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ABSTRACT 

Contextual pain conditioning is the process of associating a 
specific painful experience to its emotional and environmental 
context. Although pain conditioning is suggested to play a 
key role in the development and maintenance of chronic 
pain, there is still paucity of studies and protocols specifically 
devoted to better understanding its underlying mechanisms. 
The present study offers an ecological experimental model 
of contextual aversive (painful and non-painful) conditioning 
using immersive virtual reality (iVR) technology. The protocol 
comprised both context and sensory stimuli, specifically: i) a 
three-roomed virtual apartment presented in iVR, ii) a painful 
aversive electro-stimulation (PA), and iii) non-painful aversive 
sounds (NPA). Acquisition and extinction phases consisted 
in participants completing ten rounds in the apartment, for 
which each room was associated to a specific stimulation 
delivery (PA, NPA or no stimulation for control). Sympathetic 
skin response (SSR), environment valence perception and 
stimulation evaluation were measured throughout the 
entire experiment to assess behavioral and physiological 
markers of aversive conditioning. Results confirmed that 

both aversive conditionings lead to a decrease in associated 
room valence compared to control, even more so for the PA 
associated room, which resettled after extinction. Together 
with a significantly greater SSR found during anticipation of 
pain in contrast to both aversive sounds and control, these 
outcomes may suggest that pain conditioning acquisition was 
stronger than non-painful aversive conditioning.  Concluding 
modulation of aversive conditioning markers enabled to 
validate this protocol, which future application may be 
adjusted to allow studies in chronic pain patients.

INTRODUCTION 

Being subject to pain in association with a specific event 
is suggested to facilitate the induction and maintenance 
of chronic pain through classical conditioning (Faasse and 
Johnson 2008, Madden et al. 2016, Moseley and Vlaeyen 
2015, Vlaeyen, 2015, Koenig et al. 2021). Chronic pain can 
be described as a state of persistent learning in which the 
continuous presence of pain generates constant aversive 
associations with daily events (Apkarian et al. 2009, Mazza 
et al. 2018, Harvie et al. 2017) resulting in pain-related fear 
conditioning. Though pain-related fear conditioning can in 
some cases be cue-specific, where patients report knowledge 
of pain outbreaks in the presence of specific stimuli (Johnson 
et al. 2006), non-cue specific pain occurrences can also lead 
to contextual pain-related fear conditioning (Meulder 2020, 
Meulders et al. 2011, 2013). Indeed, research has shown that 
an unpredictable painful unconditioned stimulus (US) applied 
in the absence of distinguishable cues causes the context in 
which it is delivered to be perceived as a potential hazard 
and leads to continuous anticipation of threat (Meulders et 
al. 2011; Fonteyne et al. 2010; Vansteenwegen et al. 2008). 
Although contextual pain-related fear has been reported to 
play a key role in the persistence of chronic pain (Keefe et al. 
2004; Meulders 2020; Mazza et al. 2018), we noted a lack of 
research concerning experimental models aimed at a better 
understanding of its mechanisms.  
A comprehensive literature of contextual fear conditioning 
is available, specifically in animal studies (Yu et al. 2021, 
Schroyens et al. 2019, Kenney et al. 2017, Curzon et al. 2009), 
where context stimuli are easily constructed and modelled 
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under experimental requirements by simply modifying the 
environment’s properties (e.g. different spaces changing 
color, texture or odor) or changing the animal’s location. In 
comparison, contextual fear conditioning studies in humans 
struggle to meet such criteria, as it would analogically require 
subjects to physically move from one location to another , 
i.e. require settings that are unavailable in experimental 
laboratories. In recent years, we noted an increasing number 
of studies aiming to bridge the gap between animal and 
human research by using innovative and ecological working-
tools such as immersive Virtual Reality (iVR) (Kroes et al. 2017, 
Houtemaker et al. 2020, Reichenberger et al. 2020, Binder 
and Spoormarker 2020). The virtual but very vivid experience 
induced by iVR entails the illusion of presence, expressed as 
the combination of physical and emotional belonging to the 
virtual world in which our actions have repercussions (Botella 
et al. 1998, Lombard and Ditton 1997, Riva et al. 2015).  
iVR has been shown to optimize context stimuli and enhance 
emotional implication during contextual learning (Kim et 
al. 2014, Kroes et al. 2017), by virtue of an effective “sense 
of presence”, whereby users report the illusion of being in 
a virtual environment in which occurrences truly happen 
(Sanchez-Vives et al. 2005). In 2010, the Duke University virtual 
environment (DiVE) system initially introduced immersive 
context at the profit of contextual fear conditioning based 
on a projected virtual reality “CAVE” design (Cruz-Neira et al. 
1993) described as a fully enclosed 30 feet cube-shaped room 
in which the virtual environment is projected on all 4 walls, 
ceiling and floor (Huff et al. 2010). Nowadays, iVR contexts are 
widely displayed through immersive Head Mounted Displays 
(HMDs) (Kroes et al. 2017). A commercially accessible iVR 
environment comprising a 2-separate-room area connected 
by a hallway, combined with an unpleasant stimulus (electric 
shocks), resulted in an effective threat conditioning protocol 
(Kroes et al. 2017). This system was further used as a context 
tool for threat conditioning studies, investigating the effect 
of a reminder prior to extinction on contextual mnemonic 
performance, physiological reactivity (skin conductance, 
eye blink, heart rate) and behavioral measures (context 
perception, stimulus rating) (Houtekamer et al. 2020), as 
well as other similar tool systems investigating specifically 
conditioning-related avoidance behaviors (Reichenberger et 
al. 2020, Binder and Spoormarker 2020). However, we noted 
that such laboratory studies often resort to pre-fabricated 
items or even entire environments available cost-free on 
the cross-game platform engine Unity (Unity Technologies, 
www.unity3D.com) typically used to establish VEs. Although 
very efficient, these elements remain visually basic and 
stereotyped, resulting in a cleavage with the outside real world 
which possibly deteriorates the quality of immersion. Indeed, 
the quality of VR experience relies on the correspondence 
between the visual stimuli and the level of expectation of the 

user (Baños et al. 2000): the higher is the similarity between 
the virtual stimulus and real-life stimulus, the closer to reality 
is the outcome of the user’s behavior. Considering that most 
studies focus on behavioral measurements, tackling this 
issue could contribute to better iVR systems and therefore 
improvement in experimental research.  
Our goal in this project was to contribute to contextual pain 
conditioning research by developing new experimental 
models using innovative techniques. Here we offer a complex 
contextual aversive (painful and non-painful) conditioning 
protocol elaborated using an ecological environment modelled 
in iVR. The virtual environment has been fabricated from the 
ground up, and every single item was modeled so to ally 
realism, practicality and immersion quality in experimental 
settings.  The protocol aims to offer a comprehensive view 
of contextual conditioning processes as it combines both 
behavioral and electrophysiological measurements. This 
paper thoroughly describes the construction of the protocol.

METHODS

Context stimulation
iVR equipment : The iVR system used was the HTC VIVE 
technology which comprises VR headset, cameras called base 
stations and a set of controllers. VR headset display offers a 
360° field of vision (120° horizontal, in a stable position), with a 
refreshing framerate at 120Hz, which translates into a smooth 
display of movement. Pixel resolution goes up to 2448x2448 
pixels per eye-screen. HTC VIVE headset and controllers are 
compatible with SteamVR® 1.0 and 2.0 base stations which 
detect the headset position (user’s position) and configurate 
the field of movement available. Cameras are placed in all 
corners of the room to define the movement space range: 
10m x10m range of movement with four base stations and 
5mx5m range with two stations. 
Virtual context : The context stimulus is a 3D-apartment 
modelled in immersive Virtual Reality using Blender2.92 ® and 
Unity 2018.2.16f1 ® software (Unity technology, www.unity3d.
com). The apartment is composed of a kitchen, a living-room 
and a bathroom, connected via a central hallway (figure 1A). 
The three-roomed architecture was chosen to create three 
neutral contextual stimuli, each to be associated with one 
specific condition: painful aversive condition (PA), non-painful 
aversive condition (NPA) and control condition (CONT). An 
avatar was designed to match specifically the user’s position 
and seating (figure 1C). C# scripts were used to define the 
avatars movement around the apartment, the incidental 
encoding task described in part 2.4 and room rotation around 
the hallway allowing randomized context stimuli appearance 
(Figure 1B).  
Supplementary data is available on an Open-source platform: 
https://github.com/argitxuCaldichoury/VEProtocol.git. 
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Specifically, the data includes: i) an explanatory document which details the implementation of the protocol, ii) the code used 
to implement the experimental flow and iii) a video illustrating a circuit around the virtual environment.

Participants
This study was approved by a National Ethics Committee (Comité de Protection de Personnes CPP Nord-Ouest IV n° 2019-
A01816-51, ClinicalTrials.gov ID: NCT04189965) and declared at the Liberties and Informatic National Commission (CNIL). 
Participants were recruited through announcements at the Neuroscience Research Center (CRNL) and universities of Lyon, 
signed informed consent, and were remunerated for their participation. Were excluded subjects suffering from any type of 
chronic pain or under drug treatment with analgesics, subjects suffering from any psychiatric disorder and subjects with heart 
abnormalities and/or abnormal long-term mnemonic capacities (tested at the beginning of the experience with The Doors 
and People memory Test (D&P; Baddeley et al., 1994)). Sixty volunteers participated to the final version of the experiment, 
out of which 1 was discarded due to an exclusion criterion revealed at the end of the experiment; hence, n=59 healthy 
volunteers participated to the final study (25.77± 5.5 y.o; 29 women). No subjects of the final experiment were excluded for iVR 
intolerance nor aversive stimuli intolerance. Based on previous research of skin conductance effects in a contextual aversive 
iVR conditioning protocol reporting an effect size of 0.73 (Kroes et al. 2017) with a sample size of 22 and a power of 95%, 
error α=0.05 (Gpower 3.1.9.2 , we estimated that a sample size n=59 subjects allows to disclose a   difference in physiological 
markers analysis between the before and after conditioning phase.

Sensory stimulations
Nociceptive stimulation 
The nociceptive stimulation was an electric stimulus distributed homogeneously on the left hand’s surface creating a feeling of 
paresthesia mainly on the palm of the hand. It was though an Electrostimulation Glove (Axion®, France) acting as cathode, and 
a 5*5-centimeter plane electrode placed on the wrist (anode), and driven by a Micromed stimulator (Micromed®, France) with 
the following parameters: frequency 20 Hz; impulse duration 1000µs; 800 impulse iterations (Figure 1). The stimulus lasted 
40 seconds and its intensity was  determined for each subject at the beginning of the experiment by using a scale rated from 
0 to 10 where 0 was defined as ‘non-painful’, 10 as ‘Extremely painful’ and 4 being the nociceptive threshold. After calibration, 
the final chosen stimulus intensity had to match between 5 and 6 on the rating scale, which means a stimulation felt as painful 
but tolerable. The current intensity varied between 12mA to 28mA throughout all participants: for women, the average current 
intensity was 15+/-4.8mA; for men 17+/-4.8mA. During the experiment, participants systematically rated verbally the painful 
stimulation, allowing to adjust the current intensity in case of habituation (ratings below 5 out of 10 on the rating scale) or 
sensitization (ratings above 7 out of 10). Adjustments varied around ±4mA around the initial calibration. The benefit of using 
an electro-stimulation glove is the wider surface of stimulation it offers compared to simple electrodes, which in turn allows a 
better modelling of the pain described in clinical settings (Peyron et al. 1998). 

Figure 1

Figure 1: Virtual environment A. Apartment composed of a living-room, a kitchen and a bathroom. B. Apartment structure allowing room rotation 

around the central hallway, C. Virtual avatar imitating participants’ position and location.
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Non-nociceptive aversive stimulation 
The non-nociceptive aversive stimulation was based on 
auditory unpleasant stimuli delivered through Bluetooth 
headphones (Sonic.), with a volume set on 67dB. The volume 
allowed clear  but painless hearing of aversive sounds. 
The stimulus was a set of seven mixed soundtracks each 
composed of three aversive sounds (supplementary data).  
Seven different categories of sounds were used (knife rubbing 
against glass bottle, bike brakes, street drill, chalk against 
board squeaking, door squeaking, fork rubbing on plate, nail 
scratching), each recorded in various exemplars giving a total 
of 60 sound samples of 6 to 10 seconds duration. 
The samples were assessed via a questionnaire uploaded 
online to evaluate the following features: (i) averseness, using 
a 10-point scale 1 corresponding to ‘Not aversive’ rating and 
10 to ‘Extremely Aversive’, and (ii) relation to pain, evaluated 
with a choice-answer question: “How much does this sound 
remind you of physical pain?”. Possible answers included: 
“not at all”, “slightly”, “moderately”, “a lot”, “extremely”. 
Answers were translated into numerical values going from 
1 to 5 points. This latter scale was required as our goal was 
to have an aversive stimulation completely separated from 
pain or any pain-associations. Sound samples are available 
on request.  
Sixty-one volunteers answered the questionnaire (37.42 
± 16.4y.o; 31 women). Results enabled to select sounds 
according to the following criteria: a minimum mean score of 
5 out of 10 on the aversion scale, and below 2 out of 5 on its 
relation to pain.  Twenty-one sounds were by means included 
and divided in seven groups composed of 3 sounds with 
equivalent mean aversion (5,8±0,06) and mean association to 
pain (1,6±0,04) resulting in seven mixed soundtracks.

Data acquisition
Immersion evaluation 
For immersion quality testing, participants were required 
to evaluate their iVR experience in terms of location and 
presence in the environment ((ii) and (iv)) and body ownership 
((i) and (iii)). Subjects were asked to indicate whether or not 
they agreed with the following affirmations: (i) “My (real) 
body started to embody the posture or form of the virtual 
avatar” (Posture) (ii)” My (real) body could be affected by the 
environment” (Possibly affected) (iii) “The avatar’s body was 
my own” and (iv)” My (real) body was placed in the same 
location as the avatar’s body”. Seven available answers were 
given: 1. Never 2. Rarely 3. Occasionally 4. Half of the time 5. 
Often 6. Almost always 7. Always. Theses answers were then 
translated into a 6 point-scale, 0-points being “Never” and 
6-points being “Always”. Descriptive analysis of immersion 
quality was done by averaging numerical answers across all 
subjects for each affirmation.  

Behavioral Tests 
Behavioral measurements were programmed on PsychoPy®. 
For our protocol, we programmed two behavioral 
measurements : environment evaluation and stimulation 
evaluation (figure 2B): 
(i) Environment evaluation: Subject’s perception of the 
environment was measured via the valence attributed to 
each room using the Self-Assessment Manikin Valence Scale 
(Bradley & Lang, 1994).  
(ii) Stimulation evaluation: Painful and non-painful aversive 
stimuli were assessed with Visual Analog Scales (VAS). For 
the painful stimulation, subjects rated both the level of 
unpleasantness and the pain intensity of the electro-stimulus: 
the VAS for the level of unpleasantness ranged from “Not 
unpleasant” to “Extremely unpleasant”; the VAS for pain 
intensity ratings ranged from ‘Not painful” to “Extremely 
painful”. As for aversive sounds, subjects evaluated the level 
of unpleasantness only (same VAS described above). 

Sympathetic skin response (SSR) 
The SSR has been extensively used as an indicator for 
variations occurring in the autonomic nervous system 
during the establishment of a conditioned response (Bräsher 
and Witthöft 2019, Faghih et al. 2015, Esteves et al. 1994, 
Sjourwerman et al. 2015). Sympathetic skin response was 
recorded continuously using the acquisition system ASA (ANT 
Software, The Netherlands). One electrode was placed on the 
palm of the right hand and another on the opposite side as 
reference-electrode.

Experimental Procedure
Participants were comfortably seated in a lounge chair 
either in front of a screen during testing or wearing the 
Head Mounted Display HTC Vive ® during immersion. The 
experiment comprised three main periods: familiarization, 
conditioning and extinction period (Figure 2A). 

Familiarization 
Participants had to first and foremost adjust with iVR. 
Familiarization consisted in immersing the participant in the 
virtual apartment for one single round around each room, 
thus lasting less than 4 minutes in total.  The subject was 
instructed to stay still on the chair and move the head only 
slightly from right to left, up and down, and avoid any brusque 
movement. This procedure enabled both: (i) to validate the 
participant’s tolerance towards immersion and confirm their 
ability to proceed with the rest of the experiment and (ii) 
for the subject to discover all three rooms prior any type of 
conditioning, as neutral stimulations. After familiarization, 
subjects were asked to evaluate their perception of the 
environment, i.e. measure the valence and emotional impact 
of each room pre-conditioning.     
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Conditioning 
The conditioning phase consisted in creating two types of aversive conditioning (PA and NPA) to be compared to a control 
condition (CONT). To do so, each room (kitchen, living room, bathroom) was randomly attributed to a specific condition (painful 
aversive (PA), non-painful aversive (NPA) or control (CONT)), thus variating from subject to subject.  Participants were immersed 
for 35 minutes in the virtual apartment, during which they proceeded to complete ten rounds in each room. Participants 
stayed 49 seconds in each room with a 25 second stay in the hallway in between each room visit. According to the room they 
entered, the experimenter either induced the electro-stimulation (PA condition), the aversive sounds (NPA condition), or no 
stimulation at all (CONT condition). Stimulations were delivered between 1 to 5 seconds during room entrance. In the aversive 
rooms, for three rounds out of ten, no stimulations were delivered, these being randomly distributed across all ten rounds for 
each condition (the electro-stimulation free rounds and sound-free rounds not being necessarily simultaneous). This enabled 
to monitor the development of both conditionings throughout the entire phase. 
Each time subjects exited the PA-room (where the electro-stimulation is delivered), they were asked to rate the pain intensity 
and unpleasantness of the stimulus they had just felt. After conditioning, subjects were asked to evaluate the valence and 
emotional impact of each room post-conditioning, rate the average pain intensity and pain unpleasantness of all seven electro-
stimulations received and rate the mean unpleasantness of all seven aversive soundtrack stimuli (figure 2B).  

Figure 2

Figure 2 : A. Experimental protocol timeline : familiarization, conditioning and extinction session with behavioral measurements (Valence and EI, VAS, 
Implicit memory testing) in between each phase; STAI : State and Trait Anxiety Inventory ; EI : Emotional Impact ; VAS : Visual Analog Scale ; PA : Painful 
Aversive ; NPA : Non-Painful Aversive. B. Behavioral testing sequence : Valence and Emotional Impact (EI) evaluation (SAM scale) for each room (kitchen, 

living-room; bathroom) followed by Pain intensity and Pain unpleasantness ratings (VAS) and Sound unpleasantness rating (VAS).

Extinction 
Three groups of subjects were defined for extinction: (i) a Total-extinction group: both aversive conditionings were extinguished, 
the procedure was exactly the same as in conditioning phase with no stimulation delivered, (ii) a PA-extinction group: only 
the painful aversive conditioning was extinguished, aversive sounds were again delivered and (iii) an NPA-extinction group: 
only the non-painful aversive conditioning was extinguished, electrostimulations were again delivered. These different groups 
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of extinction allowed to analyze the long-term effects of 
extinction particularly on behavioral measurements, e.g. 
environment perception and stimulation evaluation.

Data analyses
All statistical analyses were performed with JASP® software 
with significance level set at p<0.05, and Greenhouse-
Geisser correction applied to repeated-measures ANOVA 
when needed. Holm post-hoc corrections were used when 
necessary. In all the figures, data are presented as mean ± 
SEM.

Behavioral data  
Stimulations perception: Intensity ratings were measured 
post-conditioning for the painful stimulation only. 
Unpleasantness ratings were measured post-conditioning for 
the painful electro-stimulation (Pain), and for the non-painful 
aversive sounds (Sound). A Student-t test was performed 
between stimulations (pain and sound) unpleasantness 
ratings.   
Environment perception: Valence of each room were 
assessed at three different time-points for every subject: after 
familiarization (Pre-COND), after conditioning (Post-COND), 
and after extinction (Post-EXT). A repeated - measures ANOVA 
was done using time point (PreCOND, PostCOND, PostEXT) 
and room (PA, NPA, CONT) as intra-subject factors. 

Physiological data 
Data pre-processing: SSR recordings were pre-processed 
on The Observer XT © software (Noldus - Wageningen, the 
Netherlands). This behavioural research tool software enables 
to synchronize and analyse multiple inputs (e.g. video, audio, 
physiological signals, etc.) of an experiment. In our case, it was 
used to synchronize the timeline of the experiment using a 
recorded video of the virtual environment conditioning circuit 
and the recorded physiological data. This allowed to extract 
specific segments of the SSR recorded data according to the 
subject’s location (PA, NPA, CONT or hallway) and stimulation 
delivery (either ON or OFF according to the round).  
To alleviate further writing, SSR of the PA condition-
associated room location will be referred as PAON (when 
the electrostimulation is ON), PAOFF (for when it is OFF); as 
for the NPA condition associated room location (NPAON, 
NPAOFF). The control condition associated room location 
will be referred as CONT and the hallway location serving as 
baseline will be referred as BL.  
For the conditioning phase, the following SSR segments were 
exported for each subject: (i) seven segments PAON, seven 
segments NPAON, three segments PAOFF, three segments 
NPAOFF, ten segments CONT – all 49 seconds long each 
(duration of the subject’s presence in a specific room), and 
thirty BL segments - 25 seconds long.  

For the extinction phase, the number of ON/OFF segments 
varied across subjects according to their specific extinction-
group-belonging (Total extinction, NPA extinction, PA 
extinction). 
- For the total extinction groups ten segments PAOFF, ten 
segments NPAOFF, ten segments CONT and thirty segments 
BL were extracted.  
- For the NPA extinction groups:  ten segments NPAOFF, ten 
segments CONT and thirty segments BL.  
- For the PA extinction groups: ten segments PAOFF, ten 
segments CONT and thirty segments BL.  
All segments of every condition (PAON, PAOFF, NPAON, 
NPAOFF and CONT) and baseline segments were rectified 
before further processing.  
Conditioning phase analysis: All different types of SSR 
segments were averaged within their condition so to finally 
obtain six averaged SSR segments in total for each subject: 
PAON, NPAON, PAOFF, NPAOFF, CONT. To enable baseline 
correction, 15 artificial segments of 49 seconds were created 
out of the initial 25 seconds long BL segments (see example 
Figure 3). Baseline segments were then averaged to create a 
single 49 seconds long BL segment for each subject to match 
the length of each condition segment.  
To eliminate non-specific effects, the average baseline was 
subtracted to each condition: PAON - BL, NPAON - BL, PAOFF 
- BL, NPAOFF - BL, CONT- BL. To alleviate writing these will be 
further referred as: PAON, NPAON, PAOFF, NPAOFF, CONT. 
Averaged segments were divided into four 10 seconds-
long intervals starting at 3s after event onset to avoid 
any contaminations (e.g. the shock of the corresponding 
stimulation or associated startle probe), intervals will be 
referred as: 0-10s, 10-20s, 20-30s, 30-40s). This allowed 
to investigate the evolution of SSR throughout the entire 
duration of a specific room (see example Figure 4). For each 
interval of each segment, amplitude of the SSR was measured 
peak-to-peak of the largest deflection of the corresponding 
interval, in keeping with previous studies (Chapon et al. 2019, 
Kroes et al. 2017).  
A two-way repeated measures ANOVA was performed with 
conditions (PAON, NPAON, PAOFF, NPAOFF, CONT) and time 
intervals (0-10 s, 10-20 s, 20-30s, 30-40s) as inner-subject 
factors, with Greenhouse-Geisser correction. Holm-corrected 
post-hoc t-tests were added when necessary.  
Extinction phase analysis: Extinction subject groups (Total 
extinction, NPA extinction and PA extinction) were analysed 
separately. SSR analysis was focused on the first 10 seconds 
of room-location (interval 0-10s), to assess SSR variations 
due to aversive stimulus anticipation. As for the conditioning 
phase, SSR amplitude was measured peak-to-peak between 
the minima and maxima of the studied time interval, for each 
condition. For each extinction group, two types of analyses 
were performed in order to assess 1) the mean SSR amplitude 

https://www.directivepublications.org/


Journal of Pain (ISSN 2996-1793) 

obtained for each condition during the whole extinction phase and 2) the SSR amplitude progression throughout the early and 
late phase of the extinction period.   
For the mean SSR amplitude assessment, SSR segments were averaged across all rounds and baseline corrected following 
the procedure described in the “conditioning phase analysis” paragraph. In addition to the control room, the analyses were 
performed on the SSR recorded both in rooms where the aversive conditioning was extinguished (NPAOFF and/or PAOFF) and 
those where it was not (NPAON and/or PAON). A repeated-measures ANOVA was performed with conditions (NPAON, NPAOFF, 
PAON, PAOFF, CONT, according to each extinction group) as inner-subject factor. Holm-corrected post-hoc t-tests were added 
when necessary. 
For the SSR amplitude progression assessment, in addition to the control room, the SSR analyses focused on extinguished 
conditions only (NPAOFF and/or PAOFF). To analyze SSR amplitude progression throughout the entire extinction phase, SSR 
amplitude was measured for every single round. SSR amplitudes of round 1 to round 5 were averaged defining a first period of 
extinction called EARLY stage; amplitudes of round 6 to round 10 were averaged defining a second period of extinction called 
LATE. To verify if the observed evolution of SSR between the EARLY and the LATE stage is due to extinction processes rather 
than habituation effects, the same procedure was performed on the SSR recorded during the conditioning phase. To avoid 
any confusion, the control room during conditioning phase will be referred as CONTCOND, and that of the extinction phase 
CONTEXT. A two-way repeated measures ANOVA was performed for each extinction group with conditions (PAOFF, NPAOFF, 
CONTEXT, CONTCOND) and period (EARLY, LATE) as inner-subject factors. Holm-corrected post-hoc t-tests were added when 
needed.

Figure 3

Figure 3 : Example of Baseline segments creation. Out of the thirty 25-seconds long initial Hallway segments (upper row), a total of fifteen new baseline 

(BL) segments were created artificially lasting 49-seconds long (lower row) to match condition segments.
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Figure 4

Figure 4 : Example of averaged and rectified SSR segment division into four equal time- intervals (0-10s, 10-20s, 20-30s, 30-40s). with 3-seconds long 

onset (to avoid stimulation contamination) and 6 remaining seconds.

Results

Behavioral results
Immersion quality 
Mean score to the location affirmation (4.48 out of 6) and to the possibly affected affirmation (4.31 out of 6)-between “often” 
and “almost always”- revealed that the subjects’ and the avatar’s location concurred correctly for 75 % of immersion time 
and that subjects frequently felt potentially influenced by their surroundings (72% of immersion duration). However, lower 
mean scores to both the posture and the belonging affirmations (2.63 and 2.03 out of 6 respectively) -between “occasionally” 
and “half of the time”- revealed that bodily immersion sensations in terms of real-body/avatar merging and complete body 
ownership were only felt during 39% and 34% of immersion (Figure 5).

Figure 5

Figure 5 : Immersion evaluation mean scores for Posture, Possibly affected, Belonging and Location affirmations on a 6 point-scale, 0-points =“Never” 

and 6-points =“Always”.
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Stimulation ratings  
Results of Student-t test revealed that subject evaluated the painful electro-stimulation (6.3 ±1.8) as more unpleasant than 
the non-painful aversive sounds (5.7±1.9) (F (1,58)=4.64 p=0.035) (Figure 6). Mean pain intensity rating across subjects was at 
5.1±1.6.  Note that six subjects out of fifty-nine did not reach the minimum pain threshold (3.0±0.8) during the experiment, due 
to their consistently low ratings regardless of the stimulation intensity adjustment.  

Figure 6

Figure 6 : Mean intensity and unpleasantness ratings (VAS). On the left: mean intensity ratings across subjects for the painful electro-stimulation; On 
the right: mean unpleasantness ratings for the painful electro-stimulation (dark grey) and the aversive sound stimulation (light grey) post-conditioning. 

Individual ratings are represented in dots. *p<0.05

Room valence 
Repeated measures ANOVA revealed both a significant room effect (F(2.58)=5.83; p=0.005), and timepoint effect (F(2.58)=20.94, 
p<.001) with a significant room*timepoint interaction (F(4.58)=5.09 p=0.001). Results of room*timepoint interaction post-hoc 
test firstly ensured that subjects assessed equal valence to each room (PA, NPA and CONT) prior conditioning. Post-conditioning, 
a significant decrease in valence assessment appeared for aversive rooms, that is for the NPA room (t(58)=3.99 p=0.002) and 
even more so for the PA room (t(58)=4.6 p<.001) compared to the CONT room. No difference was found between PA and NPA 
rooms. Post-extinction, PA and NPA valence assessment increased approaching CONT room level, hence difference between 
rooms disappeared (Figure 7A). Detailed posthoc tests are given in table 1. 
According to the results presented in Figure 7B, an observational analysis suggests that, during the extinction phase, the 
aversive room valence is restored to the pre-conditioning level only for the rooms for which the aversive conditioning has been 
extinguished.  
For the Total extinction group, the ANOVA revealed a significant timepoint effect (F(2.19)=2.87, p<.001) and room*timepoint 
interaction (F(4.19)=4.49, p=0.005). For the two aversive rooms, valence decreased from pre-conditioning to post-conditioning 
(NPA room: t(19)=4.77, p<.001; PA room: t(19)= 3.88, p=0.006) and restored post-extinction (Figure 7B).  
For the NPA extinction group, the ANOVA revealed a significant timepoint effect only (F(2.19)=9.61, p<.001), with an overall 
significant valence decrease post-conditioning (t(19)=4.15, p<.001) and post-extinction (t(19)=3.29, p=0.004) compared to pre-
conditioning valence level (Figure 7B).  
For the PA extinction group, the ANOVA revealed a significant timepoint effect (F(2.18)=6.33, p=0.005) and room*timepoint 
interaction (F(4.18)=7.98, p<0.001). The PA room valence significantly decreased from pre- to post-conditioning (t(18)= 5,29, 
p<.001), and returned to pre-conditioning level after extinction. For the NPA room, a significant decrease appeared only after 
extinction compared to pre-conditioning level (t(18)=3.61, p=0.015) (Figure 7B).  
Detailed post-hoc tests for each extinction group are given in table 1.
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Figure 7

Figure 7 : Environment perception A. Global valence assessment for each room (PA, NPA and CONT) and each time-point (PreCOND, PostCOND, 

PostEXT) B. Valence for each extinction group. *p<0.05**p<0.01***p<0.001.
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Table 1

All Subjects

(n = 59)

Total Extinction group 

(n=20)

PA Extinction group 

(n = 19)

NPA Extinction group 

(n=20)

t(58) P value t(19) P value t(18) P value t(19) P value

Room

TimePoint

CONT vs NPA

CONT vs PA

NPA vs PA

PreCOND vs PostCOND

PreCOND vs PostExt

PostCOND vs PostExt

2,78

3,11

0,33

6,31

4,39

-1,93

0,013

0,007

0,74

<,001

<,001

0,057

4,29

2,26

0,15

<,001

0,059

0,059

3,28

2,83

-0,44

0,007

0,015

0,66

4,15

3,29

-0,86

<,001

0,004

0,39

Room*

PreCOND

PostCOND

PostExt

CONT

NPA

PA

CONT vs NPA

CONT vs PA

NPA vs PA

CONT vs NPA

CONT vs PA

NPA vs PA

CONT vs NPA

CONT vs PA

NPA vs PA

PreCOND vs 

PostCOND

PreCOND vs 

PostExt

PostCOND vs 

PreExt

PreCOND vs 

PostCOND

PreCOND vs 

PostExt

PostCOND vs 

PreExt

PostCOND vs 

PreExt

PreCOND vs 

PostExt

PostCOND vs 

PreExt

-0,063

-0,63

-0,57

3,98

4,55

0,57

1,96

2,65

0,7

0,42

0,7

0,28

4,93

2,95

-1,97

6,19

4,36

-1,83

1

1

1

0,002

<,001

1

0,79

0,17

1

1

1

0,53

<,001

0,073

0,79

<,001

<,001

0,95

-1,44

1,12

0,33

3,35

2,99

0,55

1,99

2,21

0,22

0,22

-0,77

-0,55

4,77

2,66

-2,11

3,88

2,55

-1,33

1,0

1

1

0,018

0,095

1

0,93

0,66

1

1

1

1

<,001

0,23

0,78

0,006

0,29

1

-1,14

-1,14

-0,001

2,19

4,68

2,5

2,39

1,24

-1,14

-1,44

-0,48

0,96

2,41

3,61

1,2

5,29

2,29

-3,01

1

1

1

0,72

<,001

0,39

0,47

1

1

1

1

1

0,46

0,015

1

<,001

0,58

0,094

Table 1: Detailed results of post-hoc tests of valence assessment (Holm corrected): between rooms (CONT, NPA, PA), timepoints (PreCOND, 
PostCOND, PostEXT) and room*timepoint interaction for (i) All subjects (n=59), (ii) Total extinction group (n=20), (iii) PA extinction group (n=19) 
and (iv) NPA extinction group (n=20). Significant p values are written in bold.

Physiological results
Conditioning phase  
Example of one subject’s mean SSR for each condition as a function of time is given in Figure 8A.  
Repeated measures ANOVA revealed that SSR amplitude depended on the condition associated room (F(4.58)=42.8 p<.001) 
with SSR amplitude of the PAON condition appearing considerably greater compared to all the other situations (CONT: 
t(58)=11.6 p<.001; PAOFF t(58)=8.71 p<.001; NPAON: t(58)=9.71 p<.001; NPAOFF: t(58)=10.4 p<.001); as well as a greater SSR 
amplitude in the PAOFF condition compared to CONT (t=2.84 p=0.03) (Figure 8B). Time-interval was also a contributing factor 
(F=10.9 p<.001) as SSR amplitude during the first ten seconds of room circuits (0-10s) appeared significantly different than 
SSR amplitude during the remaining 30 seconds (10-20s: t=3.78 p<.001; 20-30s: t=4.88 p<.001; 30-40s: t=4.99 p<.001) with a 
significant room/time-interval interaction (F=6.63 p<.001). Indeed, SSR amplitude during the PAOFF condition was significantly 
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larger compared to control during the first ten seconds of room circuit only (t=4.09 p=0.007) (Figure 8C), with a slight tendency 
remaining in the second time-interval (10-20s) (t= 3.46 p=0.075) before decreasing to control level at 20s past room entry. 
SSR amplitude during the PAON condition was overall significantly larger compared to all other situations (PAOFF, NPAON, 
NPAOFF, CONT) in all time-intervals (010s, 10-20s, 20-30s and 30-40s) (see table 2).  

Note: SSR amplitude of the PA room overshadows what happens in the NPA room. Isolating NPA ON, NPA OFF and CONT, 
similar results were exposed with an overall room effect (F(2.58)= 6.61  p=0.004), post-hoc t-tests revealing a significant 
difference between NPA OFF and CONT (t=2.30 p=0.047) and even more so between NPA ON and CONT (t(58) = 3.58 p=0.002) 

Figure 8

Figure 8 : A. Example of one subject’s mean SSR across conditions (PAON, PAOFF, NPAON, NPAOFF, CONT) throughout the entire duration of a room 
circuit (49 seconds long). Mean SSRs are baseline corrected and centered at 0 for visualization facilitation B. Mean SSR peak-to- peak amplitude (Max-
Min) (µV) for each condition at each time-interval (0-10s, 10-20s, 20- 30s, 30-40s) and C. Mean SSR peak-to-peak amplitude (Max-Min) (µV) during the 

first 10 seconds of room-circuit (0-10s interval) for each condition **p<0.01 ***p<0.001.

Table 2

PA ON PA OFF NPA ON NPA OFF CONT

t(58) p Value t(58) p Value t(58) p Value t(58) p Value

[00-10s]

[10-20s]

[20-30s]

[30-40s]

PA ON
PA OFF

PA ON
PA OFF

PA ON
PA OFF

PA ON
PA OFF

9,31

4,77

4,04

3,83

<,001

<,001

0,009

0,019

1,04
1,13

4,53
0,24

4,84
0,87

4,62
0,82

<,001
1,0

0,001
1,0

<,001
1,0

<,001
1,0

12,2
2,86

4,99
2,22

5,03
0,99

3,93
0,099

<,001
0,5

<,001
1,0

<,001
1,0

0,013
1,0

13,4
4,09

5,64
3,46

5,21
1,18

4,86
1,02

<,001
0,007

<,001
0,075

<,001
1,0

<,001
1,0

Table 2 : Detailed results of Post-hoc tests (Holm corrected) for SSR peak-to-peak amplitude of the PAON and PAOFF conditions compared to all other 

situations at all time- intervals
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Extinction phase 
Mean SSR amplitude: For the total extinction group, analysis of mean SSR amplitude during the first ten seconds of a room 
circuit revealed no difference between extinguished conditions (PAOFF, NPAOFF) and control (CONT). For the NPA extinction 
group,  repeated measures ANOVA results revealed a room effect (F(3,19)=11.6, p<.001) with mean SSR amplitude being 
significantly higher for both PAON and PAOFF compared to CONT (t(19)=4.70 p<.001; t(19)=3.72 p=0.002) and the extinguished 
condition NPAOFF (t(19)=4.49 p<.001; t(19)=3.52 p=0.003). No difference was revealed between NPAOFF and CONT. For the 
PA extinction group, no difference in mean SSR amplitude was found between conditions, including the non-extinguished 
condition (NPAON, NPAOFF), the extinguished condition (PAOFF), and control (CONT) (Figure 9A).  
SSR amplitude progression assessment: For all three extinction groups, results of repeated measures ANOVAs indicated a 
period effect (total extinction: F(1,19)=7.94 p=0.013; NPA extinction: F(1,19)=16.1 p=0.001 ; PA extinction: F(1.19)=8,88 p=0.008) 
with overall SSR amplitudes being significantly larger at the EARLY period of extinction (from round 1 to 5) compared to the 
LATE period (round 5 to 10) (Figure 9B). However, no statistical difference was found between conditions of the extinction 
phase (PAOFF, NPAOFF, CONTEXT according to each group) and that of the conditioning phase (CONTCOND), suggesting that 
the observed SSR decline reflects progressive habituation rather than an extinction effect.

Figure 9

Figure 9 : SSR peak-to-peak amplitude (µV) during extinction A. Mean SSR amplitude during the 0-10s time interval for each condition of all three 
extinction groups: total extinction, NPA extinction and PA extinction .Conditions used for further SSR amplitude progression analysis are framed in 
dotted line, including extinguished conditions (NPAOFF and/or PAOFF) and control (CONT) B. SSR amplitude for every round (round 1 to 5 : EARLY 
period; round 6 to 10 : LATE period) of the total extinction the NPA extinction and the PA extinction groups*p<0.05**p<0.01***p<0.001

DISCUSSION

The goal of this study was to build a contextual aversive (painful and non-painful) conditioning protocol by means of an “ecological” 
environment modelled in immersive Virtual Reality, and demonstrate its usefulness in modulating both psychophysical and 
physiological measures in a sample lf healthy volunteers. The environment was designed as a three-room apartment (kitchen, 
living-room, bathroom) allowing to associate each one to a specific stimulus: painful, an electrical tonic stimulation induced 
on the left-hand; non-painful, a set of aversive noises; or no stimulation, serving as control. Fifty-nine healthy volunteers 
underwent the conditioning protocol: subjects “entered” 10 times each room in random order, during which the different 
stimuli were induced in their attributed context. The conditioning phase was followed by an extinction protocol for which three 
groups of subjects were defined: (i) a total extinction group – both aversive conditionings were extinguished, (ii) a PA extinction 
group – only the painful aversive conditioning was extinguished and (iii) an NPA extinction group – only the non-painful aversive 
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conditioning was extinguished. Behavioral data (immersion 
quality, stimuli intensity/unpleasantness and room valence) 
and electrophysiological data (sympathetic skin response) 
were recorded in order to validate the usefulness of the iVR 
protocol in modulating subjective and objective pain-related 
parameters.

Context perception
Results confirmed a successful contextual post-conditioning 
modulation of perception, indicated by a strong decline in 
valence assessment for both aversive conditioned rooms (PA 
and NPA), compared to the control room (CONT). Recovery 
of aversive rooms’ valence back to near control levels 
was observed exclusively in the case of extinction. That is, 
subjects belonging to partial extinction groups (NPA and PA 
extinction) restored valence of the extinguished room only, 
thus underlining the effectiveness of extinction on context 
perception. Previous iVR studies showed the impact of threat 
conditioning on context valence decay (Kroes et al. 2017, 
Troger et al. 2012, Glotzbach et al. 2012, Andreatta et al. 
2015, 2020), with similar outcomes to our results, however 
very few have directly compared different types of contextual 
aversive conditioning, as we did by contrasting painful vs. 
non-painful aversive input. In a recent cue-conditioning 
study, researchers investigated behavioral correspondence 
of negative expectations comparing different threat across 
sensory modalities - including visceral pain versus aversive 
sounds as unconditioned stimuli (US) (Koenen et al. 2021). 
They demonstrated that conditioned negative valence 
attributed to the conditioned cue stimuli (CS) was consistently 
correlated with USs emotional valence (unpleasantness 
rating) for which the CS’s paired with visceral pain was 
enhanced compared to that with aversive sounds. In keeping 
with subjects’ higher pain unpleasantness ratings compared 
to aversive sounds, associated contexts valence evaluation 
seems to reflect the degree of aversiveness attributed to 
each stimulation. Indeed, pain represents an emotionally 
salient-threat- or stressor (see review Timmers et al. 2019), 
and in particular pain has the capacity of generating single 
incident learning, for which memory formation can last 
a life-time (Apkarian et al. 2009). Accordingly, Schafe et al. 
highlighted the effectiveness of pain on associative learning 
and memory in a classical Pavlovian paradigm, as they noted 
that the more painful the US, the less trials were needed to 
establish a long-term aversive negative emotion towards 
the initially neutral CS (Shafe et al. 2001). Although direct 
comparison of aversive conditionings had no outcome, 
our results suggest that the pain conditioning specifically 
seemed to elicit stronger perception modulation of the 
related context.  

Physiological response 
Evidence of an effective conditioning was also revealed on 
physiological levels. Autonomic responses assessed with SSR 
amplitude were significantly larger for the PA room when 
the painful stimulation was delivered (PAON) compared 
to all other conditions (CONT, NPAON, NPAOFF). A greater 
amplitude was also revealed in the PA room in absence of the 
painful stimulus (PAOFF) compared to control (CONT), thus 
manifesting signs of increased pain-related-stress and pain-
contextual-related anticipation (Andreatta et al. 2015a, 2017, 
Neueder et al. 2019, Genheimer et al. 2017, Baas et al. 2004). 
The increase of SSR amplitude in the PAOFF condition primarily 
occurred in the first 10 seconds of entering a specific room, 
only to disappear for the remaining 30 seconds, presumably 
coordinated with subjects’ awareness of stimulus absence. 
Skin conductance responses (SCR), such as variability and SCR 
levels, have been positively correlated to experimental and 
clinical pain (Salameh et al 2022, Sugiminie et al. 2020, Syrjala 
et al. 2019, Günther et al. 2016, 2013) as well as emotional 
stress (Günther et al. 2013). Studies have also shown that SCR 
to painful stimulations were significantly stronger compared 
to those evoked by non-painful sympathetic stimuli, 
negatively connotated sound or even emotionally induced 
stress (Sugiminie et al. 2020, Günther et al. 2016). Larger SSR 
amplitude during the early period of PAOFF compared to 
CONT indicates that the pain associated room itself may have 
induced higher emotional stress. Pain-specificanticipation 
response when confronting the conditioned environment is 
proof to an effective contextual pain conditioning. A similar 
outcome was observed for SSR amplitude of the nonpainful 
aversive conditioning (NPAON, NPAOFF), however the pain 
related effect statistically overshadowed this result. 
For each extinction group, observational analysis of SSR during 
all ten rounds revealed a progressive decline in amplitude 
response for analyzed conditions of the extinction phase 
(PAOFF and/or NPAOFF, CONTEXT) and of the conditioning 
phase (CONTCOND). This result was confirmed with a 
significantly lower mean SSR amplitude during the LATE stage 
compared to the EARLY stage, all conditions confounded. 
A decrease of behavioral response when a novel stimulus 
is presented repeatedly is known as the habituation effect, 
which involves progressive fading of autonomic responses in 
anticipation to that stimulation until novelty dissolves (Cohen, 
2011). Interestingly, this adaptive behavior can be used as a 
comparable method to common extinction treatment, where 
subjects are repeatedly exposed to aversive USs until reduction 
of customary physiological response, called habituation 
treatment (Haesen and Vervliet, 2015). Regardless, in our 
case the lack of discrimination found between conditions 
across phases suggests that SSR amplitude decline was due to 
overall habituation to the virtual contexts’ stimuli rather than 
any targeted extinction outcome. Although results of mean 
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SSR amplitude effectively reflected conditioning processes 
during acquisition, extinction mechanisms were to a greater 
extent evidenced in behavioral results.

Immersion quality 
Results of immersion evaluation showed that surface level 
immersion parameters were mostly respected, such as 
synchronized location with the avatar and sense of possible 
affection by the environment. However, subjects did not 
attain complete sense of body ownership towards the avatar 
including posture merging and belonging sensation, possibly 
reflecting a weaker sense of immersion.  
Among essential parameters of immersive Virtual reality, 3D 
visual settings represent the basis of any iVR environment, 
and immersion quality has been initially reported to depend 
on visual stimuli realism (Hendrix & Barfield 1996, Slater 
et al. 1995). Studies have shown that enhancing graphic 
detailing (Hvass et al. 2017, Hendrix & Barfield 1996) and 
visual dynamic parameters- such as ray-tracing, shadow 
casting and reflection effect- (Khanna et al. 2006, Slater et 
al. 2009, Mania and Robinson 2004) result in both improved 
self-reported sense of presence and stronger physiological 
fear responses (Hvass et al. 2017, Slater et al. 2009).   
However, as iVR technology evolves into a more interactive 
platform, where users embody active avatars, the likelihood 
that a stronger immersion quality would rely only on visual 
rendering is arguable (Steed et al. 2018). Steed et al. describe 
immersion as a combination of four possible illusions, each 
classified as degrees of immersion (Steed et al. 2018): place 
illusion, plausibility illusion, body ownership and agency. 
Place illusion and plausibility illusion constitute the mere 
sense of presence and translate respectively the perceptual 
impression of being in the virtual environment and the 
illusion that what occurs in the later is real (Slater 2009).  In 
our case, high scores found for location and possibly affected 
questions would translate the first two degrees of illusion thus 
assuring a strong sense of presence. Though participants had 
very little movement range, the correspondence between 
what was expected (i.e. the explanation and instructions 
given at the beginning) and what truly occurred was close 
enough to create the feeling of presence in the apartment. 
Body ownership and agency however rely on more robust 
immersion criteria including control of one’s virtual body and 
sense of impact and control over its surrounding environment 
(Kim et al. 2020). In our case, the lack of body ownership is to 
be expected due to the lack of stimuli input/output needed 
to create these impressions. For our experimental settings 
including multiple measuring and stimulation equipment, 
these elements could have hardly been added. They are 
however important to consider for future protocols allowing 
extended freedom of movement and agency in the virtual 
apartment. The goal would be to expand immersion and, 

along these lines, improve ecological quality.

CONCLUSION

The goal of this study was to develop an effective ecological 
contextual aversive conditioning paradigm in healthy subjects, 
using immersive Virtual Reality coupled to aversive painful and 
non-painful stimuli. Aversive conditioning was successfully 
acquired and demonstrated contextual modulation of both 
psychophysical (negative perception of conditioned contexts) 
and physiological responses (sympathetic skin responses to 
aversive stimulations and to stimulation anticipation when 
entering associated contexts. The innovative aspect of our 
protocol was (i) the use of long-lasting stimulation mimicking 
real-life conditions such as chronic pain, and (ii) using a general 
context conditioning, rather than a cue-based conditioning 
based on specific items in the environment. The outcome 
of this study encourages further use of iVR environments 
to focus on different research interrogations, still mainly 
addressed in cue conditioning paradigms, such as explicit 
memory mechanisms (Dunsmoor and Kroes 2018, Ähs et al. 
2015, Connor and Gould 2016), attentional biases (Klein et al. 
2021, Oehlberg and Mineka 2011, Koenig et al. 2021), gaze 
and avoidance behavior (Armstrong et al. 2022, Michalska 
et al. 2017) and extinction and renewal of threat responses 
(Andreatta et al. 2020, 2017, Hermann et al. 2016, Milad et al. 
2005, Bouton et al. 2004).

Some material is available at:  
https://github.com/argitxuCaldichoury/VEProtocol.git 

On GitHub: 
Word document 1 Contextual conditioning protocol 
implementation in immersive Virtual Reality. This 
document explains in detail the material, set up and 
implementation of the protocol to enable reproduction of 
experimental settings.   
Folder 1 Unity Scripts. This folder contains all scripts coded 
in Visual Studio and used to implement the experimental flow 
of the protocol. Specific use of each script is given in the Word 
document 1. 
Video 1 Example of an experimental session illustrating 
one tour around the virtual apartment. Simulation of a 
subject’s tour circuit around the apartment, presenting all 
three rooms (Living room, bathroom, kitchen) and the central 
hallway. An example of a subject’s set-up and room/condition 
association is given at the start of the video. Each condition is 
color-coded: red for painful aversive (PA), green for non-painful 
aversive (NPA) and black for control (CONT).  The video speed 
is times two. Note that the video includes the representation 
of a cognitive task explained in Word document 1.
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