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Augmented Reality (AR) overlays computer-generated visual, auditory or other

sensory information onto the real world. Due to recent technological

advancement in the field, it can become increasingly difficult for the user to

differentiate between sensory information coming from real and virtual objects,

leading to interesting perceptual phenomena. For example, an AR experience in

which users can experience their own hands in flames has been shown to elicit

heat illusions on the affected hands. In this study, we investigate the potential

that AR has for top-down modulation of pain and thermal perception. We

assessed thermal pain and detection thresholds on the participant’s right hand

while covering it with realistic virtual flames. We compared this experience to a

baseline condition with no additional stimuli. We also report on a condition in

which the hand is covered by a blue fluid not instantly associated with fire. We

found that experiencing a virtual burning hand induces analgesic as well

hyperalgesic effects as participants begin to feel heat related pain at lower

temperatures and cold related pain at higher temperatures. The experience also

impacts significantly on the lowest temperature at which participants starts

perceiving warmth. The blue fluid do not affect the thresholds corresponding to

the baseline condition. Our research thus confirms previous experiments

showing that pain and thermal perception can be manipulated by by AR,

while providing quantitative results on the magnitude of this effect.
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1 Introduction

Augmented Reality (AR) is an emerging interactive technology that changes the user’s

perception of the real world by overlaying virtual sensory stimuli, or through the

modification or removal of sensory information of real objects (Azuma et al., 2001).

When these virtual sensory stimuli are coherently merged with the real world and

experienced in an immersive manner (e.g., through Head-Mounted Displays), they can

induce a plausibility illusion (Slater et al., 2009), thereby suspending disbelief and

triggering a natural associated response. For example, Weir et al. (2013) and Eckhoff
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et al. (2020) have reported that an AR experience during which

users experience their own hands covered in flames create

involuntary heat and olfactory illusions. This raises the

question of the extent to which this AR-induced cross-modal

illusion can modulate thermal perception.

One way to assess thermal perception is to determine thermal

perception thresholds. Thermal perception thresholds

correspond to the temperatures at which a person begins to

perceive a thermal stimulus as warm or cold, while thermal pain

thresholds are the temperatures at which a person begins to

perceive heat or cold as painful. These thresholds are usually

determined by applying a thermal stimulator to the skin, slowly

increasing or decreasing the temperature until the subject reports

a thermal sensation, and the start of a painful sensation triggered

by heat or cold respectively. Threshold values are influenced by a

number of factors, including the method of testing (Defrin et al.,

2006), the rate of heating, (Yarnitsky and Ochoa, 1990), the

ambient temperature (Strigo and Carli, 2000), the location on the

skin (Defrin et al., 2006) or skin temperature (Pertovaara et al.,

1996). Threshold can also vary among participants and depend

on their gender (Rhud and Meagher, 2001; Averbeck et al., 2017)

or medical condition (Curković et al., 1993).

One of the most important cognitive-behavioural techniques

to relieve pain is distraction, as suggested by the gate control

theory of Melzack and Wall (1965). That is also why Virtual

Reality (VR) has been the object of a lot of research in pain

perception. In contrast to AR, VR lets the user perceive only

virtual sensory information, without information from the real

world. AR and VR experiences can induce significant feelings of

presence, changing the user’s behavior as if the experience was

real (Sanchez-Vives and Slater, 2005; Slater et al., 2009; Gonzalez-

Franco and Lanier, 2017). The sense of ‘being there’ - immersed

in a virtual environment - is responsible for a significant level of

distraction, which is why VR has attracted much more research

on pain perception than AR, even in clinical settings Pimentel

et al. (2021); Wilson and Scorsone (2021). For example, Hoffman

et al. (2000, 2004) placed patients suffering from burn injuries in

a virtual snow world and demonstrated analgesic effects through

subjective and fMRI measurements. However, it is yet unclear

what type and/or which elements in these virtual environments

are crucial to elicit these subjective experiences. For example,

Mühlberger et al. (2007) had participants move through a virtual

winter (snowy) landscape as well as through a predominantly

yellow and red autumn landscape, and found similar analgesic

effects, hinting at the possibility that the analgesic effect is rather

a consequence of distracting the participant away from

their pain.

A few articles examine the role of distraction in VR on pain

perception by controlling the degree of cognitive load.

Surprisingly, Demeter et al. (2018) reported that there was no

significant difference in pain reduction between VR experiences

with high and low cognitive load. Both seem to reduce pain

perception compared to a neutral control. Subsequent studies by

Barcatta et al. (2022) found that participants who report a higher

level of emotional distress exhibit higher pain thresholds at lower

cognitive load. They conclude then that individual differences

should be taken into account when designing VR treatments for

analgesic purposes.

Cognitive factors or cross-modal interactions can also greatly

modulate the perception of pain. Longo et al. (2009) reported

that looking at one’s own body part in real pain actually reduces

that pain intensity. They delivered potentially painful stimuli to a

participant’s hand while the participants were looking at their

own hand, a box, or somebody else’s hand. Looking at one’s own

had was associated with the lowest reported pain ratings. Similar

results have been shown when participants were looking at an

embodied hand during a Rubber Hand Illusion (RHI)

experiment (Botvinick and Cohen, 1998). In the original RHI

experiment, while a subject observes a rubber hand being stroked

by a brush, the subject’s real hand, out of view, is also

simultaneously stroked. The congruence between the visual

and tactile stimuli leads to an illusory sense of ownership over

the rubber hand, as well as a perceptual disconnect from the real

limb. Subsequent works report analgesic effects on heat stimuli

during the RHI (Valenzuela-Moguillansky et al., 2011; Hegedüs

et al., 2014). Giummarra et al. (2015) argues that these effects

may arise from a reduced awareness and disownership of one’s

own body parts, as the subject attends to a healthy and pain-free

limb. In their experiment, they could also show the reverse effect,

that is, an increase sensitivity to pain or hyperalgesia by

presenting a fake hand covered with burn injuries. Likewise,

Bauer et al. (2018) found that the mechanical pain threshold was

lowered as the embodied rubber hand appears to be threatened

by pricking it with a sharp knife.

In the realm of VR, researchers have examined how pain

perception can be modulated by the appearance and interaction

of embodied body parts, i.e., a virtual representation of a limb

collocated with the real limb in egocentric space. Martini et al.

(2013) used a VR system that paints a virtual embodied VR arm

respectively with red, blue, or green. In their experiment, the

reddened skin slightly decreased HPT, while the blue skin

increased it. The experimental conditions hints at a different

mechanism for pain modulation where distraction plays a

secondary role compared to virtual embodiment. In general,

the effect of embodiment in VR on pain perception has been

the subject of numerous studies (Martini et al., 2015; Martini,

2016; Käthner et al., 2019; Hoffman, 2021).

These results are consistent with the fact that viewing an

embodied limb in pain activates pain-related brain areas

González-Franco et al. (2014). It has been shown that just

looking at painful images can trigger spinal nociceptive

responses (Vachon-Presseau et al., 2011), as well as activate

somatosensory and motor brain regions and pathways

involved in processing the experience of pain (Fan and Han,

2008; Lamm et al., 2011). What is more, the mere thought of pain

activates pain-processing brain regions such as the anterior
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cingulate cortex, medial prefrontal cortex, and anterior insula

(Fan and Han, 2008; Lamm et al., 2011).

Gandy et al. (2010) points out a key difference between AR

and VR experiences: with AR, the participant can directly observe

their own body and its movement in real time, which is not

possible in VR. For this reason, AR has been used as a successful

therapy to treat phantom pain (Carrino et al., 2014; Ortiz-

Catalan et al., 2016; Dunn et al., 2017) and phobias (Juan

et al., 2005; Botella et al., 2010; Baus and Bouchard, 2014).

In VR, the experience can either be completely disembodied,

or participants can embody limbs of a virtual avatar. However,

virtual embodiment is a fragile perceptual experience that is not

fully experienced by every subject Dewez et al. (2019). Moreover,

it is difficult to integrate VR experiences into everyday life

because the real world cannot be perceived simultaneously.

While AR experiences might not be able to distract

participants from pain as much as VR can, AR allows

participants to perceive augmentations close to, or over their

actual body. Experiencing virtual flames on one’s hand in AR has

been shown to reliably induce illusory heat sensations in some

participants, we decided to investigate the extent to which AR can

modulate both thermal pain and pain detection thresholds in

healthy volunteers.

In particular, we wanted to address the following research

questions: RQ 1: Does displaying virtual flames on the user’s

hand lead to a change in Cold Pain Thresholds (CPT) and Heat

Pain Thresholds (HPT)? RQ 2:Does displaying virtual flames on

the user’s hand lead to a change in Cold Detection Thresholds

(CDT) or Warm Detection Thresholds (WDT)?

2 Materials and methods

To investigate the effect of a visual-auditory illusion

(representing fire) on cutaneous sensations of heat and cold,

we used Quantitative Sensory Tests (QSTs) to measure

temperature thresholds for painful and non-painful thermal

stimuli.

In a within-subject design study, participants were exposed to

three different visual-auditory conditions: realistic fire, blue fluid,

and a baseline condition with no AR manipulation of the visual-

auditory input. This allowed us to quantitatively examine how

thermal sensitivity and pain thresholds were modulated by our

AR system.

All conditions involved participants wearing a Video See-

Through Head-Mounted Display (HMD). We asked all eligible

participants 21) to keep looking at their dominant right hand

while we measured the four QST values described above (WDT,

CDT, HPT, and CPT). The setup and stimulus conditions are

illustrated in Figure 1. In the Fire condition, participants

experienced their own hands as burning in red fire

(Figure 1C). The experienced involved simulating fire flames

espousing the shape and precisely following the movement of the

participant’s real hand. The visuals were complemented with the

(spatially located) sound of a burning torch. While the main goal

of the experiment is to produce quantitative results concerning

the impact of AR-induced heat illusions on pain perception, we

also took the opportunity to introduce an Blue (Figure 1D)

condition that could contribute to a qualitative understanding

on the level of realism that is actually necessary for such heat

illusions to take place.

Our Blue condition resembles the realistic red fire in several

ways, engulfing the hand in an identical way and moving with

essentially the same dynamics, but the experience is distorted to

render it ambiguous: the ‘flames’ fall downwards and present a

bluish color atypical of flames emanating from burning materials

rich in carbon. Also, the visuals are accompanied with the sound

of a howling wind, creating a disassociation with a hot fire.

Finally, we compared these two conditions to a baseline,

neutral condition in which participants observed their right hand

through the AR headset without any superimposed visual or

auditory stimuli.

FIGURE 1
The experimental setup and the three experimental conditions: the participant sees the graphics covering their hand through the AR headset.
(A) Side view of the participant wearing the AR headset, left arm over a computermouse, right arm resting on a cushion, with the thermal stimulator in
contact with the thenar prominence of the right hand. (B) Baseline condition. Participant is looking through the headset on their right hand with no
additional auditory and visual stimuli. (C) Fire condition, experiencing their own hand engulfed in a highly realistic simulation of flames. (D) Blue
condition, experiencing somewhat flame like visuals covering their hand, but with a “cool” blue color and falling rather than rising dynamics.
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2.1 Participants

We recruited twenty-four right-handed healthy participants

(range 19–65 years old, average 26 ± 11, 9 identified as female,

14 identified as male) from our university. All participants signed

a consent form prior to their participation. The work was

conducted in accordance with protocols approved by the

Human Subjects Ethics Sub-Committee of the City University

of Hong Kong. We offered 100 Hong Kong Dollars as a

compensation for their participation. All subjects self-reported

as healthy with no hearing impairment. Before the experiment,

we examined their color and stereo vision. We used a standard

Ishihara color test on a calibrated LCD screen to diagnose red-

green color deficits, and a RandomDot stereo test (Stereo Optical

Company Inc, Chicago, United States) set to 200 arcsec

minimum level of stereopsis. We excluded three of the

twenty-four participants due to color-blindness or insufficient

stereo vision.

2.2 Augmented reality system

To experience AR, the participants wore a HMD that

allowed them to see 3D computer-generated visual stimuli

superimposed on their real-world view. We chose to use a

Video See-Through HMD. The device uses a pair of frontal

cameras mounted on the display to capture the real world that

is then electronically blended with computer-generated

imagery (Rolland et al., 1995). This allows for the creation

of visually coherent virtual graphics (Collins et al., 2017; Itoh

et al., 2021). We used the Varjo XR-3 (Varjo, Oslo, Finland)

with a pixel density of 3,000 pixels per inch, a refresh rate of

90 Hz, horizontal field of view 115° and vertical 80°. The dual

front-facing cameras of the XR-3 have a resolution of 12 MP.

We used the Valve Lighthouse tracking system to track the

pose of the headset in space. To deliver sound, we used open

over-the-ear headphones (Beyerdynamic GmbH and Co. KG,

Heilbronn, Germany).

Our interactive AR platform captures the volumetric

representation and movement of the participant’s hand in

real-time. We achieved that with the Ultraleap hand tracking

sensor (Leap Motion, Inc, San Francisco, California,

United States) of the Varjo XR-3 together with the

Ultraleap SDK. For both conditions, as seen in Figures

1C,D, we developed a real-time fluid simulation based on

the Navier–Stokes equations. For the Fire condition, we

created a physically correct fire simulation. The Blue

condition differs in color as well as the fluid dynamics

used in a way that does not resemble usual fire. We

developed the whole AR experience inside the Unreal

engine (Epic Games, Cary, North Carolina, United States)

and used FMOD (Firelight Technologies Pty Ltd., Melbourne,

Australia) for playing back realistic spatial sound effects.

2.3 Thermal stimulation

To assess thermal detection or pain thresholds, we followed

the Quantitative Sensory Testing (QST) protocol of the German

Research Network on Neuropathic Pain (Rolke et al., 2006).

Noxious and non-noxious thermal stimuli were delivered using a

commercially available thermal stimulator (Medoc TSA-2001;

Ramat Yishai, Israel). This device uses a Peltier thermode with a

stimulating area of 30mm2. The thermode was placed on the

C7 hand dermatome (palmar of the second metacarpal) of the

dominant right hand. Thresholds were determined via a method

of limits.

For each sensory measurement, the visuals, sounds, and

temperature ramps began at the same time. Cold and warm

detection thresholds were measured first (CDT, WDT). Then

cold pain and heat pain thresholds were determined (CPT, HPT).

This order of measurements are defined by the German Research

Network on Neuropathic Pain and are highly reproducible and

were not found to influence each other (Rolke et al., 2006;

Heldestad et al., 2010).

The thermal stimulator provided ramped stimuli (1 °C
s ) for all

threshold measurements. Temperatures returned to the baseline

by 1 °C
s during detection threshold measurements and 5 °C

s during

pain threshold measurements. The next trial started after an

adaptation phase of 10s at the baseline temperature. We

instructed participants to indicate by with a mouse click (on

their left hand) as soon as they either detected a change in the

thermal sensation or until the change in temperature was

perceived as painful depending on the sensory measurement.

Cut-off temperatures were 0 and 50°C for safety to prevent any

tissue damage. Three successive trials were averaged for the

detection and pain thresholds.

2.4 Subjective ratings

We additionally assessed their level of motion sickness after

the experiment through a Simulator Sickness Questionnaire

(SSQ) (Kennedy et al., 1993). The SSQ is a self-reported list

of 16 symptoms that participants are asked to rate in severity in a

4-point scale (from “absent” to “strong”). The questionnaire

yields a total score and sub-scores on nausea, oculomotor

symptoms and disorientation. It is an established method to

assess symptoms after simulator use and is widely applied in

virtual reality research (Cobb et al., 1999; Davis et al., 1999;

Green, 2004; Moss and Muth, 2011).

A final post-study questionnaire assessed the level of

presence of the experience delivered by the AR system.

The goal is to assess whether they had the impression that

the virtual sensory stimuli were part of the real environment.

To measure the level of presence and immersion, we adapted

the presence questionnaire used in (Regenbrecht and

Schubert, 2021). Our presence questionnaire consists of
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five 7-point Likert scale questions namely Q1: How natural

was the appearance of the fire on your right hand? Q2: How

much did the visual display quality interfere or distract you

from observing and interacting with the visuals covering your

right hand? Q3: Did you have the impression of seeing the

virtual objects as merely flat images or as three-dimensional

objects? Q4: Did you pay attention at all to the difference

between real and virtual objects? Q5: Did the virtual objects

appear to be on a screen, or did you have the impression that

they were located on your hand)?

2.5 Procedures

We conducted the experiment in a sound-proof room in

order to keep distractions at a minimum. A single

experimenter performed all the tests. Participants sat on a

chair in front of a black table as seen in Figure 1A. The

temperature of the air-conditioned room was maintained at

23°C. To get acquainted with the procedure, each subject

performed a testing session consisting of one HPT and one

CDT measurement. We presented three different stimuli in

AR to all participants (See Figure 1), with either no additional

graphics applied for baseline measurements (Figure 1B),

realistic virtual flames covering the right hand (Figure 1C),

or dark blue visuals covering the hand (Figure 1D). We asked

the participant to keep looking at their hand in each

condition. The order of the conditions were randomized to

minimize carry-over effects (Yarnitsky and Ochoa, 1990;

Greffrath et al., 2007). In each condition, we measured the

CDT, CPT, WDT, and HPT. The same order of sensory

measurements was used for all participants. We performed

the statistical analysis in Python 3.10 using the SciPy

1.6.0 package.

FIGURE 2
Mean thermal pain and detection thresholds for each condition. The whiskers denote the standard error. Connected bars represent significant
difference * � p< .05, ** � p< .01, *** � p< .001.
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3 Results

3.1 Thermal pain and detection thresholds

Figure 2 depicts the outcomes of the thermal QST (HPT, CPT,

WDT, CDT) for all three conditions. Threshold measurements (in
°C) were averaged across subjects for each of the three conditions.

Because of the small sample size, determining the distribution of

pain thresholds (HPT, CPT) was important for choosing an

appropriate statistical method. Therefore, we performed a

Shapiro-Wilk test, which showed that the CPTs could be

considered normally distributed (p > 0.05) in all conditions. We

conducted one-way repeated-measures ANOVA (one factor:

“Condition” with three levels) on mean CPTs. Post hoc analysis

was conductedwith TukeyHSD tests. The effect size of all significant

results was also calculated according to Cohen’s coefficient (Cohen’s

d). Since sphericity is violated for CPT (ϵ = 0.76), Huyn-Feldt

corrected results are reported. The one-way repeated measures

ANOVA showed an effect of the factor Condition for the CPT

(F1.44,28.79 = 7.010, p = 0.007). Post hoc tests have shown that the

condition Fire significantly increased the CPT (p = 0.043, d = 0.35,

M = 1.84, SD = 2.37) compared to the Baseline condition and

compared to the Blue condition (p = 0.002, d = 0.5, M = 2.62,

SD = 4.2).

However, HPTs significantly diverted from the normal

distribution (p = 0.043) during the Fire condition and were

therefore analyzed using non-parametric Wilcoxon Signed-

Rank tests. They revealed that experiencing virtual flames on

one’s hand in the condition Fire lead to a significant lower HPT

p < 0.001, d = 0.51,M = 1.55, SD = 1.66) compared to the Baseline

and to the Blue condition (p = 0.007, d = 0.47, M = 1.43, SD =

2.22). There was no significant difference in the Baseline and Blue

condition (p = 0.81, M = 0.12, SD = 1.95).

We found the detection thresholds (WDT, CDT) to be not

normally distributed (Shapiro-Wilk test (p < 0.05)). In particular,

WDTs were found to be positively skewed, whereas CDTs were

found to be negatively skewed. These were therefore pairwise

analyzed using a non-parametric Wilcoxon Signed-Rank test.

The burning hand significantly decreased the WDT (p < 0.001,

d = 0.69, M = −1.26, SD = 1.38) compared to the Baseline. We

found no other significant differences.

3.2 Simulator sickness questionnaire

The mean total score of the SSQ of 17.28 ± 3.81 indicated

only little to no motion sickness effects induced by our

experimental platform. Fatigue and salivation increasing were

the most frequently reported symptom (n = 2). General

discomfort, eyestrain, difficulty focusing, nausea, fullness of the

head and dizziness with eyes openwas reported by one participant

in each case. All of the symptoms were rated as slight and none as

moderate or strong.

3.3 Presence

On a questionnaire measuring presence in AR (7 point Likert

scale), adapted from the work by Regenbrecht and Schubert

(2021), participants reported experiencing a high degree of

presence (5.30 ± 1.40), indicating that our AR system created

an effective illusion through virtual graphics that were well

registered with the real world.

To investigate whether the presence score and the perceived

realism of the experience affected the thresholds, we calculated

correlations (Pearson’s r) for all differences in the threshold

measures compared with baseline. However, we found no

significant correlations.

3.4 Paradoxical heat illusion

Although we did not specifically ask about paradoxical heat

sensations, four of the 21 participants reported the sensation of

paradoxical heat. They confused a decreasing temperature ramp

during a threshold measurement with an increasing one in the

Fire condition.

4 Discussion

The major finding of this study is that visual-auditory AR can

effectively modulate nociception and thermoception of real

thermal stimuli. Exposure to the burning hand in AR leads to

(1.) a significantly lower HPT and CPT, and (2.) to a significantly

lower WDT. The Blue condition does not change thresholds

significantly compared to the baseline.

Our observations confirm that our AR experience can exert

both hyperalgesic and analgesic effects. Seeing one’s hand on fire

changes the observer’s sensitivity such that less heat is needed to

produce sensations of heat pain, but also such that more cold is

required to induce sensations of cold pain. In addition, less heat is

needed to trigger sensation of warmth. The cross-modal effects

thus modulated cutaneous perception in multiple ways. Our

finding of hyperalgesic and analgesic changes is in accordance

with previous studies done in VR (Martini, 2016). To the best of

our knowledge, this is the first study to show a top-down

modulation of HPT, CPT and WDT in AR.

There has been a big evidence for the red–warm, blue–cold

association. It has been shown that children as young as about

9 years of age associate the color red with warmth and blue with

cold (Morgan et al., 1975). These colour-temperature

associations can even lead to some thermoregulatory

responses. Rugierri and Petruzziello found that body

temperature increased significantly when participants looked

through red, orange, and yellow glasses (Ruggieri and

Petruzziello, 1988). Blue, green or violet did not lead to a

significant change in body temperature. Moseley and Arntz

Frontiers in Virtual Reality frontiersin.org06

Eckhoff et al. 10.3389/frvir.2022.952637

https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2022.952637


have shown that a noxious stimulus, when associated with a red

cue, hurts more and is actually perceived as hotter, whereas the

opposite is true when associated with a blue cue (Moseley and

Arntz, 2007). In a study, more closely related to our’s, by Ho et al.

(2014), the WDT was found to be lowered when the color of

participants’ real hand was changed to red by a projector.

Interestingly, a blue hand increased WDT. We were able to

reproduce the results in our Fire condition. However, in our case,

the Blue condition did not significantly change any thermal

detection or thermal pain threshold, even though the cue was

blue. This could indicate that the dynamics of the flames lead to

some perceptual ambiguity.

Our work also raises the question whether, or how strongly,

the location of the virtual fire affects thermal perception.Would a

virtual fire at some distance from the thermal stimulator, or even

just the presence of flames in the nearby environment, also lead

to a change in HPTs? While Martini et al. (2013) used a VR

system that superimposes a red, blue, or green color on a virtual

embodied arm to show that the reddened arm significantly

decreased HPT and a blue one increased it, they also included

a condition involving a virtual stimulus presented outside the

limb (a coloured spot), and observed that this did not lead to a

change in HPT. Their study therefore shows the importance of a

virtual stimulus that is co-located with the real arm (e.g., an

“embodied” experience). Likewise, González-Franco et al. (2014)

showed that, when an embodied hand in VR is stabbed with a

knife, pain-related brain activity can be observed in the EEG.

However, when the knife misses the hand and ends up stabbing a

table, this pain-related activity is greatly reduced. Given these

results by Martini et al. (2013) and González-Franco et al. (2014),

we would strongly predict that the changes in pain and detection

thresholds we observed would be reduced, and may disappear

entirely, if the fire was not displayed at “a safe distance from”,

rather than on, the hand. The need to keep the number of

stimulus presentations within each experimental session small

prevented us from testing this prediction within the scope of this

initial study. While quantitative sensory measurements have

been shown to have high day-to-day repeatability, habituation

may occur between successive measurements due to peripheral

receptor fatigue, especially in HPTs Agostinho et al. (2009).

The simple yet effective virtual stimulus employed byMartini

et al. (2013) challenges the assumption that a high degree of

realism is needed to produce modulatory effects. However, it is

interesting to note that our experiment induced changes in pain

thresholds that were much larger than those reported in their

work. Their HPT decreased by around 0.4°C, while in our study

the average decrease was 1.55 °C. We therefore hypothesize that

the level of realism and the intensity of the heat suggested by the

visual-auditory illusion may be positively correlated with how

strongly cutaneous heat sensations are modulated. This seems all

the more likely given that it has already been shown that the

degree of realism and fidelity of graphics inside a virtual

environment positively correlate with the level of the stress

response that it can trigger in participants (Slater, 2009; Weiß

et al., 2021). A vivid image of flames may be particularly effective,

as this is universally recognized as a potential threat (Erlich et al.,

2013). Additionally, the experience of realistic, simulated flames

has been shown to elicit involuntary heat illusions in participants

(Weir et al., 2013; Eckhoff et al., 2020), and we suspect that there

could be causal relationships between these involuntary illusions

and the strong modulatory effects on HPT, CPT and WDT we

describe here, even if the nature and direction of these causal

links remain unclear.

The fact that we observedmuch greater changes in thresholds

than by Martini et al. (2013) could also be due to our use of AR

rather than VR technology. Indeed, the illusion requires that the

participant “embodies” the limb whose image is manipulated,

something that is easier to do when the limb in question is the

real one, instead of an embodied representation in VR generated

by computer graphics. Perani et al. (2001) demonstrated that

different neural networks are activated when participants observe

either a real hand or a virtual hand in different degrees of realism.

In the cases of the virtual hands, they found only limited

differences in activation due to the different degrees of

realism, compared to the response of viewing the real hand.

In addition, Kanayama et al. (2021) compared participants’

oscillatory neural activity using EEG during a rubber hand

illusion in VR with a virtual rubber hand and with a real

rubber hand without the use of VR. Although both

experimental setups were able to evoke the RHI, they found

different oscillatory activities in each condition, suggesting that

VR embodiment alters basic perceptual mechanisms. Therefore,

results from VR experiments with virtual embodied bodies may

not be directly comparable with similar experiments performed

in AR.

As explained earlier, the Blue condition was intentionally

designed not to create a heat illusion by changing the color and

dynamics of the visuals and adding a howling wind noise that

might suggest cold rather than heat. That condition did not show

the same strong modulatory effects on pain and thermal

perception, which adds weight to our interpretation of the

results that the observed changes in pain modulation do not

come from a distraction effect, but rather from the participants’

perception of the red visuals as indicative of the presence of real

red fire covering their hand. What we do not yet know is how

important the role of the sound was in our experiment. What

would have happened, for example, if the sound effects for the

two conditions had been switched, so that the hot looking fire

visual would have been paired with the sound of a cold wind, or

the realistic fire sound had been paired with the blue visuals that

did not look like “real” fire? Perhaps some of our participants

might have interpreted the blue visuals as fire if they had been

accompanied by a realistic crackling fire sound.

Our perception and responses are shaped by innate factors

and experiences gained from life (Welch andWarren, 1980; Ernst

and Bülthoff, 2004; Shams and Beierholm, 2010). For example,
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the sound of a crackling fire is easily recognizable and well-

understood, even by infants. Erlich et al. (2013) found that

infants demonstrated significantly enhanced heart rate

deceleration, larger eye-blinks, and more visual orienting

when listening to evolutionary fear-relevant sounds -

including crackling fire. Here, seeing and hearing the fire

could have triggered similar responses, increasing alertness

and pain perception. Rhud and Meagher (2001) found that

exposure to loud noise resulted in a fear-related hypoalgesia

in women but more surprise-related hyperalgesia in men.

However, in their study, they used noise sounds, rather than

innate fear-related sounds. In light of the above, an unrealistic

blue visuals accompanied by the sound of a howling wind

represents an ambiguous stimuli and may not trigger an

automatic response (learned or otherwise), explaining its

negligible effect on heat perception modulation. Interestingly

though, the fact that this synthetic experience is unusual suggests

that it can be used as a control for distraction in our experiment,

but further research is needed in this direction.

As reported earlier, four of our participants spontaneously

reported a paradoxical heat illusion during a cold stimulus so

strong as to prompt them to interrupt the experiment and

question the correct functioning of the thermal stimulator.

This only happened in the fire condition, suggesting that the

paradoxical effect is correlated to the visualization of the moving

flames. Paradoxical heat illusions have been reported in as much

as 35% of participants during a cold stimulus threshold

experiments with pre-heating of the hand, and only 9.8%

without pre-heating (Hämäläinen et al., 1982). A 19% (4 out

of 21) occurrence of the paradoxical effect in our experiment may

then suggest that the virtual imagery could also induce the

illusion of real pre-heating, an interesting question left for

further studies.

Given the lack of available effect sizes for modulating effects

of this AR experience on HPT, CPT,WDT, and CDT data, we did

not perform a priori sample size calculations. In our study, we did

not observe a change in CDTs. This could be since perception of

cold and warm stimuli involve different neurobiological

mechanisms (Patapoutian et al., 2003), presumably responding

differently to cross-modal stimulation. A larger experimental

sample size may be required to detect more subtle effects on the

modulation of the CDT.

5 Conclusion

We believe this study provides valuable insights on the

potential of AR to bias thermal perception as well as thermal

pain perception, including a quantitative evaluation of analgesic as

well hyperalgesic effects. We found that AR-induced heat-illusions

create analgesic as well hyperalgesic effects as participants begin to

feel heat related pain at lower temperatures and cold related pain at

higher temperatures. The experience also impacts significantly on

the lowest temperature at which participants starts perceiving

warmth. This opens up the fascinating perspective of being able

to use carefully crafted AR experiences to modulate and mitigate

clinical pain. AR pain treatments would be entirely non-invasive

and very safe, and our results give reason to believe that they could

also be quite effective. Compared to VR, AR did not yet attract

much attention in pain research. So, it is our hope that his article

will lead to more studies exploring possible clinical pain

interventions.
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