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Chronic Pain (CP) is prevalent in industrialized countries and stands among the top 10 causes of disability. Given the widespread problems of pharmacological treatments such as opioids, a need to find alternative therapeutic approaches has emerged. Virtual Reality (VR) has shown potential as a non-pharmacological alternative for controlling pain over the past 20 years. The effectiveness of VR has been demonstrated in treating CP, and it has been suggested that VR’s analgesic effects may be associated with the Sense of Embodiment (SoE): the sensation of being inside, having and controlling a virtual body in VR. Studies have shown correlations among brain signals, reported pain and a SoE, and correlations have been observed between using an avatar in VR and pain alleviation among CP patients. However, little has been published about the changes in brain physiology associated with having an avatar in VR, and current published studies present methodological issues. Defining a proper methodology to investigate the underlying brain mechanisms of pain, a SoE associated with having an avatar in VR, and its effect on reducing pain in CP patients is key to the emerging field of VR-analgesia. Here, we propose an intervention trial design (test/intervention/test) to evaluate the effects of having a virtual avatar in VR on pain levels and SoE in CP patients using Electroencephalogram (EEG) recordings. Resting-state EEG recordings, perceived pain levels, and SoE scores will be collected before and after the VR intervention. Patients diagnosed with CP will be recruited from local pain clinics and pseudo-randomly assigned to one of two groups—with or without an avatar. Patients will experience a 10-min VR intervention built to treat CP while their EEG signals are recorded. In articulating the study procedure, we propose a framework for future studies that explores the mechanisms of VR-analgesia in patients with chronic pain.
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INTRODUCTION
One in five adults in the Western world suffers from pain that persists for more than three months without objective threat to the body, also known as Chronic Pain (CP) (Mills et al., 2019; Scholz et al., 2019). Based on Melzack and Casey’s definition, pain is a subjective experience that emerges from the interaction between sensory, motivational, and cognitive processes (Melzack and Casey, 1968), which is associated with, or resembling that associated with, actual or potential tissue damage (International Association for the Study of Pain, 2021). However, under some circumstances, such as CP, the pain persists regardless of the existence of painful external stimuli, and it can accompany changes in pain perception such as hyperalgesia or allodynia (Scholz et al., 2019). Abnormal neuronal firing in the thalamus and thalamocortical malfunctioning might play a central role in the pathology of CP (Llinás et al., 2005; Ploner et al., 2017) since denervation in this region can cause failure in neurophysiological adjustment to sensory inputs (Ecsy, 2014; Alshelh et al., 2016; Tu et al., 2020). Some studies tracked this thalamocortical dysrhythmia (Llinás et al., 2005) in the changes of the power of brain oscillations in the frequency range of 4–8 Hz (aka. Theta oscillation) over the Prefrontal and Frontal regions of the brain (Pinheiro et al., 2016; Ploner et al., 2017). Additionally, they observed shifts towards lower frequencies in the average power of Peak of Theta-Alpha (4–12 Hz) Frequency (PTAF) in the presence of CP (Boord et al., 2008; Ploner et al., 2017). It is suggested that distorted “body image” might be linked to developing some types of CP conditions, such as in Complex Regional Pain Syndrome (CRPS) (Moseley, 2005; Lotze and Moseley, 2007; Romano and Maravita, 2014; Senkowski and Heinz, 2016).
Body image is a sense and representation (or an image) that one has of their body in terms of its characteristics (Gallagher and Cole, 1995; Longo et al., 2009), giving them a sense of “Embodiment” (Körner et al., 2016). Body image is closely coupled with Body schema: a non-conscious sensorimotor capacity controlling the “performance of the body,” such as updating the position of body parts in space (Gallagher, 2001; Longo et al., 2009; Cuzzolaro, 2018). According to Melzack (Melzack, 1999), this genetically pre-wired body schema is stored in the form of a neural network or matrix in our brain [aka. body matrix (Moseley et al., 2012)]. It is yet unknown how exactly the pain is projected into the body image (Lotze and Moseley, 2007); however, mediums such as Virtual Reality (VR), which can manipulate the body image by providing patients with a virtual body, might be beneficial in understanding this relation.
Immersive Virtual Reality (VR) became available to university researchers in the early 1990s. This novel technology was remarkable in providing users with profoundly new interactions perceptually and sensorially so rich that they reported feeling “immersed” in three-dimensional visual, sonic and haptic computer simulations. One of the first medical applications of VR was using it as a method to control pain. In 2000, Hunter G. Hoffman et al. found that using a game-like virtual environment for severe burn patients reduced their pain levels and the amount of opioids they needed during wound abridgement (Hoffman et al., 2000a; Hoffman et al., 2000b). Since that time, numerous research studies have demonstrated the effectiveness of VR to alleviate or control pain (Li et al., 2011; Gupta et al., 2018), considering it as a viable alternative treatment or a non-pharmacological analgesic (Gupta et al., 2018; Gromala et al., 2011) and a potentially prominent way to avoid using opioids to treat pain (Rosenblum et al., 2008). Nevertheless, few studies have explored the underlying mechanism of VR in pain, especially in CP treatment. Among these few studies, some proposed distraction as the VR mechanism (Hoffman et al., 2006; Gold et al., 2007; Indovina et al., 2018), while others suggested the theory of VR embodiment to explain this phenomenon (Riva et al., 2019; Matamala-Gomez et al., 2019a).
“VR embodiment” can be defined as a new mapping of our body matrix and a virtual avatar when a new body image replaces one’s actual body with a virtual body representation. Some investigations have shown that our body image consists of three subcomponents: Sense of Agency (SoA), Sense of Ownership (SoO) or body image, and Sense of Presence (SoP) or location (David et al., 2008; Braun et al., 2018). It is suggested that in VR, our brain makes a new mental model based on the virtual avatar to gain SoA and SoP and to predict expected inputs from that virtual environment (Riva et al., 2019). Therefore, our body representation changes by adjusting with new sensory signals from the virtual world in VR, changing the distorted body image. As a result, this body matrix modulation affects pain perception, which leads to pain reduction (Matamala-Gomez et al., 2019a). It is believed that the cause of VR embodiment is similar to the Rubber Hand Illusion (RHI), known as Proprioceptive drift (Slater et al., 2009), in which “the perceptual system resolves the sensory conflict between the corresponding visuotactile info and the proprioceptive input” (Matamala-Gomez et al., 2019a). Likewise, in VR, the sensory conflict caused by distorted body image resolves by adjusting to the new virtual body.
Researchers investigated the relationship between VR embodiment, pain alleviation, and Sense of Embodiment by manipulating virtual avatars in VEs. For instance, in some studies, they altered different characteristics of avatars’ virtual hands. As such, they manipulated synchronization (Martini et al., 2014), colour (Slater et al., 2009; Martini, 2016; Matamala-Gomez et al., 2020), size (Romano and Maravita, 2014), relative distance with real hands (Nierula et al., 2017), and transparency (Matamala-Gomez et al., 2019b). For example, a study assessing the RHI in VR by inducing heat pain found significant changes in perceived pain between a synchronous avatar (with higher SoO) and control conditions and non between asynchronous avatar and controls (Nierula et al., 2017). This result could promote the idea that the pain threshold only increases when there is a higher SoO of the avatar; the authors claimed that it is possible to modulate pain perception by increasing the sense of body ownership.
The effect of having an avatar for pain reduction has also been explored using Electroencephalogram (EEG). Another study showed a decrease in EEG signal power over the frequency range of 8–12 Hz (Alpha) among participants during an asynchronous stimulation of a virtual body (visuotactile conflict manipulation) (Lagopoulos et al., 2009). Similarly, Alpha oscillation suppression has also been observed in a study where participants moved in a VR environment using brain imagery. Al-Chalabi and his team found that the subjective feeling of ownership was negatively related to more substantial central, frontal, and centro-parietal alpha oscillation (Alchalabi et al., 2019). However, this study has been conduced on a small sample size group. Therefore, there is a need for a framework exploring study details for larger sample sizes. Similar to the Theta rhythm, it is notable that alpha, which predominantly originates from the occipital lobe during wakeful relaxation with eyes closed (Magosso et al., 2019), can be related to a range of cognitive states. Therefore, tracking EEG oscillations can be additional material to subjective SoE reports exploring how virtual avatars contribute to pain reduction.
Studies investigating the VR-embodiment in pain assessed the effect of virtual body parts modulation on pain and pain threshold. However, these studies have been mostly conducted on healthy subjects and acute (heat/cold-induced) pain, and there are fewer studies on CP patients (Gupta et al., 2018; Matamala-Gomez et al., 2019a). Moreover, given the biopsychosocial nature of pain (Gatchel et al., 2007), questionnaires were the most used assets for evaluating CP and different dimensions of embodiment. However, these methods are subjective and are dependent on a participant’s interpretation of questions, there is a need to combine those methods with neurophysiological measurements (Alchalabi et al., 2019). With its non-invasive nature, high accessibility, high temporal resolution, and low cost, EEG can be considered a good neuroimaging technique to be combined with VR to explore the brain mechanisms among CP patients. However, first, to our knowledge, there is no publication structuring a protocol for conducting VR analgesia studies for CP patients using EEG. Second, given the unique condition of CP patients, such as higher sensitivity to pain and touch, there are special considerations that researchers need to consider designing a VR study for CP patients using EEG.
In this protocol paper, by expounding the details of a study, we will propose a framework for exploring the effect of VR on pain reduction and its neurophysiological correlates. The proposed protocol can be used as a template for future research designs investigating different features of virtual environments (VE) and their role in VR-analgesia by exploring and providing more profound knowledge about neurophysiological changes and the role of an embodied avatar among people with CP condition (Mills et al., 2019).
MATERIALS AND METHODS
Participants
In the proposed protocol sixty participant (n = 60: control = 30, treatment = 30) with Chronic Pain (CP) condition will be recruited from a pain clinic in Vancouver, BC, Canada. A designed flyer will be distributed among CP patients (diagnosed by their medical doctor specialist based on the International Association for the Study of Pain (IASP) definition of pain) in the clinic. Therefore, patients would voluntarily attend the study and ensure that their attendance would be anonymous to their physicians, and it will not affect their treatment procedure. All participants will be asked to provide their COVID-19 inoculation card before attending the study indicating that they are fully vaccinated.
To mitigate the chance of having unobserved differences between the groups due to confounding variables related to participants’ differences, participants will be assigned to either control or treatment group quasi-randomly (pseudo-randomly) (Moreno et al., 2011). Participants will be assigned to groups by considering their IQ score (using Wechsler Adult Intelligence Scale III (WAIS-III) (Ryan and Lopez, 2001)), age, and sex (Gold and Mahrer, 2018) as possible affecting covariates, and using group matching method (Bang et al., 2020).
Inclusion Criteria
Considering the age distribution of patients with CP (Schopflocher et al., 2011), participants older than 18 years old of age, diagnosed with Chronic Pain consistent with IASP pain taxonomy and International Statistical Classification of Diseases and Related Health Problems -11 (ICD-11) (Scholz et al., 2019) criteria will be recruited by medical doctors from aforementioned clinics.
All participants will provide written informed consent before entering the study. They should be able to visit the Pain Studies Lab at SFU. The visit will be limited to the same late morning hours (Bes et al., 2009) to exclude the impact of circadian factors on EEG (Duncan and Northoff, 2013). Participants will be instructed to abstain from caffeinated beverages and food hours before the recording session to avoid the effect and caffeine-induced alpha (Barry et al., 2011; Duncan and Northoff, 2013) and theta reduction in EEG (Dimpfel et al., 1993; Stern et al., 2006). They will also be assessed for caffeine dependence or withdrawal using self-reports. Similarly, they will be asked to abstain from nicotine for 3 h before the study to avoid the effect of nicotine use or withdrawal on EEG signals (Duncan and Northoff, 2013). Participants must be able to read and speak English. They should have a normal or corrected-to-normal eye vision (Tromp et al., 2017) and normal hearing to reach the immersion level and prevent motion sickness using the Head-Mounted Displays (HMDs) in VE. Considering the VE’s characteristics, they should physically be able to sit-stay unmoved for about 20 min and have not been diagnosed with migraines. Finally, all participants should be right-handed due to the difference in neural activity signature and laterality (Cohen et al., 2014). Participants’ handedness will be assessed using the Edinburgh inventory for assessment of handedness before the day of the study (Oldfield, 1971).
Exclusion Criteria
We will exclude participants with any history of significant brain injury, medical or surgical illness, neurological disease, drug or alcohol abuse, and any diagnosis of epilepsy or seizure activity (Lagopoulos et al., 2009). Given the target population with CP condition, participants may face severe pain or pain sensitivity if their medication is ceased. Therefore, following previous study protocols on this population (Boord et al., 2008), the use of medications, the usage time and dosage such as opioids that bias trial’s results will be carefully noted initially and be considered as an exclusion criterion if they affect their EEG (Stern et al., 2006). Medication types may include neuroactive medication, benzodiazepines, antiepileptic drugs, tricyclic antidepressants and opioids (Stern et al., 2006). Participants with an IQ score < 80 (using the WAIS-III scale) will be excluded from the study. Finally, possible changes in vigilance will be minuted for the possible slowing of dominant occipital rhythm (Alpha), and EEG files with any sign of drowsiness will be excluded (Stern et al., 2006). Participants will also be asked about their level of tiredness and quality of sleep to have some information about the potential presence of sleep deprivation (Duncan and Northoff, 2013).
Method
Procedure
The study will occur in a single session. Before the session, participants will be instructed about the use of caffeinated food and beverages, nicotine, and sleep, and checked for their neurological illness history, right-handedness, and cognitive function (ensuring that there will not be any significant group differences in background variables). Figure 1 demonstrates the study procedure. Upon arrival, after a brief introduction to the study, patients will be instructed to read and sign a consent form containing the study process, potential benefits, and participants’ rights. Through a background questionnaire, we will gather participants’ medication (dosage and type) and pain history, to consider them as an exclusion criterion if required.
[image: Figure 1]FIGURE 1 | Study Design. This figure shows the process of the study. Patients will be introduced to the study, and their pain will be evaluated. Each patient will be assigned to either the control or treatment group in pseudo-random order. The VR session is divided into four intervals: (a) Pre-Rest—capturing pre-intervention resting-state EEG data with Eyes Closed (EC), (b) VR—Immersion and exploration in VR, (c) EEG-VR—static VR experience (no physical movement) EEG sampling and, (d) Post-Rest—capturing post-intervention resting-state EEG data with Eyes Closed (EC). After the VR session, pain levels and a Sense of Embodiment will be assessed using a Numerical Rating Scale (NRS) and an avatar embodiment questionnaire.
After signing the consent form, all participants will be asked to fill in questionnaires (pre-intervention) for measuring their pain level (Short-Form McGill Pain Questionnaire) (Melzack, 1975). This questionnaire gathers data regarding participant’s general CP level, including a validated Numerical Rating Scale (NRS, 1–10) measuring their pain level right before the intervention. After the pre-intervention, the participants will be comfortably positioned, outfitted with the EEG cap, and get ready to begin the study. Electrodes will then be added to the cap and then patients will be asked to put the HMD on. When the setup completes, patients will experience the VR intervention in a quasi (pseudo)randomized order. It is worth noting that the use of an embodied avatar will not be mentioned in the introductory section to prevent bias amongst participants.
The EEG data sampling and VR intervention will take about 20 min. Participants will be assigned to one of the two conditions: In control conditions, participants experience Virtual Meditative Walk (VMW) without an avatar. While in the treatment condition, they will have a virtual avatar in the VR environment, synchronized with their movement and consistent with their gender, and skin colour (Slater et al., 2009). The procedure will be similar in both conditions: After putting the VR headset on, an eye-closed resting-state EEG sample (Pre-Rest) will be taken for 5 min to provide a baseline before starting the VR intervention. The Pre-Rest EEG will be captured while the participant is wearing the HMD with a black screen. Next, we will initiate the meditative VR application and encourage participants to look around for 1 min to familiarize themselves with the VE (González Franco, 2014). After the VR section, we will ask participants to sit comfortably on the reclining chair providing them with head and neck support, with their head and gaze fixed -still in the VR environment-, to record their EEG signals for the subsequent 9 min (EEG-VR). After recording EEG signals in VR, a second post-test resting state EEG record will be taken for another 5 min (post-Rest) with similar conditions as the Pre-Rest phase. For the post-intervention assessment, we will evaluate participants’ pain levels with a second NRS scale and the Sense of Embodiment (SoE) questionnaires (Gonzalez-Franco and Peck, 2018).
Measurements
Primary Outcome Measures
As the primary purpose of this proposed study protocol, we are investigating the effect of adding a virtual avatar on participants’ pain level and sense of embodiment. We are aiming to see if adding a virtual avatar to VMW, as an MBSR-based intervention (See VR), results in pain alleviation and/or increase in SoE amongst CP patients, and if there is any correlation between these two measures. Therefore, the primary evaluation criteria are twofold. The first outcome is Numeric Range Score (NRS) changes for pain five minutes before and after the intervention. Participants’ pain intensity will be evaluated using NRS as a part of the Pre-protocol Questionnaire (Melzack et al., 1987). They will also be asked to specify their pain intensity after the VR session (20 min after the start of the session) on an NRS scale. The difference between the pre-and post- reported NRS values (post-NRS–pre-NRS) would be considered as the Pain Reduction Score (PRS) value. The second outcome will be the Sense of Embodiment (SoE) score, using Avatar Embodiment (AE) questionnaire after taking the VR intervention. This questionnaire will analyze the SoE among participants by emphasizing the key aspects of embodiment: SoO, SoA, and SoP (Gonzalez-Franco and Peck, 2018).
Secondary Outcome Measures
Similarly, we are exploring the effect of the proposed treatment on (pre-Rest—post-Rest) resting-state brain signals and EEG-VR amongst two groups by investigating the effect of adding a virtual avatar on EEG brain oscillations. Based on previous literature, we will study the changes in the power of brain oscillations between two groups. We specifically chose the average of Theta(θ) Power Spectral Density (θ-PSD) which will be recorded at pain-related regions (Boord et al., 2008): frontal, central, and parietal areas, and the average of Alpha (α) Power Spectral Density (α-PSD) recording at the parieto-occipital area, regions in which α oscillation was reported to be negatively related to SoE (Alchalabi et al., 2019). Additionally, the Peak θ-α band Frequency (PTAF), which has been used as an indicator of the presence of CP, will be calculated as the peak power frequency between 4 and 13 Hz, during the 9-min EEG-VR interval over all electrodes (Ploner et al., 2017).
Apparatus
VR
The Virtual Meditative Walk (VMW) (Gromala et al., 2011; Gromala et al., 2015) was developed and customized based on CP patients’ needs in the Pain Studies Lab. This VR system is implemented by the Unity3D game engine (Unity Real-Time Developme Platform, 2020) and runs on Oculus Quest 2 HMD (Oculus Quest: All-in-One VR Headset Oculus, 2020). This lightweight headset does not require a prior room setup and uses an embedded hand tracking system making it suitable for our study purpose. During the intervention, participants will be guided through a mindfulness meditation protocol via a vocal coach as they appear to “walk” or glide forward through a forest. Based on prior studies, the forest was designed to provide a non-disturbing and safe environment (Tong et al., 2015).
Figure 2A depicts a scene of the VMW virtual environment. The forest’s fog density slowly changes based on the patient’s Electrodermal activity (EDA). Although designed to function in a more ambient way than a graph, we nevertheless removed the fog and disabled the EDA capturing feature to eliminate any potential attentional distractors that may violate the validity of the study. The meditation protocol is based on well-studied Mindfulness-Based Stress Reduction (MBSR) techniques (Kabat-Zinn, 2005). MBSR is a scientifically validated form of meditation often used to manage chronic pain (Vehof et al., 2011) because of its long-lasting benefits (Baer, 2003). Considering the hypersensitivities of CP patients, we decided to use the average 10-min duration of previous studies that used VR to reduce or manage chronic and neuropathic pain (Mallari et al., 2019).
[image: Figure 2]FIGURE 2 | The Virtual Reality application. (A) Shows Virtual Meditative Walk (VMW) environment: Patients’ will “walk” or float through a forest during their VR intervention. (B) Shows a senior-male model used as an avatar in the VMW. Skin colour will be chosen based on the participant’s skin tone.
During the meditation practice, participants will be asked to lie down on a reclining chair (aka. zero gravity). This sited position will induce a sensation of gliding throughout the forest for the participants. Considering participant’s initial position, for the treatment group, we set the avatar in the same sited position, with a fixed lower body. However, the avatar used in the treatment condition will be synchronized with the participant’s movements using Inverse Kinematic (IK) and animated using Unity’s Animation Rig library (Working with Animation Ri, 2021). Additionally, Oculus Quest 2 provides a built-in hand-tracking feature using inside-out cameras allowing us to get a correct estimation of the participants’ actual hand size and poses (Hand Tracking Privacy Not, 2021). Figure 2B shows one of the models will be used as an avatar in the treatment condition. The age and skin colour of our stylized avatar will be chosen from the closest match to participants’ age and skin colour. For this study, we provided four shades of different skin colours, for male and female avatars and for two levels of age; senior and young adult.
EEG
The EEG signals will be captured using an 8-channel Enobio EEG recording system manufactured by Neuroelectrics (Massachusetts, United States) with Geltrode electrodes. Geltrodes are wet EEG electrodes with an Ag/AgCl coated core that require the use of conductive electrode gel; we estimate that this will allow us to set up all electrodes using gel in about 10 min, with a sampling rate of 500 Hz. Therefore, the Enobio system is chosen because of reasons including 1) reasonable signal quality; even using dry electrodes (Collado-Mateo et al., 2015), 2) fast application (Cimtay and Ekmekcioglu, 2020), and 3) previous studies on people with CP (Fibromyalgia) (Villafaina et al., 2019a; Villafaina et al., 2019b), and elderly adults (Abbate et al., 2014). The spatial distribution of the electrodes is based on the standard 10–20 international system configuration with the following electrode distribution: F3, F4, C3, C4, P3, P4, PO3 and PO4, with reference placed on the right earlobe.
Due to CP patients’ critical condition and the vulnerability to the high noise-to-signal ratio of EEG data, the whole study should be conducted on highly controlled experimental conditions. Otherwise, we may induce more pain for patients who are sensitive to pain due to allodynia and/or hyperalgesia (Bennett and Bennett, 2010). This induced pain may add noise to EEG signals and causes the loss of data. We will isolate the patients in a dark room shielded against sound and stray electric fields with controlled temperature to address these problems and increase the signal-to-noise ratio (Duncan and Northoff, 2013). Participants will also be instructed to remain still and relax, avoid eye-blinks and movements [even during the resting-state EEG capturing with Eyes Closed (EC)], and relax jaw muscles during recording. The EEG recording will take place in three sessions for each condition: a 5-min pre-Rest, a 9-min subsequent VR-EEG, and a 5-min post-Rest.
Data Analysis
EEG Data Processing
Preprocessing
Figure 3 shows the EEG data processing pipeline. Data will be preprocessed using the EEGLAB toolbox (Delorme and Makeig, 2004). The recorded EEG signal will be bandpass filtered between 0.01 and 40 Hz, and a notch filter for the 60 Hz frequency (North American electrical noise). Artifacts will be removed using visual inspection (to remove eye movements and muscle artifacts). Bad channels (sensors with signals that are not usable for the process) will also be marked using the EEGLAB plug-in “clean _rawdata,” which will mark data looking for noisy signals, flat lines, and excessively large amplitudes. Data will be detrended, and finally, the signal will be re-referenced to the earlobe signal.
[image: Figure 3]FIGURE 3 | EEG data preprocessing pipeline. 1) EEG signal will be bandpass filtered between 0.01 and 40 Hz. 2) Visual inspection will remove eye movements and muscle artifacts. 3) Bad channels (sensors with unusable signals for the process) will be marked. 4) Data will be detrended. 5) and the signal will be re-referenced to the earlobe reference.
EEG Signal Processing
After the preprocessing procedure, to compute an estimate of the Power Spectral Density (PSD), EEG spectral analysis will be performed by averaging consecutive Fast Fourier Transform (FFT) of small windows of signal, with overlapping--Welch’s periodogram method with 10s windows and 50% overlapping. The average PSD across these windows will then be calculated, generating the final PSD estimate for each of the electrodes, for each person. These calculations will be applied to data from all three pre-Rest, post-Rest, and EEG-VR sections. We will calculate PSD over 3- (pre-Rest), 7- (EEG-VR), and 3-min (post-Rest) sessions of the study, starting after the first minute of each section, as the noise will gradually decrease in EEG data during this period. After extracting the PSD estimates for each channel, following the work of (Wang et al., 2015), intercepted EEG will be decomposed into two EEG sub-bands of interest: theta (4–7 Hz) and alpha (8–12 Hz) for each participant using band-passed FIR filter. Relative PSD will also be calculated by dividing the PSD for each frequency band by the total PSD of total frequency band over the aforementioned channels. Moreover, the Peak of θ-α Frequency (PTAF) (Boord et al., 2008) will be identified by the frequency at maximal absolute power from the spectral range of 4–13 Hz.
Statistical Analysis Plan
Descriptive and Inferential statistics will evaluate the hypotheses. Due to the non-normal distribution of data, and lack of prior knowledge about the data population under the null hypothesis, we will use non-parametric statistics to compare data. This analysis will be performed using MATLAB.
Primary Criteria Evaluation
The null hypotheses for our primary criteria are as follows:
H0_PRS: The probability distribution of participants’ Pain Reduction Score (PRS) will be similar for two conditions.
H0_SOE: The probability distribution of participants’ Sense of Embodiment (SoE) level will be similar for two conditions.
Given the numeric nature of these two criteria, the effect of the treatment can be found using a t-test if data satisfy the normality test. Therefore, data distribution will initially be tested using Normal Probability Plot. Otherwise, if the data does not satisfy the normality test, a non-parametric permutation test will be employed with 5,000 iterations, and α = 0.05 [see (Maris and Oostenveld, 2007; Waterstone et al., 2020; Fu et al., 2020; Cohen, 2014)]. Moreover, in order to see the correlation between PRS and SOE scores, we will run a Pearson correlation test. The linear relation between the variables will also be checked by making a scatterplot with the tested two variables.
Secondary Criteria Evaluation
Our secondary criteria will be evaluated under the following null hypotheses:
H0_α-PSD: The probability distribution of average alpha-PSD over (PO3, PO4, P3, P4, C3, C4) will be similar for two conditions.
H0_θ-PSD: The probability distribution of average theta-PSD over (F3, F4, C3, C4, P3, P4) will be similar for two conditions.
H0_PTAF: The probability distribution of average PTAF over (F3, F4, C3, C4, P3, P4) will be similar for two conditions.
Descriptive statistics will also be reported. Data normality will be tested using Shapiro–Wilk normality test and Normal Probability Plot. The following procedure will be applied separately for extracted alpha and theta powers, and the analysis of average PTAF values over two conditions. Although, we will only describe the analysis for PTAF values, the procedure for alpha and theta frequency will be the same for both pre- post-Rest and EEG-VR comparisons.
To compare the effect of treatment over channels, for each hypothesis a non-parametric permutation test will be performed to generate an approximate null probability distribution of the test statistics (Cohen, 2014; Waterstone et al., 2020). Following the work of (Waterstone et al., 2020) we will compare the PSD values for each of the frequency bands among two conditions under hypotheses using t-test as our test statistic. The observed t-values then be evaluated in terms of significance and meaningfulness using our non-permutation analysis. Contrary to constraints forced by parametric statistics, non-parametric statistics let us use a right-tailed t-test as our test statistic, despite the normality violation (Maris and Oostenveld, 2007; Waterstone et al., 2020; Fu et al., 2020).
For each electrode, after calculating the t-value for observed data, we will make a pool of PTAF values and permute them in two conditions (i.e., treatment and control) using Mont Carlo sampling (Maris and Oostenveld, 2007), through 5,000 iterations. In each iteration, we will run the test statistics comparing two conditions. Since the data is randomly shuffled (permuted) and distributed over two groups (i.e., control and treatment), it is expected for each iteration to have a near-zero distribution of t-values over all frequencies (Cohen, 2014). After all iterations, histograms of the null distribution will be generated using t-values derived from permutation. From each null-distributions a right-tail permutation p-value (pc) will then be calculated for each electrode to evaluate the significance of observed t-value for electrode e using below formula:
[image: image]
The formula fractions the number of permuted t-values that are greater than our observed t-value over the total number of iterations., where "NHø" is the number of permuting iterations: 5,000. If the calculated p-value is greater than α = 0.05, tobs rejecting the null-hypothesis for each electrode, can be counted as significant, with 95% confidence (see (Maris and Oostenveld, 2007)). Also, to mitigate the multiple comparisons problem in the permutation testing and minimize the type I error, Bonferroni correction will be applied (see (Cohen, 2014; Wang et al., 2015)).
ANTICIPATED RESULTS
For the proposed study in this protocol paper, our general hypothesis is that VE with an embodied avatar is more effective in pain alleviation and increases the sense of embodiment among CP patients (Martini et al., 2014; Martini, 2016). Consequently, considering the relation of theta waveform to subjective pain intensity over fontal, prefrontal, and central areas, we expect patients who had an embodied avatar in their VR experience will show a lower average of power of theta oscillation range of EEG signal and higher PTAF value. Similarly, since the subjective feeling of ownership can be related to higher central frontal and central parietal Alpha oscillation, a higher sense of ownership stimulated by a virtual avatar can increase the Alpha oscillation power.
DISCUSSION
This paper aimed to establish a blueprint for neuroimaging studies in VR for CP patients using EEG by presenting a research protocol exploring the changes in EEG oscillation during an embodied VR. During the past two decades, the use of VR has evolved technologically and practically (Gold and Mahrer, 2018), from research labs to houses. This technology has demonstrated potential in various areas, including acute and chronic pain treatment as a non-pharmaceutical alternative (Gromala et al., 2011). Its effectiveness for pain alleviation has been demonstrated through numerous studies (Li et al., 2011; Gupta et al., 2018), yet little is known about VR-analgesia (Gold et al., 2007; Indovina et al., 2018; Riva et al., 2019; Slater et al., 2009; González Franco, 2014), in particular for CP patients. Therefore, more neuroimaging studies on pain alleviation in VR are expected in the future, especially with the development of new lightweight and more accessible VR-EEG HMDs.
Given the multidisciplinary nature of this growing field of research and criteria needed to be considered for CP patients, there is a need for a general framework indicating the main protocols of EEG-VR study design for CP. In this paper, based on VR-embodiment theory and to explore the brain mechanisms of VR, we proposed a study protocol assessing the effectiveness of using an avatar in VE on patient’s pain, SoE and alpha and theta oscillations. We did so by using questionnaires and EEG as a brain imaging method. The required setup for such studies and following EEG signal and statistical processing was explained and expanded. Contrary to other studies investigating VR-analgesia., we proposed the use of EEG signals in addition to self-reported pain and the sense of embodiment level. This baseline can provide a more profound knowledge for future studies in VR using EEG signals, which can lead to better and more effective VE design for CP patients as an alternative treatment.
Nevertheless, some concerns regarding the proposed study design should be underscored. First, although the proposed sample size is greater than most of the previous studies on acute or chronic pain patients using VR (Mallari et al., 2019), studies with larger sample sizes are suggested to be conducted. A larger sample size not only will increase the power, confidence, and effect size of statistics, but it also will provide the researchers with the freedom to evaluate more measures in their design. Second, with larger sample size, conducting Randomized Controlled Trials (RCTs) will also be possible for future works. We can prevent some of the limitations of the proposed protocol by adding control groups (including healthy controls and outside VR CP controls), running double-blinded experiment sessions, and randomized sampling (using methods such as stratification). These can prevent selection biases amongst participants and provide us with more reliable and generalizable data. Third, given the chronic characteristics of CP, VR evaluation is suggested to happen after a specific dosage of treatment (Gromala et al., 2015; Fu et al., 2020), contrary to the instant effect of treatment on acute pain. Therefore, Longitudinal studies might be preferred to Before-After and Trial studies. This method will also provide the opportunity to evaluate the effect of VR when the potential novelty effect of this medium is decreased. However, it is worth mentioning that concerns regarding the usage setup by participants and dosage in longitudinal studies need to be resolved. Finally, designing studies using different neuroimaging techniques is suggested for future study designs, such as VR HMDs with built-in EEG sensors and MRI-compatible devices.
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