention on deafferentation pain.”’ Moreover,
SoA was significantly enhanced by VR intervention, whereas SoO remained unchanged. This dissociation between SoA
and SoO is consistent with previous research proposing that the two are conceptually distinct’® and are generated through
different mechanisms.>' SoO is primarily based on afferent multisensory integration, including tactile and proprioceptive
signals.®> Conversely, SoA is shaped by the congruence between motor prediction and sensory feedback.**-** Based on
these findings, it is plausible that visual feedback interventions preferentially facilitated SoA over SoO.

Despite improvements in pain intensity and SoA, no significant correlation was observed between them. This finding
reflects the ongoing debate in the literature regarding the relationship between agency and pain experience. For instance,
one study reported that participants who experienced strong SoA over a virtual limb during VR-mirror therapy reported
pain reduction.*® Conversely, another study found no significant association between SoA and pain relief.'* The lack of
a consistent relationship between SoA and deafferentation pain in previous studies is reflected in our findings, further
supporting the view that improvements in SoA do not necessarily mediate pain reduction. These findings suggest that
VR-induced pain relief does not depend on the experience of agency itself, but rather on sensorimotor congruence.
Furthermore, we observed substantial inter-individual variability in pain changes following the VR intervention; although
some participants experienced notable improvements, others showed minimal or no change, highlighting the necessity of
identifying the factors that may modulate sensitivity to sensorimotor congruence. Thus, we focused on resting-state EEG
network features and investigated whether baseline brain organization could predict pain outcomes.

Among the network indices, small-worldness in the beta band was negatively correlated with improvement in deaf-
ferentation pain; individuals exhibiting higher beta-band small-worldness experienced less pain relief, and vice versa.
Mathematically, higher small-worldness indicates greater clustering between nodes (triangles) throughout the brain.
However, this may not necessarily indicate a more normal or optimal brain state, particularly in clinical settings. Amputees
exhibit higher small-worldness in the alpha band than do healthy controls,'® suggesting that such increases may reflect
pathological reorganization rather than efficient processing. Our results, although involving the beta band, indicated that
small-worldness was significantly higher in patients than in healthy adults, aligning with this interpretation. These findings
suggest that elevated small-worldness reflects abnormal connectivity patterns that can hinder therapeutic effects.

To further explore regional network contributions, we investigated clustering coefficients at anatomical and functional
levels. Although the global clustering coefficient was not significantly associated with changes in pain, regional analyses
revealed that in patients, but not in healthy adults, nodes within the frontal region or executive network exhibited a higher
average clustering coefficient than those in other regions. These beta-band coefficients were negatively correlated with
pain improvement. An EEG study on patients with phantom limb pain reported increased frontal beta activity,'® which
has been widely reported in other pain syndromes.’®*’ Such activity may reflect alterations in descending pain
modulation pathways.'” In this study, non-significant correlations were observed between network indices and pain
intensity in the PRE condition. Considering these findings, our results suggest that individuals with elevated frontal beta
connectivity have impaired descending pain control, rendering them less responsive to sensorimotor congruence through
a visual feedback intervention.

Nodes within the frontal region or executive network exhibited enhanced connectivity with frontoparietal nodes in

1.17

patients. The frontal cortex plays a crucial role in cognitive pain appraisal. - Meanwhile, the parietal cortex is implicated

in the sensory-discriminative aspects of pain. Reorganization of the primary somatosensory cortex located in the parietal
region is associated with severity in phantom limb pain.'**® Thus, the excessive connectivity between these regions
might reflect the unmasking or strengthening of previously silent or subthreshold connections.'*'* Such abnormal

139

connectivity patterns have been observed at local®® and network levels,'® suggesting that they are functionally relevant
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to deafferentation pain. Overall, this study suggested that the frontoparietal system, which is involved in pain modulation
or characterization, can modulate sensitivity to sensorimotor congruence in visual feedback interventions, thereby
contributing to individual differences in pain reduction. These findings highlight the need for further research to
investigate the relationship between the frontoparietal system and VR-induced pain changes.

Limitations

This study had some limitations. First, healthy adults could not be matched to patients in terms of age and sample size
because healthy adult data were originally collected for a different research purpose. Although we confirmed that no
significant correlations existed between age and the network index in either group, examining correlations with age alone
does not sufficiently control for other factors that may differ between the two samples. In addition, differences in data
collection conditions may compromise the validity of comparisons between the patient and healthy groups. Therefore, the
comparative findings between patients and healthy adults should be interpreted with caution, and conducting the study
under matched conditions would have been preferable to minimize potential confounding effects.

Second, the sample size was limited to only 10 participants because recruiting patients with deafferentation pain was
challenging. This small sample size reduced statistical power, raising concerns about the potential inflation of both Type
I and Type II error risks. Future studies with larger samples will be necessary to confirm these results. Third, EEG
recordings were not obtained during or after the VR intervention. Only resting-state EEG data before the intervention
were analyzed primarily because of concerns about noise during the intervention and participant burden. Future studies
should collect EEG data before, after, and potentially during VR interventions to enable the analysis of brain network
changes associated with VR effects. Such analyses may help identify longitudinal or causal relationships between brain
networks and the effects of VR interventions.

Finally, this study did not include a control group for the VR intervention. Therefore, it is not possible to determine
whether the observed pain relief was attributable to specific VR effects or to non-specific factors, such as the passage of
time or expectancy effects. Nevertheless, the primary aim of this study was not to evaluate the efficacy of the VR
intervention, but rather to analyze the relationship between VR-induced effects and network indices. Network indices
detected in the analyses were elevated compared with those in healthy adults, suggesting that they reflect aberrant
network properties. Thus, it is possible that these indices are associated with pain modulation in response to the VR
intervention. Furthermore, pain and SoA significantly improved after the intervention, whereas SoO did not. These
results are consistent with predictions based on the underlying mechanisms of these constructs. Overall, our findings
appear to reflect the influence of sensorimotor congruency rather than mere time effects or expectancy bias. To further
validate this possibility, future intervention studies incorporating appropriate control groups are warranted. Considering
these limitations, this study should be regarded as preliminary, and future investigations will be necessary to address

these constraints.

Conclusions

This study demonstrated that, although the VR visual feedback intervention alleviated deafferentation pain, the degree of
pain relief varied substantially across individuals. This variability was significantly associated with small-worldness in
the beta band, which was significantly higher than that in healthy adults. Notably, patients had significantly higher
average clustering coefficients across nodes within the frontal region than those in other regions, whereas healthy adults
did not. These nodes exhibited enhanced connectivity with the frontoparietal region, which may reflect an altered system
involved in pain modulation or characterization. These preliminary findings suggest that small-worldness or frontopar-
ietal connectivity is involved in sensitivity to sensorimotor congruence in visual feedback interventions. Therefore, these
network properties might contribute to individual differences in pain reduction. However, considering the small sample
size and the absence of age-matched controls, these results should be interpreted with caution. Further studies are needed
to validate and extend these findings.
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