Supplementary Tables
Supplementary Table 1. Participant characteristics and baseline patient-reported measures.
	Characteristic
	Value

	Participants, n
	27

	Age, years
	53.2 (14.9)

	Female sex, n (%)
	12 (44.4%)

	Disease duration, days
	12.0 [4.5, 50.0]

	Baseline VAS
	34.0 (17.4)

	Baseline STAI
	32.0 (7.4)

	Baseline BDI
	3.2 (2.6)

	Baseline PANAS-P
	34.4 (6.4)

	Baseline PANAS-N
	15.9 (4.5)


Values are shown as mean (SD), median [IQR], or n (%), as appropriate. Baseline measures were averaged across the three pre-intervention assessments. VAS, visual analogue scale; STAI, State-Trait Anxiety Inventory; BDI, Beck Depression Inventory; PANAS, Positive and Negative Affect Schedule.

Supplementary Table 2. Mixed-effects model results for intervention-induced changes in patient-reported outcomes.
	Outcome
	Effect
	χ²
	df
	p value

	Pain intensity (VAS)
	Time
	21.6
	1
	< 0.001

	
	Scene
	4.65
	2
	0.098

	
	Time × Scene
	0.03
	2
	0.987

	Anxiety (STAI)
	Time
	24.05
	1
	< 0.001

	
	Scene
	0.85
	2
	0.654

	
	Time × Scene
	1.02
	2
	0.599

	Depression (BDI)
	Time
	24.12
	1
	< 0.001

	
	Scene
	0.83
	2
	0.660

	
	Time × Scene
	0.39
	2
	0.821

	Positive affect (PANAS-P)
	Time
	3.81
	1
	0.051

	
	Scene
	8.06
	2
	0.018

	
	Time × Scene
	2.23
	2
	0.328

	Negative affect (PANAS-N)
	Time
	15.39
	1
	< 0.001

	
	Scene
	2.1
	2
	0.350

	
	Time × Scene
	0.42
	2
	0.810



Supplementary Table 3. Post hoc scene-specific contrasts for intervention-induced changes in patient-reported outcomes.
	Outcome
	Scene
	p value

	Pain intensity (VAS)

	Psychoeducation
	0.011

	
	Mindfulness
	0.009

	
	Breathing
	0.011

	Anxiety (STAI)

	Psychoeducation
	0.003

	
	Mindfulness
	0.003

	
	Breathing
	< 0.001

	Depression (BDI)

	Psychoeducation
	< 0.001

	
	Mindfulness
	< 0.001

	
	Breathing
	< 0.001

	Positive affect (PANAS-P)

	Psychoeducation
	0.235

	
	Mindfulness
	0.802

	
	Breathing
	0.001

	Negative affect (PANAS-N)
	Psychoeducation
	< 0.001

	
	Mindfulness
	0.019

	
	Breathing
	0.001



Supplementary Table 4. Mixed-effects model results for immersion-symptom associations.
	Outcome
	Scene main effect p value
	Immersion omnibus p value
	Scene × immersion interaction p value

	Pain intensity (VAS)
	0.608
	< 0.001
	0.003

	Anxiety (STAI)
	0.547
	0.021
	0.038

	Positive affect (PANAS-P)
	0.717
	0.259
	0.610

	Negative affect (PANAS-N)
	0.167
	0.093
	0.428

	Depression (BDI)
	0.960
	0.400
	0.207


Scene main effect denotes the likelihood-ratio test for Scene in the scene-adjusted base model. Immersion omnibus denotes the test comparing the full Scene × immersion model with the scene-adjusted base model, including within-participant immersion, between-participant immersion and their Scene interactions. Scene × immersion interaction denotes the test comparing the full model with the immersion main-effect model, assessing whether immersion-outcome associations varied across VR scenes.

Supplementary Table 5. Cluster-based spatial permutation analysis results for band-averaged EEG power.
	Feature
	Band
	Effect
	p value
	Channels

	Cluster 1
	Delta
	Time
	< 0.001
	Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P3, Pz, P4, P8, O2

	Cluster 2
	Theta
	Time
	0.046
	C3, Cz, C4

	Cluster 3
	Low gamma
	Time × Scene
	0.019
	C3, P3, O1

	Cluster 4
	High gamma
	Time × Scene
	0.004
	P3, P4, P8, O1, O2



Supplementary Table 6. Mixed-effects model results for resting-state EEG cluster-behavior associations.
	Feature
	Outcome
	Scene main effect p value
	EEG omnibus p value
	Scene × EEG interaction p value

	Cluster 1
	VAS
	0.791
	0.811
	0.642

	
	STAI
	0.414
	0.413
	0.364

	Cluster 2
	VAS
	0.592
	0.508
	0.375

	
	STAI
	0.152
	0.040
	0.051

	Cluster 3
	VAS
	0.030
	0.005
	0.023

	
	STAI
	0.374
	0.158
	0.120

	Cluster 4
	VAS
	0.027
	0.066
	0.331

	
	STAI
	0.327
	0.107
	0.084


Scene main effect denotes the likelihood-ratio test for Scene in the scene-adjusted base model. EEG omnibus denotes the test comparing the full Scene × EEG model with the scene-adjusted base model, including within-participant EEG change, between-participant EEG change and their Scene interactions. Scene × EEG interaction denotes the test comparing the full model with the EEG main-effect model, assessing whether EEG-symptom associations varied across VR scenes.

Supplementary Table 7. Mixed-effects model results for post-intervention changes in ECG-derived metrics.
	Metric
	Effect
	χ²
	df
	p value

	SDNN
	Time
	0.00
	1
	1.000

	
	Scene
	0.00
	2
	1.000

	
	Time × Scene
	1.71
	2
	0.424

	RMSSD
	Time
	0.00
	1
	1.000

	
	Scene
	0.00
	2
	1.000

	
	Time × Scene
	2.17
	2
	0.337

	HR
	Time
	0.36
	1
	0.547

	
	Scene
	7.88
	2
	0.019

	
	Time × Scene
	0.19
	2
	0.912

	Mean RR
	Time
	0.72
	1
	0.398

	
	Scene
	9.74
	2
	0.008

	
	Time × Scene
	0.38
	2
	0.826

	pNN50
	Time
	0.00
	1
	1.000

	
	Scene
	0.00
	2
	1.000

	
	Time × Scene
	1.45
	2
	0.484



Supplementary Table 8. Mixed-effects model results for ECG-symptom associations.
	Metric
	Outcome
	Scene main effect p value
	ECG omnibus p value
	Scene × ECG interaction p value

	SDNN
	VAS
	0.613
	0.196
	0.183

	
	STAI
	0.428
	0.005
	0.01

	RMSSD
	VAS
	0.639
	0.019
	0.038

	
	STAI
	0.586
	0.139
	0.211

	HR
	VAS
	0.588
	0.896
	0.790

	
	STAI
	0.599
	0.828
	0.641

	Mean RR
	VAS
	0.605
	0.913
	0.806

	
	STAI
	0.596
	0.792
	0.575

	pNN50
	VAS
	0.603
	0.413
	0.220

	
	STAI
	0.618
	0.675
	0.445


Scene main effect denotes the likelihood-ratio test for Scene in the scene-adjusted base model. ECG omnibus denotes the test comparing the full Scene × ECG model with the scene-adjusted base model, including within-participant ECG change, between-participant ECG change and their Scene interactions. Scene × ECG interaction denotes the test comparing the full model with the ECG main-effect model, assessing whether ECG-symptom associations varied across VR scenes.

Supplementary Table 9. Model deletion-test results for system-level components of the selected response architectures.
	Axis
	Outcome
	System
	Level
	ΔAIC loss
	LR χ²
	p value

	Pain
	VAS
	EEG
	W+S
	10.49
	16.49
	< 0.001

	
Pain
	
VAS
	ECG
	B×S
	5.40
	11.40
	0.010

	
Pain
	
VAS
	Immersion
	W+S
	8.75
	14.75
	0.002

	
Pain
	
VAS
	Immersion
	B
	5.40
	7.40
	0.007

	Anxiety
	STAI
	EEG
EEG
	W+S
	2.90
	8.90
	0.031

	
Anxiety
	
STAI
	
EEG
	B
	5.63
	7.63
	0.006

	
Anxiety
	
STAI
	ECG
	W+S
	0.00
	5.82
	0.121

	
Anxiety
	
STAI
	ECG
	B×S
	1.74
	7.74
	0.052

	
Anxiety
	
STAI
	Immersion
	W+S
	5.82
	11.82
	0.008

	
Anxiety
	
STAI
	Immersion
	B
	5.24
	7.24
	0.007


Deletion tests were performed from the selected response architecture. Each row reports the deterioration in model support after removing one prespecified system-level component. W+S denotes within-participant scene-state terms; B denotes between-participant individual-difference terms; B×S denotes scene-modulated between-participant association terms. Larger ΔAIC loss and LR χ² values indicate greater contribution to the selected architecture.

Supplementary Table 10. Block-removal tests for feature classes within the selected response architectures.
	Axis
	Outcome
	Feature block
	ΔAIC loss
	LR χ²
	p value

	Pain
	VAS
	Individual
	5.40
	7.40
	0.007

	
	
	Scene-state
	19.60
	31.60
	< 0.001

	
	
	Individual × Scene
	5.40
	11.40
	0.010

	Anxiety
	STAI
	Individual
	10.41
	14.41
	< 0.001

	
	
	Scene-state
	7.50
	25.50
	0.002

	
	
	Individual × Scene
	1.74
	7.74
	0.052


Deletion tests were performed from the selected response architecture. Individual-difference denotes between-participant response tendencies, scene-state denotes within-participant deviations and their Scene interactions, and scene-modulated between-participant association denotes between-participant terms whose associations varied across scenes. Larger ΔAIC loss and LR χ² values indicate greater contribution to the selected architecture.

Supplementary Table 11. Model comparison results for candidate response architectures.
	Axis
	Candidate Model
	Included blocks
	AIC
	ΔAIC
	Weight

	Pain
	Selected pain architecture
	EEG-W + ECG-B + Imm-W/B + Scene × ECG-B
	622.17
	0.00
	0.833

	
	Full W/B pain architecture
	All within- and between-participant components
	626.09
	3.92
	0.117

	
	Multilevel pain architecture
	EEG-W + ECG-B + Imm-W/B
	628.10
	5.94
	0.043

	
	Expanded full pain architecture
	All W/B components + Scene × between components
	632.46
	10.29
	0.005

	
	Swapped-level pain architecture
	EEG-B + ECG-W + Imm-W/B
	635.54
	13.37
	0.001

	
	Immersion-only pain architecture
	Imm-W + Imm-B
	635.56
	13.39
	0.001

	
	Central-state pain architecture
	EEG-W
	640.50
	18.33
	0.000

	
	Peripheral-individual pain architecture
	ECG-B
	648.09
	25.93
	0.000

	
	Baseline pain architecture
	Pre + Scene + covariates
	651.06
	28.90
	0.000

	Anxiety
	Selected anxiety architecture
	EEG-W/B + ECG-W/B + Imm-W/B + Scene × ECG-B
	467.76
	0.00
	0.410

	
	Expanded full anxiety architecture
	All W/B components + Scene × between components
	468.56
	0.80
	0.275

	
	Multilevel anxiety architecture
	EEG-W/B + ECG-W + Imm-W/B
	469.50
	1.74
	0.172

	
	Multilevel + ECG-B anxiety architecture
	EEG-W/B + ECG-W/B + Imm-W/B
	471.32
	3.56
	0.069

	
	Full W/B anxiety architecture
	All within- and between-participant components
	471.32
	3.56
	0.069

	
	Immersion-only anxiety architecture
	Imm-W + Imm-B
	478.64
	10.88
	0.002

	
	Baseline anxiety architecture
	Pre + Scene + covariates
	483.75
	15.99
	0.000


Candidate response architectures were compared separately for the pain and anxiety axes using AIC. Included feature blocks indicate the measurement systems and within-participant (W), between-participant (B), or scene-modulated between-participant (Scene × B) terms entered in each model. Pain-axis EEG and ECG terms correspond to low gamma and RMSSD, respectively; anxiety-axis EEG and ECG terms correspond to theta and SDNN, respectively. ΔAIC denotes the difference from the lowest AIC within each outcome axis, and Akaike weights indicate relative model support normalized within each axis.

Supplementary Figures
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Supplementary Figure 1: Content and presentation format of the three VR scenes. 
The three VR scenes were designed to deliver complementary intervention components. Psychoeducation provided zoster pain education, daily care guidance, sleep-related content and coping strategies through a virtual instructor. Mindfulness used naturalistic scenes to support guided meditation for attention and emotion regulation. Breathing training used visual pacing cues to guide abdominal and paced breathing exercises. Original VR screenshots are not shown.
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Supplementary Fig. 2: Scene-level changes in patient-reported outcomes and secondary immersion–outcome associations. 
Panels a–e show post-intervention changes in patient-reported outcomes across the three VR scenes, calculated as post-intervention minus pre-intervention scores. Error bars indicate model-estimated means with 95% confidence intervals. Panels f–h summarize mixed-effects model results for secondary affective and depressive outcomes. Panel f shows omnibus likelihood-ratio tests for the scene main effect, immersion block, and Scene × immersion interaction, with colors indicating −log10(P). Panels g and h show scene-specific simple-slope estimates for within-participant and between-participant immersion associations, respectively. Within-participant immersion was defined using person-mean-centered immersion ratings, whereas between-participant immersion was defined using participant-mean immersion ratings. Heatmap colors in panels g and h indicate β estimates.
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Supplementary Fig. 3. Pre- and post-intervention resting EEG power spectra within retained spatial clusters. 
Panels show cluster-averaged power spectral density (PSD) before and after each VR scene. Columns correspond to psychoeducation, mindfulness meditation and breathing training; rows correspond to the retained delta, theta, low gamma and high gamma clusters, respectively. Grey shaded regions indicate the frequency bands used to derive the corresponding band-averaged EEG cluster features. Lines indicate group-averaged PSD values. PSD values are shown in decibels.
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Supplementary Fig. 4. Omnibus model tests for EEG–symptom associations. Heatmap showing likelihood-ratio test results from mixed-effects models relating retained resting-state EEG cluster features to post-intervention VAS and STAI outcomes. The scene main effect was evaluated in the scene-adjusted base model. The EEG omnibus test compared the full Scene × EEG model with the base model; the Scene × EEG interaction tested whether EEG–symptom associations varied across VR scenes. Cell labels show nominal P values, and colors indicate −log10(P).
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Supplementary Fig. 5. Exploratory indirect-effect estimates for immersion, psychophysiological features and primary symptom outcomes. 
Indirect-effect estimates are shown for the pain axis (a) and anxiety axis (b) at within-participant and between-participant levels. Points indicate estimates, horizontal lines indicate confidence intervals, and the dashed vertical line indicates the null effect. Circles indicate EEG features and squares indicate ECG-derived features.
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