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3.3 Pre-intervention pain perception 

 

3.3.1 Pain thresholds  

We used a linear mixed model procedure to examine whether pain thresholds differed 

according to setting (VR/AR/PR) experienced. Results revealed no significant differences in 

pre-intervention pain thresholds between the three settings [F(2,382) = 0.94, P = 0.39].  

Using a Bayesian multilevel model, we examined the effect of setting (VR vs. AR vs. 

PR) and the effect of group (analgesia-expectation vs. control-expectation) on pre-intervention 

pain thresholds. The Bayesian multilevel model showed no significant effect of setting and no 

significant effect of group (i.e., CI-MPE crosses zero). 

 

 
Fig. 4.  Group median, interquartile ranges, and individual values (difference between the average of the individual 

four pre-intervention and four-post intervention ratings) for pre-intervention to post-intervention differences in 

sensory pain ratings (A) and pain unpleasantness ratings (B) in analgesia-expectation (dark colors) and control-

expectation (light colors) groups in the three settings. Participants in the analgesia-expectation group reported 

larger decreases in pre-intervention to post-intervention pain intensity ratings in VR (blue), AR (pink) and PR 

(yellow) than participants in the control-expectation group for both pain intensity (A) and pain unpleasantness (B) 

ratings. 

 

3.3.2 Pain intensity  

We again used a linear mixed model procedure to examine whether pain intensity differed 

according to setting (VR/AR/PR) experienced. Results revealed a significant difference in pre-

intervention pain intensity ratings between the three settings [F(2,670) = 3.46, P < .05]. While 

there was no significant difference between PR and AR [t(670) = 0.58, P = .56, SE = .02)], 

there was a trend in pain intensity between VR and AR [t(670) = -1.93, P = .054, SE = .02)], 
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and a significant difference between VR and PR [t(670) = 2.51, P < .05, SE = .02)] (Fig. 5). 

Participants reported lower pain intensity ratings for VR (M = 0.37) than in PR (M = 0.43).  

Using a Bayesian multilevel model, we examined the effect of setting (VR vs. AR vs. 

PR) and the effect of group (analgesia-expectation vs. control-expectation) on pre-intervention 

pain intensity ratings. The Bayesian multilevel model showed a significant effect of setting 

between PR and VR (MPE = 0.038, 95% CI = [0.01, 0.07]), indicating higher pain intensity 

ratings in PR compared to VR, but no significant differences between AR and PR, and between 

AR and VR (i.e., CI-MPE crosses zero).  

 

 
 
Fig. 5. Group median and individual values (mean of the four pre-intervention pain ratings) for pre-intervention 

pain intensity ratings in VR, AR, and PR. Participants reported significantly lower pain ratings during pre-

intervention in VR (blue) than in AR (pink) or PR (yellow).  

 

3.3.3 Pain unpleasantness  

We again used a linear mixed model procedure to examine whether pain unpleasantness 

differed according to setting (VR/AR/PR) experienced. Results revealed that differences in 

pre-intervention pain unpleasantness ratings between the three settings were just barely not 

significant [F(2,670) = 2.99, P = .0509).  

Using a Bayesian multilevel model, we examined the effect of setting (VR vs. AR vs. 

PR) and the effect of group (analgesia-expectation vs. control-expectation) on pre-intervention 
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pain unpleasantness. The Bayesian multilevel model showed no significant effect of setting 

and no significant effect of group (i.e., CI-MPE crosses zero). 

 

3.4 Embodiment 

 

3.4.1 Embodiment comparison: Analgesia-expectation and control-expectation 

Embodiment scores (means, ranges, and standard deviations) are listed in Table 3 for the VR 

condition and in Table 4 for the AR condition. To assess perceived embodiment between 

analgesia-expectation and control-expectation groups for VR and AR, a multivariate analysis 

of variance (MANOVA) was conducted on the five embodiment questions for VR and AR. 

The analysis did not reveal a significant effect of group in the VR [Pillai’s V = 0.13, F(1,46) = 

1.27, P > .05] or AR [Pillai’s V = 0.17, F(1,46) = 1.73, P > .05] condition, demonstrating that 

the groups did not exhibit differences in subjective embodiment. 
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Table 3 

Means, ranges, and standard deviations (SD) for subscales of the embodiment questionnaire in 

VR. 

   Pain stimulation Pain location Ownership  Agency  
Lack of 

ownership  
Composite 

Valid   24   24   24   24   24   24 

Mean   0.615   0.727   0.599   0.722   0.329   3.663 

SD   0.235   0.231   0.294   0.198   0.215   0.709 

Minimum   0.241   0.163   0.064   0.134   0.027   2.296 

Maximum   0.979   0.985   0.977   0.987   0.907   4.869 

 

Table 4 

Means, ranges, and standard deviations (SD) for subscales of the embodiment questionnaire in 

AR. 

   Pain stimulation Pain location Ownership  Agency  
Lack of 

ownership  
Composite 

Valid   24   24   24   24   24   24 

Mean   0.727   0.805   0.766   0.807   0.192   4.104 

SD   0.215   0.153   0.236   0.238   0.221   0.662 

Minimum   0.168   0.487   0.045  0.024   0.007   2.696 

Maximum   0.997   0.996   0.996   0.997   0.958   4.983 
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3.4.2 Embodiment comparison: VR and AR 

To compare embodiment ratings in VR and AR, paired samples t-tests between VR and AR in 

both analgesia-expectation and control-expectation groups for composite embodiment scores 

and each of the embodiment questions were conducted, which revealed significant differences 

in perceived embodiment between the two settings. For composite embodiment scores, 

participants felt significantly more embodied in the AR (0.75 ± 0.17) than in the VR (0.62 ± 

0.17) condition [t(47) = -6.34, P < .001]. In the AR condition (0.69 ± 0.21), participants 

perceived more strongly that the pain that they saw was caused by the stimulation on the 

virtual/seen arm than in the VR condition (0.58 ±  0.25) [emb1: t(47) = -4.32, P < .001]. 

Similarly, participants also felt more strongly that the pain that they felt was caused at the same 

location on the virtual/seen arm in the AR condition (0.74 ± 0.18) than in the VR condition 

(0.66 ± 0.52) [emb2: t(47) = -2.95, P < .01]. The AR condition (0.75 ± 0.21) also elicited more 

ownership over the arm than in VR (0.54 ±  0.26) [emb3: t(47) = -6.14, P < .001]. The AR 

condition (0.76 ±  0.26) also elicited stronger feelings of agency over the arm than in VR (0.67 

± 0.19) [emb4: t(47) = -2.49, P < .01]. Lastly, the feeling that the virtual/seen body was a 

different person was weaker in AR (0.21 ± 0.22) than in VR (0.36 ± 0.20) [emb5: t(47) = 5.68,  

P < .001] (Fig. 6). 

 
Fig. 6. Individual values for perceived embodiment ratings in VR (blue) and AR (pink) of the embodiment 

questionnaire. Participants in the AR setting felt more strongly that they experienced the pain more on their own 

seen arm than the virtual arm (Q1), that it was caused at the same location (Q2), that the seen arm was their own 

arm (Q3), that the movements were their own movements (Q4), and felt less strongly that the seen arm was a 

different person (Q5) than in the VR setting. 
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3.4.3 Embodiment and placebo analgesia 

Embodiment was examined as a predictor of placebo responses, which included retrospectively 

assessed analgesic efficacy, thresholds, pain intensity, and pain unpleasantness differences in 

the analgesia-expectation group only. Embodiment subscales were collapsed into a single 

composite embodiment mean score for each participant, where lack of ownership (emb5: “How 

much did you feel like the virtual body is a different person?”) was reverse coded. A 

multivariate linear regression was calculated to predict the effects of VR and AR embodiment 

and retroactively assessed analgesia expectation on Dthresholds, Dpain intensity, and Dpain 

unpleasantness. 

In the VR condition, a significant regression equation was found [F(2,20) = 15.66, P < 

.001], with an adjusted R2 of 0.57. Participants’ predicted retrospectively assessed analgesic 

efficacy is equal to -0.29 – 0.77 (retrospectively assessed analgesia expectation), and predicted 

retrospectively assessed analgesic efficacy is equal to -0.29 – 0.66 (embodiment), where data 

for retrospectively assessed analgesic efficacy, retrospectively assessed analgesia expectation, 

and embodiment range from 0-1 on a continuous scale. Therefore, both retrospectively assessed 

analgesia expectation and embodiment constituted significant predictors of retrospectively 

assessed analgesic efficacy (Fig. 7). No significant regression equation was found for 

retrospectively assessed analgesia expectation as a predictor. 

In the AR condition, embodiment did not significantly predict placebo analgesia, but a 

significant regression equation was found for retrospectively assessed analgesia expectation, 

where retrospectively assessed analgesia expectation predicted retrospectively assessed 

analgesic efficacy [F(2,20) = 6.71, P < .01], with an adjusted R2 of .34. Participants’ predicted 

retrospectively assessed analgesic efficacy is equal to 0.00 – 0.74 (retrospectively assessed 

analgesia expectation). Retrospectively assessed analgesia expectation further predicted 

Dthresholds [F(2,20) = 2.65, P < .05], with an adjusted R2  of 0.13. Participants’ Dthresholds is 

equal to 0.98 – 3.10 (retrospectively assessed analgesia expectation), where retrospectively 

assessed analgesia expectation was coded on a VAS (0-1) and thresholds were measured in C. 

Additionally, there was a significant regression equation found for Dpain unpleasantness 

[F(2,20) = 7.77, P < .01], with an adjusted R2 of 0.38. Participants’ Dpain unpleasantness is 

equal to -0.15 – (-0.45) (retrospectively assessed analgesia expectation), where both pain 

unpleasantness and retrospectively assessed analgesic efficacy range from 0-1 on a VAS. 

While it did not reach significance, there was a trend that retrospectively assessed analgesia 
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expectation similarly predicts Dpain intensity (P = .08). These results suggest that 

retrospectively assessed analgesia expectation was a significant predictor of pre- to post-

intervention increases in thresholds, and decreases in pain unpleasantness.   

In the PR condition, participants were asked the first two embodiment questions only, 

pertaining to pain stimulation and pain location. Multivariate regression analysis revealed no 

significant regression equations for retrospectively assessed analgesia expectation or 

embodiment (pain stimulation and pain location).  

 

 
Fig. 7. Standardized values of residuals and average predicted analgesic efficacy of placebo analgesia by strength 

of embodiment in VR. Retrospectively assessed analgesia expectation and embodiment significantly predicted 

retrospectively assessed analgesic efficacy.  

 

3.5 Embodiment and pain perception 

Embodiment was examined as a predictor of pain perception in the pre-intervention phase, 

which included pre-intervention thresholds, pain intensity, and pain unpleasantness ratings. A 

multivariate linear regression was calculated to predict the effects of VR and AR embodiment 

on pre-intervention thresholds, pain intensity, and pain unpleasantness. Embodiment subscales 

were again collapsed into a single composite embodiment mean score for each participant, 

where lack of ownership (emb5: “How much did you feel like the virtual body is a different 

person?”) was reverse coded. However, no significant regression equations were found for 
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embodiment in VR on pre-intervention measures of thresholds [F(1,46) = 0.70, P = .41], with 

an adjusted R2 of -0.01, pain intensity [F(1,46) = 2.86, P = .10], with an adjusted R2 of 0.04, or 

pain unpleasantness [F(1,46) = 2.00, P = .17], with an adjusted R2 of 0.02, nor in AR on pre-

intervention measures of thresholds [F(1,46) = 1.14, P = .29], with an adjusted R2 of 0.003, 

pain intensity [F(1,46) = 2.06, P = .16], with an adjusted R2 of 0.24, or pain unpleasantness 

[F(1,46) = 1.46, P = .23], with an adjusted R2 of 0.01. 

 

3.6 Additional analyses  

For additional correlational analyses of mood on outcome measures, please see the 

supplementary materials.  

 

4. Discussion 

This study reports the first experimental evidence for successful expectancy-induced virtual 

placebo analgesia working as efficiently when administered to an embodied virtual instead of 

a physical body in healthy participants. Participants in the analgesia-expectation group 

displayed larger increases in pain threshold, as well as greater reductions in pain intensity and 

pain unpleasantness ratings from pre- to post-intervention compared to the control group. 

Contrary to our expectations, we found no differences in analgesic strength between an open 

label, virtual placebo compared to its covert counterpart in physical form. As such, the present 

study suggests that a placebo does not need to necessarily be applied in physical and covert 

form, or even to a physical body, to still successfully increase experimental pain thresholds and 

reduce pain ratings. Unlike predicted, this effect was overall not modulated by the sense of 

embodiment, despite results that embodiment was stronger in AR than VR. However, as a 

partial confirmation of our hypotheses, our results evince that embodiment predicts some 

aspects of placebo analgesia in VR, but not in AR. Furthermore, baseline pain intensity ratings 

were significantly lower in VR than the other settings, yet this effect was not confirmed in the 

pain threshold and pain unpleasantness measures, nor did embodiment predict pain perception.  

 

4.1 No significant differences in analgesic efficacy between an open label and physical 

placebo  

We hypothesized that placebo analgesia would be strongest in PR, followed by AR, and then 

VR. However, our results suggest no differences between a placebo administered in VR, AR 

and PR, despite the covert nature of the placebo (PR) that contrasted the open label placebos 

(OLP) in VR and AR. For a long time, it has been presumed that placebo substances can 
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produce therapeutic benefits only if patients were unaware they had received a sham treatment 

or medication. Recently, however, the notion that placebo analgesia necessitates deception or 

concealment has been challenged, as administering OLP with rationale can be as efficacious 

as providing covert placebos [8,10,27,29].  

While direct evidence of computational models in placebo analgesia are still quite 

preliminary, prediction error processing seems to fit into the mechanistic neuropsychological 

explanatory models of placebo responses [5,27] and pain modulation [63]. Prediction error 

processing could correct the neurological, cognitive, and bodily dissonance during the 

contradictory messages experienced when administered OLP (i.e., the placebo could help or 

the placebo cannot work), resulting in nonconscious inferences that disturb central sensitization 

[27,45]. Bayesian inferencing becomes particularly pertinent in the presence of a high degree 

of uncertainty and when priors (neutrally encoded probability distributions that are contrasted 

against posterior sensory evidence [55]) are ambiguous, such as during administration of OLP 

[27], which could have been further increased by the novel, virtual nature of the placebos in 

this study. Perceived embodiment of a virtual body integrated in a scientific setting with 

plausible rationales, experimental rituals and psychosocial cues, such as a white lab coat and 

attributes or characteristics of the experimenter (e.g., competent demeanor) [25], could induce 

expectancy-related analgesia involving a top-down activation of endogenous analgesic activity 

via the descending pain modulatory system [4,13,15]. 

Our results extend existing literature on placebo analgesia by demonstrating that the 

efficacy of OLP extend beyond physical boundaries to virtual settings (and bodies) as well. 

Future studies may consider experimenting with different types of virtual placebos (e.g., a 

virtual analgesic cream) or examining psychophysiological interactions with placebo analgesia 

response inhibitors, such as naloxone [15] or non-invasive neurostimulation [28]. 

 

4.2 Placebo analgesia and embodiment 

We hypothesized that placebo analgesia in AR and VR would be influenced by the subjective 

level of embodiment, where stronger levels of embodiment would predict stronger placebo 

responses [9]. Contrary to our expectations, placebo analgesia did not differ across settings, 

despite varying levels of embodiment of the physical versus virtual body. Interestingly, 

however, embodiment predicted retrospectively assessed analgesic efficacy only in VR, where 

generally lower embodiment scores were found compared to AR. 

While this effect will necessitate further investigation by including conditions aimed at   

reducing the sense of embodiment (e.g., asynchronous multisensory stimulation) [51], we 
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speculate that an embodied approach could provide a plausible explanation for our results. 

Bodily perception epitomizes a foundational basis of our self: even if higher order features of 

consciousness are reduced, a basic sense of self embedded in a body is retained [21], 

emphasizing that all experience occurs from within this embodied frame of reference 

[19,20,22]. Embodied approaches to computational self-models postulate that domain specific 

priors surrounding body awareness assume a precedence status in the cortical hierarchy due to 

the organism’s natural impetus in maintaining homeostasis [1]. Whereas our bodily sensations 

generally go unnoticed in our daily lives, novel situations, such as embodiment of a virtual 

body, can increase the salience of attention to such bodily cues. Changes in stimulus intensity 

of exogenous attentional effects and bottom-up visual, tactile, and proprioceptive information 

could therefore increase the weight of bottom-up cues surrounding the (virtual) body, while 

decreasing the comparative salience of treatment context induced top-down expectations 

surrounding the placebo procedure (i.e., psychosocial cues and rituals). In the presence of VR-

specific body-related novelty or uncertainty, comparatively greater relevance might be placed 

on embodiment compared to other contextual factors. While embodiment did not predict pre- 

to post-intervention differences for threshold, pain intensity, or pain unpleasantness, the 

purported precedence of embodiment may constitute a prerequisite in experiencing the 

perceived efficacy of placebo analgesia in VR.  

In AR, however, participants saw a video-based depiction of their own body through 

the head-mounted display, thereby lowering the level of attention and uncertainty surrounding 

the body and thus maintaining low body-related prediction error. We suggest that these 

differences may redirect attention and processing to higher cortical levels, specifically those 

related to expectations. In the AR condition, increased weight may be given to expectations 

partially due to the comparative smaller relevance of body-specific processing, but also due to 

the nature of the placebo. While the open label nature of the placebo applied to both the VR 

and AR conditions, embodying the own body in AR could have constituted a driving factor in 

shifting a greater weight to conscious expectancy in producing placebo responses. 

 

4.3 Pain perception and embodiment 

The study of the relationship between pain and embodiment has a long tradition. The sense of 

embodiment has been suggested as a modulator of pain perception [33,52], yet empirical results 

are inconsistent [39,44]. In the current study, embodiment was successfully modulated by the 

different settings as measured by a questionnaire. We hypothesized that embodiment would 

predict pain perception, where participants would experience the least pain in PR, with AR 
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falling in the middle, and VR eliciting higher sensitivity to pain. Contrary to our expectations, 

participants reported significantly lower pain ratings in VR than in PR; however, no differences 

in pain threshold and unpleasantness were found, suggesting that viewing an embodied virtual 

arm may evince similar analgesic effects to viewing the own body. While viewing the limb 

encompasses analgesic qualities [30], simply viewing someone else’s or an unembodied 

(virtual) limb does not seem to significantly affect pain, suggesting that embodiment of the 

artificial or virtual body might constitute a mediating factor [35]. However, our results do not 

evince embodiment as a significant predictor of pre-intervention threshold, pain intensity, or 

pain unpleasantness when examined in VR and AR. These seemingly contradictory results 

could be explicated by our study design aimed at maximizing perceived embodiment: although 

participants generally felt more embodied of their own physical body in AR, synchronous 

visuomotor coherence generally ensures illusory ownership of the virtual body. However, it 

should be noted that attention can strongly influence pain perception [26,46], and should 

therefore also be considered as a potential modulating factor in these results. Immersive VR 

was an interactive experience in a novel setting, eliciting a feeling of presence that could 

decrease pain perception through means of distraction [24]; therefore, future studies may 

consider disentangling these factors. Nevertheless, while previous studies have demonstrated 

that ownership of the virtual body seems to constitute a crucial role in experiencing analgesic 

effects [23,33,34,52], the current study suggests that the alteration of illusory embodiment is 

sufficient to elicit analgesic effects, independent of perceived strength.  

 

4.4 Conclusions and outlook  

Virtual reality provides a high degree of sensory control, permitting the construction of novel 

virtual environments that can influence and systematically test context-mediated effects in 

novel ways. Our findings suggest no differences in analgesic efficacy between a virtual, OLP 

and a covert, physical placebo, and that a placebo administered to an embodied virtual body 

could influence treatment expectations akin to a placebo administered to the physical body. 

This is even more promising, as our data suggest that the perception of pain intensity is 

decreased in VR pre-intervention. Based on models of predictive coding, we propose that the 

foundational sense of embodiment of a virtual body assumes a central role in the contextual 

processing of placebo analgesia in VR, which could pave the way for further, more elaborate 

investigations of how embodiment, and modulations thereof, influence the perception of pain. 

Future research would benefit from examining the boundaries of these effects by including 

variations in the strength of embodiment (e.g., using asynchronous stimulation) or introducing 
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modulations to the virtual body. Although the current study focused on experimentally induced 

acute pain, the results could nevertheless serve as a promising foundational framework for non-

invasive, non-pharmacological approaches focused on employing embodied virtual reality as a 

potential tool for pain management. Though additional research will be needed for chronic 

pain, introducing virtual placebos could potentially act synergistically with other (virtual) 

bodily modifications that target body perception disturbances, which have already 

demonstrated considerable success in reducing pain in several pain types [38,41,42]. 
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