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Research and design of virtual reality technologies with mental-health focused applications
has increased dramatically in recent years. However, the applications and psychological
outcomes of augmented reality (AR) technologies still remain to be widely explored and
evaluated. This is particularly true for the use of AR for the self-management of stress,
anxiety, and mood. In the current study, we examined the impact of a brief open heart
meditation AR experience on participants with moderate levels of anxiety and/or
depression. Using a randomized between-group design subjects participated in the
AR experience or the AR experience plus frontal gamma asymmetry neurofeedback
integrated into the experience. Self-reported mood state and resting-state EEG were
recorded before and after the AR intervention for both groups. Participants also reported
on engagement and perceived use of the experience as a stress and coping tool. EEG
activity was analyzed as a function of the frontal, midline, and parietal scalp regions, and
with sLORETA current source density estimates of anterior cingulate and insular cortical
regions of interest. Results demonstrated that both versions of the AR meditation
significantly reduced negative mood and increased positive mood. The changes in
resting state EEG were also comparable between groups, with some trending
differences observed, in line with existing research on open heart and other loving-
kindness and compassion-based meditations. Engagement was favorable for both
versions of the AR experience, with higher levels of engagement reported with the
addition of neurofeedback. These results provide early support for the therapeutic
potential of AR-integrated meditations as a tool for the self-regulation of mood and
emotion, and sets the stage for more research and development into health and
wellness-promoting AR applications.

Keywords: augmented reality, meditation, neurofeedback, loving kindness meditation, electroencephalogram,
mental health, apps and smartphones

Edited by:
Daniel Thalmann,

École Polytechnique Fédérale de
Lausanne, Switzerland

Reviewed by:
Hideyuki Ando,

Osaka University of Arts, Japan
Gershon Dublon,

Massachusetts Institute of
Technology, United States

*Correspondence:
Jeff Tarrant

jeff@neuromeditationinstitute.com

Specialty section:
This article was submitted to

Virtual Reality and Human Behaviour,
a section of the journal

Frontiers in Virtual Reality

Received: 16 October 2020
Accepted: 25 January 2021
Published: 22 March 2021

Citation:
Viczko J, Tarrant J and Jackson R
(2021) Effects on Mood and EEG

States After Meditation in Augmented
Reality With and Without

Adjunctive Neurofeedback.
Front. Virtual Real. 2:618381.

doi: 10.3389/frvir.2021.618381

Frontiers in Virtual Reality | www.frontiersin.org March 2021 | Volume 2 | Article 6183811

ORIGINAL RESEARCH
published: 22 March 2021

doi: 10.3389/frvir.2021.618381

http://crossmark.crossref.org/dialog/?doi=10.3389/frvir.2021.618381&domain=pdf&date_stamp=2021-03-22
https://www.frontiersin.org/articles/10.3389/frvir.2021.618381/full
https://www.frontiersin.org/articles/10.3389/frvir.2021.618381/full
https://www.frontiersin.org/articles/10.3389/frvir.2021.618381/full
https://www.frontiersin.org/articles/10.3389/frvir.2021.618381/full
http://creativecommons.org/licenses/by/4.0/
mailto:jeff@neuromeditationinstitute.com
https://doi.org/10.3389/frvir.2021.618381
https://www.frontiersin.org/journals/virtual-reality
www.frontiersin.org
https://www.frontiersin.org/journals/virtual-reality#articles
https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org/journals/virtual-reality#editorial-board
https://doi.org/10.3389/frvir.2021.618381


INTRODUCTION

There has been a surge in the interest and application of home
and mobile technologies to help deliver health and wellbeing
programs and interventions. Developments over the last decade
have allowed high quality virtual reality and augmented reality to
be experienced with modern handheld smartphone devices,
expanding the reach and potential impact of many health and
wellness-promoting products and services. Some clinical
applications, such as virtual reality-based exposure therapy for
phobias (Bouchard et al., 2007) and PTSD (Motraghi et al., 2014),
or for rehabilitation after stroke (e.g., Laver et al., 2015) are
demonstrative of the unique and beneficial contribution of this
technology. Although burgeoning, scientific research and design
are still in a stage of relative infancy in terms of understanding
and optimizing the use of digital reality in health psychology.

While a substantial amount of research and design has focused on
virtual reality (VR) systems with mental health applications (Malbos
et al., 2013; Maples-Keller et al., 2017), comparatively less exists in
the way of augmented reality (AR) applications (Pallavicini and
Bouchard, 2019). To compare and contrast, VR and AR exist at
opposing ends of the reality-virtuality continuum, but can be
combined to create a spectrum of mixed virtual and augmented
reality experiences (Milgram andKishino, 1994).While VR provides
a 360-degree fully simulated virtual environment, AR is
distinguished as any technological system that combines real and
virtual objects (Azuma, 1997). When used as a mobile phone
application, AR systems use the camera to view the real world
and then superimposes in virtual elements, creating an augmented
view of reality with additional sensory and perceptual features. AR
provides a continuous view of the physical world with an additional
digital overlay, whereas pure VR does not incorporate the real world
resulting in a fully synthetic artificial environment for users. AR
interventions for mental health may be particularly powerful as they
allow users to interact with virtual objects placed in the real world in
real time (Benyousef et al., 2017). This can improve the ecological
validity of training or interventions, increase the user’s sense of
presence and engagement with the intervention or experience
(Waterworth and Riva, 2014), improve compliance and positive
outcomes (Giglioli et al., 2015), and also potentially reduce some of
the unwanted side effects associated with pure VR immersion, such
as real-world environmental unawareness and cybersickness (Silva
and Fernando, 2019; Saredakis et al., 2020).

AR technology has been adapted and applied across several fields,
including medicine (De Buck et al., 2005), entertainment (Ozbek
et al., 2004), and education (Arvanitis, et al., 2009; Kerawalla, et al.,
2006). Its applications for mental health and wellness are less well
known, but the existing research suggests promise. In their review,
Riva et al. (2016) postulated that VR and AR technologies are capable
of promoting personal growth and therapeutic changes for
individuals suffering from psychiatric disorders by enhancing
experiential learning, self-reflection, and self-efficacy. However,
their review focused only on VR-based interventions. Giglioli et al.
(2015) conducted a systematic review of AR for treating psychological
disorders. Of the 13 included studies, the majority focused on small
animal phobia treatment and concluded that AR techniques were
effective for treating this specific disorder. However, there were not

enough included studies to speak to AR’s efficacy for the treatment of
other anxiety ormood disorders. Beyond its use in phobia treatments,
relatively little research has been conducted on whether AR is a
suitable tool for general mood or stress management (Baus and
Bouchard, 2014). To date, there has been no research examining the
use of AR as a cognitive and emotional self-regulation tool for those
with significant generalized anxiety and/or depressive symptoms.

One intriguing avenue of VR and AR technology has been to
create immersive and engaging environments in order to support
meditation training, and the mental health and wellness benefits
associated. A variety of web and mobile-based apps have been
developed to provide guided meditation experiences in a
convenient, self-help format. In general, these apps appear to
be designed to increase mindfulness and reduce stress. In a recent
study, Flett et al. (2019) compared the effectiveness of three of the
most popular meditation-based phone apps on reducing
psychological distress among college students. The average
participant used the app 8 of the 10 days of the study. The
results revealed that all of the apps led to improvements in
depressive symptoms and in college adjustment. One app led
to improvements in resilience, and another app led to
improvements in mindfulness. In addition, the more the app
was used over an extended 30-day period, the more improvement
was maintained. Carissoli et al. (2015) compared an app-based
mindful breathing meditation method to a relaxation/music
listening control over a 3-week period. They found that both
groups reported a reduction in stress. However, the apps from
these studies were purely audio-based guided meditations.

These and other studies (e.g., Athanas et al., 2019) suggest the
feasibility and promise of meditation training apps for supporting
mental health and wellness in clinical and non-clinical
populations. However, 30-day retention rates for traditional
mindfulness-based apps are quite low (median 4.7%; Baumel,
et al., 2019), suggesting that they may be of limited long-term
value for most users. Seabrook et al. (2020) used a mixed method
approach to examine how guided meditations supported by
virtual environments may enhance the experience. Specifically,
they noted that VR-based experiences may help address some of
the difficulties experienced in meditation practice by creating a
sense of presence and by “reducing the scope of the content in
users’ mind-wandering.” Essentially, by providing specific visual
cues in an immersive medium, it may be easier to enter and
sustain specific meditative states. This is particularly relevant for
beginners or individuals new to the practices of meditation, and
who are interested in the widely reported wellness benefits
associated with practiced meditation (Brown and Ryan, 2003;
Sedlmeier et al., 2012; Goyal et al., 2014), or who are interested in
pursuing a longer course of growth and self-actualization through
longer-term training in contemplative traditions and practice.
Virtual environments can also facilitate the practice of meditation
in situations not highly conducive to practice, particularly for
novice or first-time meditators who are not yet able to initiate or
sustain meditative states in distracting or stressful environments;
a utility that has become considerably more pertinent in the
background of the global COVID-19 pandemic, where many
people will continue to face extended periods of time stressfully
confined at home or in hospital environments.
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An important point to bear in mind is that meditation is not a
homogenous or uniform set of self-regulatory practices. Meditation is
an umbrella term which captures an expansive variety of
contemplative traditions and practices, inclusive of many
techniques and styles across secular and religious entities. The
process, goals, and outcomes are different between training
systems, between practices within training systems, and even
between the same practices within the same meditator in some
cases. In order to try to identify and coalesce meaningful
differences across such diversity, one of the most prominently
employed frameworks for the scientific study of meditation has
been to classify various meditation techniques based on how
attention is being deployed (Lutz et al., 2008; Dahl et al., 2015).
Research suggests that these different categories ofmeditation are also
associated with unique electrophysiological signatures (Cahn and
Polich, 2006; Tarrant, 2017b). Based on this framework, Tarrant
(2017a) developed a matching set of guided meditations that include
focus, mindfulness, open heart, and quiet mind meditations,
augmentable by the addition of EEG neurofeedback technology in
order to facilitate the depth and consistency of these meditations.

The open heart style of meditation which was selected for this
study guides the meditator to engage in positive emotional states
such as compassion, gratitude, or empathy and then direct those
feelings toward the self or others (Tarrant, 2017a), similar to
many other forms of loving-kindness and compassion meditation
practices (Dahl et al., 2015). Research on this type of practice has
demonstrated that even a brief training period can have
significant results, including the reduction of pain, anxiety,
anger, and mood difficulties (Carson et al., 2005; Gilbert and
Proctor, 2006). As short as a 7-min open heart meditation has
been shown to produce significant improvements in feelings of
positivity (Hutcherson et al., 2008).

On this background, the current study examined the impact of
a brief open heart meditation in AR on an adult sample of
participants who had a moderate-to-severe range of depression
and/or anxiety symptoms, with the aims of reducing negative
mood states and increasing positive mood states in these
volunteers. Additionally, we directly compared AR-guided
meditation implemented with (AR+NF) and without (AR−NF)
adjunctive neurofeedback influencing the virtual elements to
evaluate whether a frontal gamma asymmetry neurofeedback
protocol (Tarrant et al., 2018) would be ameliorative.

Our primary hypotheses were that both groups would show
reductions in negative mood states with increased feelings of
positive mood states, but that the addition of a neurofeedback
input would increase these effects. Second, we hypothesized that
therewould be a larger change in cortical activity, asmeasured by pre-
to-post resting-state EEG activity, for the AR+NF group, beyond that
of the AR−NF group. Specifically, we expected to see significant shifts
in gamma activity, given that the neurofeedback protocol was
designed to promote frontal asymmetric activity patterns
previously linked with positive mental health states (Tarrant et al.,
2015) and based on previous research observing changes in gamma-
related activity resulting from LK-C meditation practiced by expert
meditators (Lutz et al., 2008). We also expected to see increased
activity in the anterior cingulate cortex (ACC) and right insular
cortex, regions that are known to support the experience of subjective

feeling states, including empathy (Singer et al., 2004; Craig, 2009).
Finally, we expected the EEG changes to correlate more strongly with
mood changes for theAR+NF group compared to theAR−NFgroup.
This finding would support the idea that the neurofeedback protocol
helped to drive the underlying neural systems and states involved in
the meditative experience, potentially facilitating the meditation
experience and benefits thereof in the long term.

MATERIALS AND METHODS

Participants
The study was performed at the NeuroMeditation Institute, LLC
in Eugene, Oregon. It was approved by the Quorum Institutional
Review Board, Seattle, WA. Participants were recruited through
flyers and marketing on Facebook® and Craigslist. Interested
participants completed an on-line screening (n � 78) or a phone
screening (n � 28) which consisted of exclusion/inclusion
criterion as well as completion of the Generalized Anxiety
Disorder (GAD-7; Spitzer et al., 2006) and Patient Health
Questionnaire (PHQ-9; Kroenke et al., 2001). Exclusion
criteria included a history of head injury, seizure activity, or
major mental health concerns (schizophrenia or bipolar
disorder).

Inclusion criteria required participants be at least 18 years old,
and report levels of generalized anxiety, and/or depression
symptoms at or above the moderate cutoff point. Moderate
levels of anxiety and depression were defined by cutoff scores
of 8 or higher (M � 11.0 ± 3.2) on the GAD-7 (Spitzer et al., 2006)
and scores of 10 or higher (M � 12.9 ± 3.9) on the PHQ-9
(Kroenke et al., 2001). Subjects passing the screening and
agreeing to participate were randomly assigned to either the
AR+NF or AR−NF condition. The final sample consisted of
22 participants in the AR+NF and 19 participants in the
AR−NF group. The EEG data of one participant assigned to
the AR+NF condition was contaminated by high levels of
artifactual noise and removed from further analysis.

Experimental Measures
Demographic Questionnaire
This questionnaire asked subjects to identify information related
to their sex, age, race, education level, experience with meditative
practices, and history of mental illness.

Brunel Mood Scale
The Brunel Mood Scale (Soos et al., 2007) consists of 32 mood
descriptors that are categorized into eight unipolar dimensions:
anger, tension, depression, vigor, fatigue, confusion, happiness,
and calmness. The anger and vigor subscales were not used in this
study. Using a response frame of “how do you feel right now?”
subjects indicated the extent of their experience of the mood
descriptors on a 5-point scale (0 � not at all, 1 � a little, 2 �
moderately, 3 � quite a bit, 4 � extremely).

AR Experience
In an attempt to examine subjective perceptions of the two
experiences in regard to engagement and motivation, subjects
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were asked to respond to three statements at the conclusion of the
experiment. The first item was “how engaged were you in this
meditation experience?” (1 � not at all, 2 � a little, 3 � a moderate
amount, 4 � a lot, 5 � a great deal). The second item “do you think
this type of meditation application could help you manage stress
or anxiety in the future?” was a simple yes or no response. The
third item was “how likely are you to use this type of digital
meditation in the future?” (1 � very unlikely, 2 � unlikely, 3 �
somewhat unlikely, 4 � neither likely or unlikely, 5 � somewhat
likely, 6 � likely, 7 � very likely).

Instruments
Augmented Reality Phone App
The AR experience used an Apple iPhone with the Healium
software. This software can be used with or without biometric
inputs to control aspects of the AR experience with biometric
data. A 4-min guided experience encouraged the user to activate
feelings of calm and positivity to hatch virtual butterflies from a
virtual chrysalis. The AR images viewed on the iPhone were
superimposed on the environment viewed by the phone’s camera,
giving the impression that the experience was happening in the
physical environment (Figure 1). As the experience progressed,
the user was coached into recalling times they felt happiness and
appreciation which gradually resulted in the hatching of
butterflies. The top of the screen had a counter to keep track
of the number of butterflies hatched, and as the butterflies
hatched they “flew around the room” and could be tracked by
moving the phone, providing an interactive element.

The AR+NF group engaged in the butterfly experience driven
by the brainwave inputs from the Muse headband. In this group,
the EEG data was displayed in a simplified form at the bottom of

the Healium app. Specifically, the ratio of gamma asymmetry
between the two frontal electrodes was represented by a glowing
ball that moved up and down in relation to changes in the ratio
and across the screen in relation to time (Figure 1C, bottom).
Higher numbers (ball moving up and changing to yellow glow)
reflected a shift of gamma power to the left while lower values
(ball moving down and changing to blue glow) reflected a shift to
the right. The delay between signal analysis and feedback stimuli
changes approximated 1 s. A solid reference or threshold line was
displayed in the same space providing a target for the biometric
information. The app threshold was adjustable to make the task
easier or harder. However, for the current study, the threshold
was adjusted to “easy” for all participants. When the gamma
asymmetry rose and remained above the threshold for 6 s, it
activated specific assets in the experience; in this case hatching
butterflies. However, when the Muse-derived EEG signal data fell
below the neurofeedback threshold for five consecutive seconds,
the screen tinted red, the hatching paused, and the verbal
guidance was re-activated, reminding the user of the intention
behind the experience.

The AR−NF group engaged in the same butterfly experience
for the same length of time, but without biometric inputs. In this
case, the experience played forward with the butterflies
automatically hatching at a rate similar to that experienced in
the AR+NF group when criterion were consistently met.

Brain Computer Interface
The Muse headband was used to record and provide frontal
gamma asymmetry feedback integrated with the AR experience.
Specifically, the ratio of gamma activity (30–44 Hz) was
calculated between the two frontal electrodes of the Muse
headband at sites AF7 and AF8. It was operating as a closed
system from the research EEG data collection process described
below, as would be the case for its typical consumer use. The
Muse headband has demonstrated itself as a valid neurofeedback
device in studies examining mindfulness training (Bhayee et al.,
2016), and to differentiate states of concentration and relaxation
(Kovacevic et al., 2015). More recently, Tarrant and Cope (2018)
published a proof of concept study indicating that the same
gamma asymmetry protocol with theMuse headband can be used
as an effective neurofeedback tool for shifting mood states.

EEG Data Collection
The EEG data collected for statistical analysis were sampled with
19 electrodes in the standard 10–20 international placement
referenced to linked ears using a BrainMaster Discovery
amplifier (BrainMaster Technologies, Inc.). Electrode sites
corresponded to Fp1, Fp2, F3, F4, F7, F8, Fz, C3, C4, Cz, P3,
P4, Pz, T3, T4, T5, T6, O1, and O2. Five minutes of eyes-closed
resting data was collected immediately before and after the
intervention. Subjects were given brief instruction on relaxing
the eyes and jaw to minimize artifact. Each raw EEG file was
processed through a Standardized Artifact Rejection Algorithm
(S.A.R.A; QEEG Professionals, The Netherlands). This procedure
removes segments from an EEG recording that are likely due to
other sources, such as eye blinks, muscle tension, etc. Using an
automated process such as this ensures that each file is handled in

FIGURE 1 | Example of the equipment and AR visual experience. (A)
Muse headband for neurofeedback and the Healium augmented reality
headset. (B) The Healium neurofeedback setup as worn. (C) A screenshot of
the AR-guided meditation with chrysalis hatching neurofeedback. Below
is an enlarged image of the threshold line (solid) and “firefly” depicting gamma
asymmetry ratios, with part of the meditation instruction shown in text.
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the same manner and reduces the possibility of bias in the artifact
removal process.

Procedures
This study implemented a randomized between-group design.
Participants were blind to which condition they were assigned to.
They were simply informed that the study was comparing two
different augmented reality meditation experiences. Participating
subjects were scheduled for a 75-min office visit. After a verbal
description of the study procedures and completion of IRB
information form and informed consent, participants
completed a demographic form, and the Brunel Mood
questionnaire. Subjects were then provided with a
demonstration of the AR experience to orient them toward the
process. Following this orientation, subjects were fitted with a 19-
channel EEG electrocap (Electrocap International, United States).
Each electrode was prepped using electrogel conductance paste
(Electro-Cap International, Inc. United States). Impedances for
all sites were assessed prior to each recording and kept below
10 kOhms. Subjects completed a 5-min, eyes-closed EEG
baseline, recorded using a BrainMaster Discovery amplifier
(BrainMaster Technologies, Inc., United States). AR+NF
participants were then fitted with the Muse headband and
provided with an iPhone with the Healium experience already
loaded. AR−NF participants were simply given the iPhone with
the standard experience. Immediately following the intervention,
a second eyes-closed baseline was recorded for 5 min and subjects
were asked to complete a second Brunel Mood questionnaire and
the AR experience questions. Participants were given a $25 gift
card upon study completion.

Analysis
EEG
Global and regional activity was evaluated by averaging mean
power across scalp electrodes, across the following selection of
conventionally defined frequency bands: alpha (8–12 Hz), beta
(12–30 Hz), and gamma (30–50 Hz). Electrodes were grouped
into frontal (Fp1, Fp2, Fz, F3, F4, F7, F8), midline (Fz, Cz, Pz), and
parietal (Pz, P3, P4) regions for analysis. Source-location analysis
(sLORETA; Pascual-Marqui, 2002; Pascual-Marqui, 2007) was
also conducted in order to calculate current source density
estimations in the anterior ACC and insula cortical regions of
interest. Follow-up from significant main effects, included
evaluating left vs. right hemispheric differences, and evaluating
alpha and beta were broken down into the following sub-band
ranges; lower alpha (8–10 Hz), upper alpha (10–12 Hz), low beta
(12–18), and high beta (18–30 Hz).

Statistics
Independent t-tests were used to test for equivalency between
groups prior to the AR experience, and on demographic and
primary dependent measures. Assumptions of normality and
equality of variance were evaluated with Levene’s tests (p <
0.05), Shapiro-Wilks tests (p < 0.05), as well as inspection of
QQ plots, histograms, and skew and kurtosis values. The initial
data set revealed significant violations of normality identified as
being caused by significant outlier data points. This was dealt with

as objectively and consistently as possible by employing the
recommended method outlined by Hoaglin and Iglewicz
(1987). Briefly, it involves calculating the difference between
the third and the first quartile value for each measurement
multiplied by a g coefficient value of 2.2. Data points below
this value minus the first quartile, or above this value plus the
third quartile value, are marked as highly significant outliers, and
are removed. Cleaned data were analyzed by two-way repeated-
measures ANOVAs to test within- and between-group effects,
with group (AR+NF, AR−NF) and testing point (pre and post
AR) factorials. Chi-squared likelihood ratios (G2) were used to
test significance differences between groups on the AR experience
survey. Family-wise error corrections for multiple comparisons
were applied according to the Holm-Bonferroni method (Holm,
1979).

RESULTS

Sample Characteristics
Initial evaluation of data indicated significant kurtosis, and severe
violations of normality and equivalence of variance across a

TABLE 1 | Participant demographics by group.

NF−AR NF+AR

No. of Participants (n) 19 22
Age
Mean 34.8 35.4
Std dev 11.6 11.8

Gender
Female 13 68.4% 15 68.2%
Male 6 31.6% 7 31.8%

Race/ethnicity
Caucasian 14 73.7% 17 77.3%
African American 0 0.0% 1 4.5%
Hispanic 1 5.3% 1 4.5%
Pacific Islander 1 5.3% 0 0.0%
Asian 1 5.3% 0 0.0%
Prefer not to answer 2 10.5% 3 13.6%

Education level
High school 3 15.8% 4 18.2%
Some college 8 42.1% 8 36.4%
Associate’s degree 0 0.0% 3 13.6%
Bachelor’s degree 7 36.8% 5 22.7%
Master’s degree 1 5.3% 2 9.1%
Doctoral degree 0 0.0% 0 0.0%

Meditation practice past 6 months (session/week)
None 2 10.5% 10 45.5%
1–2 11 57.9% 7 31.8%
3–4 3 15.8% 5 22.7%
5–6 1 5.3% 0 0.0%
6+ 2 10.5% 0 0.0%

Weekly time spent in meditation
0 2 10.5% 10 45.5%
1–60 13 68.4% 8 36.4%
60–120 1 5.3% 2 9.1%
120–180 1 5.3% 2 9.1%
180–240 2 10.5% 0 0.0%
240+ 0 0.0% 0 0.0%

Note: Meditative practice questionnaire included: seated meditation, yoga, qigong,
chanting, prayer, or other practices.
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number of variables. Left uncorrected, this would have
significantly affected the reliability and confidence of the
parametric-based approaches used. A very small number of
highly significant outlier EEG data points were evident upon
visual inspection of histogram and stem-and-leaf plots, produced
by a few select participants. The method outlined by Hoaglin and
Iglewicz (1987) was used to objectively and consistently identify
and remove outlier data from further analysis. Less than 2% of the
dependent variable data were identified as outlying and removed.
This data primarily sourced to two participants in the AR+NF
group, created by channel noise or possible muscle tension
contamination. Subsequent normality and variance tests were
passed after the significant flagged outlier data was removed.
Characteristics of the final sample are displayed in Table 1. There
were no statistically significant differences between groups across
demographic measures, with the exception of the higher number
of meditation sessions per week in the AR−NF group (t39 � 2.31,
p � 0.026). This is largely attributable to two participants
endorsing meditation more than six times per week who were
both part of the NF-AR group. However, the weekly time in
meditation was not significantly different between groups (t39 �
2.31, p � 0.143).

Brunel Mood Scale
No statistically significant interaction or between group main
effects occurred. A significant main effect for time (pre, post)

was found for each of the following subscales: happy (F1,37 �
12.9, p � 0.001, ηp2 � 0.258), calm (F1,37 � 28.4, p < 0.001, ηp2 �
0.43), depression (F1,37 � 27.3, p < 0.001, ηp2 � 0.42), tension
(F1,37 � 41.4, p < 0.001, ηp2 � 0.53), and fatigue (F1,37 � 6.81, p �
0.013, ηp2 � 0.16). For both conditions, on average, happiness
and calmness increased, while depression, tension, vigilance,
and fatigue decreased. The decrease in vigilance was the only
measure not to reach statistical significance (F1,38 � 2.92, p �
0.096, ηp2 � 0.07). Table 2 displays the pre and post group
means for Brunel ratings. Figure 2 displays the average
individual change in scores after the AR meditation for
each group.

EEG
Changes in resting state brain activity (alpha, beta, gamma)
before and after the AR meditation were analyzed by scalp
region (frontal, midline, parietal), and with terms of current
source density estimates in the ACC and insula regions
calculated by the sLORETA method (Pascual-Marqui, 2002).

Frontal
There were no significant interactions or between-group main
effects. There were significant main effects for time (pre, post)
found for alpha (F1,37 � 7.84, p � 0.008, ηp2 � 0.17) and gamma
(F1,36 � 5.21, p � 0.029, ηp2 � 0.13), but not for beta (F1,38 �
0.001, p � 0.981, ηp2 < 0.01). On average both groups

TABLE 2 | Means and standard error estimates of questionnaire measures.

Measure Subscale Group Pre Post

Mean SEM Mean SEM

Brunel mood scale Happy AR−NF 7.1 0.7 8.3 0.7
AR+NF 8.0 0.7 9.5 0.6

Calm AR−NF 7.7 0.6 10.2 0.6
AR+NF 6.7 0.6 9.5 0.6

Depression AR−NF 4.4 0.7 1.4 0.4
AR+NF 2.5 0.6 1.0 0.4

Tension AR−NF 4.9 0.8 1.4 0.4
AR+NF 4.0 0.7 1.3 0.4

Vigilance AR−NF 6.8 0.9 5.5 0.8
AR+NF 8.2 0.8 7.2 0.8

Fatigue AR−NF 6.6 1.1 5.4 0.8
AR+NF 5.2 1.0 3.9 0.8

Item Response Group
AR experience AR−NF AR+NF

1. Engaging? Not at all 0 0.0% 0 0.0%
A little 1 5.3% 0 0.0%
Moderately 2 10.5% 4 18.2%
A lot 11 57.9% 5 22.7%
Greatly 5 26.3% 13 59.1%

2. Could help for future stress/anxiety? Yes 15 78.9% 19 86.3%
No 4 21.1% 3 13.6%

3. Likely to use in future? Very unlikely 2 10.5% 1 4.5%
Unlikely 2 10.5% 2 9.1%
Somewhat unlikely 0 0.0% 2 9.1%
Neither likely nor unlikely 1 5.3% 1 4.5%
Somewhat likely 6 31.6% 4 18.2%
Likely 6 31.6% 6 22.7%
Very likely 2 10.5% 6 59.1%

Note: SEM, Standard error of the mean.
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demonstrated increased alpha activity and decreased gamma
activity. Follow-up analysis indicated that the alpha effect was
driven largely by increased lower alpha activity (F1,36 � 6.53,
p � 0.015, ηp2 � 0.15) as opposed to upper alpha activity (F1,38
� 3.15, p � 0.084, ηp2 � 0.08), with lower alpha effects more left
(F1,36 � 8.69, p � 0.006, ηp2 � 0.19) than right lateralized (F1,36
� 4.66, p � 0.038, ηp2 � 0.12). This was also true of gamma
changes, whereby left hemisphere activity (F1,36 � 8.69, p �
0.006, ηp2 � 0.17) decreased significantly for both groups, but
not so for right frontal gamma activity (F1,36 � 0.916, p � 0.345,
ηp2 � 0.03). Interestingly, the average right frontal gamma
activity remained largely unchanged on average for the
AR+NF group, whereas it decreased for the AR−NF group
(means found in Table 3), although this trend did not reach
statistically significant levels.

Midline
There were no significant interactions or between-group main
effects. Significant main effects for time (pre, post) were found to
be related to increased alpha (F1,38 � 9.91, p � 0.003, ηp2 � 0.21)
and beta (F1,38 � 14.00, p � 0.001, ηp2 � 0.27) power (Figure 3B).
Follow-up analysis indicated that lower alpha activity more
prominently increased (F1,37 � 9.29, p � 0.004, ηp2 � 0.20)
compared to upper alpha activity (F1,38 � 3.37, p � 0.074, ηp2

� 0.08). In contrast beta activity changes were underlined by
broader band increases (low beta, F1,38 � 11.62, p � 0.002, ηp2 �
0.23; high beta, F1,37 � 10.87, p � 0.002, ηp2 � 0.23). Time (F1,35 �
3.10, p � 0.087, ηp2 � 0.08) and interaction (F1,35 � 3.37, p � 0.075,
ηp2 � 0.09) effects approached significance for gamma midline

activity, whereby sparse change occurred in the AR−NF group,
but showed trending increases in the AR+NF group (Figure 3B,
right).

FIGURE 2 |Mean difference of rating on questionnaire subscales pre-to-
post AR meditation. Both groups demonstrated significant pre-to-post
changes across subscales, with the exception of the vigilance subscale. No
significant differences occurred between groups or as interaction
effects. Mean of differences and standard errors of the mean are shown.

TABLE 3 |Means and standard error estimates of EEG variables pre and post AR
meditation.

Region Band Group Pre Post

Mean SEM Mean SEM

Frontal Alpha AR−NF 3.94 0.35 4.04 0.36
AR+NF 3.68 0.34 3.92 0.35

Lower alpha AR−NF 3.08 0.26 3.17 0.28
AR+NF 2.56 0.26 2.79 0.28

Upper alpha AR−NF 2.44 0.22 2.46 0.23
AR+NF 2.44 0.21 2.56 0.22

Beta AR−NF 4.44 0.27 4.37 0.25
AR+NF 4.36 0.26 4.43 0.24

Low beta AR−NF 2.74 0.16 2.74 0.16
AR+NF 2.67 0.15 2.72 0.15

High beta AR−NF 3.05 0.2 2.94 0.19
AR+NF 2.84 0.2 2.88 0.19

Gamma AR−NF 1.21 0.09 1.11 0.07
AR+NF 1.33 0.09 1.26 0.06

Midline Alpha AR−NF 5.99 0.63 6.22 0.64
AR+NF 5.35 0.6 5.76 0.61

Lower alpha AR−NF 4.45 0.47 4.69 0.47
AR+NF 3.63 0.46 4 0.46

Upper alpha AR−NF 3.93 0.43 3.97 0.44
AR+NF 3.51 0.4 3.71 0.42

Beta AR−NF 5.52 0.36 5.64 0.35
AR+NF 5.05 0.34 5.28 0.33

Low beta AR−NF 3.54 0.23 3.63 0.24
AR+NF 3.31 0.22 3.46 0.23

High beta AR−NF 3.44 0.22 3.49 0.21
AR+NF 2.99 0.21 3.13 0.21

Gamma AR−NF 1.09 0.05 1.09 0.05
AR+NF 1.09 0.05 1.15 0.05

Parietal Alpha AR−NF 7.65 0.85 7.94 0.88
AR+NF 6.07 0.81 6.66 0.84

Lower alpha AR−NF 5.41 0.59 5.73 0.6
AR+NF 3.83 0.58 4.31 0.58

Upper alpha AR−NF 5.25 0.67 5.3 0.71
AR+NF 4.34 0.64 4.63 0.68

Beta AR−NF 6.21 0.46 6.31 0.47
AR+NF 5.43 0.43 5.75 0.44

Low beta AR−NF 4.1 0.31 4.17 0.33
AR+NF 3.68 0.29 3.86 0.31

High beta AR−NF 4.45 0.3 4.5 0.29
AR+NF 3.94 0.28 4.15 0.28

Gamma AR−NF 1.1 0.07 1.09 0.07
AR+NF 1.19 0.07 1.23 0.06

ACC Alpha AR−NF 1.34 0.07 1.30 0.07
AR+NF 1.16 0.07 1.16 0.07

Beta AR−NF 2.12 0.15 1.87 0.13
AR+NF 1.93 0.15 1.94 0.13

Gamma AR−NF 0.79 0.09 0.71 0.08
AR+NF 0.86 0.09 0.82 0.07

Insula Alpha AR−NF 1.93 0.22 1.99 0.23
AR+NF 1.83 0.21 2 0.214

Beta AR−NF 2.22 0.14 2.27 0.156
AR+NF 2.16 0.13 2.41 0.15

Gamma AR−NF 0.75 0.07 0.751 0.1
AR+NF 0.77 0.07 0.92 0.1

Note: SEM, Standard error of themean.Means are inmV2 for frontal, midline, and parietal
regions, and nA/mm3 for ACC and insula.
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Parietal
There were no significant interactions or between-group main
effects. Significant main effects for time (Pre, Post) were found
related to increased alpha (F1,38 � 8.14, p � 0.007, ηp2 � 0.18) and
increased beta (F1,38 � 8.90, p � 0.005, ηp2 � 0.19) power
(Figure 3C). The pattern of results was similar to those of the
midline analyses, with changes in lower alpha (F1,37� 8.25, p� 0.007,
ηp2 � 0.18) more evident than changes in upper alpha (F1,38 � 2.11,
p � 0.155, ηp2 � 0.05), and with beta changes were more evenly
distributed (low beta, F1,38 � 6.14, p � 0.018, ηp2 � 0.14; high beta,
F1,38 � 7.29, p � 0.010, ηp2 � 0.16). Gamma effects did not approach
significance over the parietal lobe (F1,36� 0.11, p� 0.747, ηp2< 0.01).

ACC
No significant within, between, or interaction effects were
observed with respect to ACC localized activity across any
bands of interest.

Insula
There were no significant interactions or between-group main
effects. Insular beta (F1,36 � 4.09, p � 0.053, ηp2 � 0.10) and

gamma (F1,36 � 3.70, p � 0.062, ηp2 � 0.93) trended towards
statistical cutoffs. Increased current source densities were found
for each band. Significant main effects for time (Pre, Post) were
found for alpha (F1,36 � 12.68, p � 0.001, ηp2 � 0.26) and beta
(F1,36 � 8.31, p � 0.007, ηp2 � 0.19), but not for gamma (F1,36 �
3.42, p � 0.073, ηp2 � 0.09). Follow-up on lateralization, a
significant main effect of time was found for left (F1,36 �
10.21, p � 0.003, ηp2 � 0.22) and right (F1,36 � 11.96, p �
0.001, ηp2 � 0.25) alpha activity, and for right but not left beta
(right, F1,36 � 9.89, p � 0.003, ηp2 � 0.22; left, F1,36 � 0.83, p �
0.368, ηp2 � 0.03) and gamma activity (right, F1,36 � 5.71, p �
0.022, ηp2 � 0.04; left, F1,36 � 0.10, p � 0.753, ηp2 <0.01). Figure 4
illustrates the favoring increased activity in the right compared to
left insula between groups. Notably, despite outlier removal, right
insula gamma data remained significant for Levene’s test of
equality of variance (p � 0.048) so this finding must be
interpreted with due caution.

AR Experience
In terms of how engaging participants found the AR experiences,
overall response distributions indicated some notable differences

FIGURE 3 | Changes in resting state EEG after AR-guided meditation with and without neurofeedback. T* denotes significant main effect for pre-post change for
both conditions. No significant between-group main effects or interactions effects occurred. Means and standard error of the means are shown. Units are mV2.
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in response patterns distributions (G2 � 7.84, p � 0.05). While the
majority of both groups indicated being engaged “a lot” or “a
great deal”, more participants in the AR+NF group endorsed “a
great deal” (G2 � 4.56, p � 0.033). Both groups responded
similarly in their thinking that the AR experiences they
received could help manage stress or anxiety (G2 � 0.40, p �
0.530), with 83% of the overall sample indicating “yes”. In terms
of their predictive use of similar AR meditations in the future,
again responses between the two groups were comparable (G2 �
5.39, p � 0.495), with 73% of the overall sample indicating that
they were somewhat-to-very likely to use this type of experience
in the future. Figure 5 displays the pattern of endorsement
frequencies for the questions.

Correlations
The correlational analyses of mood and EEG data revealed that
post-to-pre changes in frontal gamma were negatively associated
with changes in vigilance across groups (r � −0.50, p � 0.001), but

this relationship was primarily driven by the AR+NF group (r �
−0.70, p < 0.001; NF-AR, r � −0.11, p � 0.625). Changes in
depression scores were negatively correlated with right frontal
alpha for the AR+NF group (r � −0.44, p � 0.046) but not the
AR−NF group (r � −0.14, p � 0.580). In contrast, changes in
depression scores for the AR−NF group were negatively
correlated with change in left frontal gamma activity (r �
−0.53, p � 0.035), but not for the AR+NF group (r � 0.34 p �
0.127). No significant correlational relationships were observed
between the frontal, ACC, or insular regions of interest as
anticipated.

Other unexpected results between groups were found with
exploratory analyses. Parietal alpha (r � −0.507, p � 0.016) and
beta (r � −0.540, p � 0.017) were negatively correlated with
changes in fatigue only for the AR−NF group (AR+NF Alpha, r �
−0.126, p � 0.586; AR+NF Beta, r � −0.093, p � 0.681). Changes in
happiness scores were negatively correlated with changes in
midline high beta activity for the AR+NF (r � −0.44, p �
0.047) group, but not for the AR−NF group (r � 0.03 p � 0.900).

In terms of AR meditation questions, level of engagement
predicted anticipated future use for stress and anxiety coping (r �
0.328, p � 0.036). Overall increased happiness (r � 0.314, p �
0.046) and vigilance were positively associated with engagement
ratings of the AR experience (r � 0.334, p � 0.036). Future use was
positively correlated with participants increases in calmness

FIGURE 4 | Lateralized activity differences in insular cortex activity after
AR meditation. Mean and standard error of the mean are shown. Units are
nA/mm3.

FIGURE 5 | Between-group item endorsement patterns for AR
experience questions. Percentage of response endorsements for each item
for each group are displayed.

Frontiers in Virtual Reality | www.frontiersin.org March 2021 | Volume 2 | Article 6183819

Viczko et al. Augmented Reality Meditation

https://www.frontiersin.org/journals/virtual-reality
www.frontiersin.org
https://www.frontiersin.org/journals/virtual-reality#articles


ratings (r � 0.311, p � 0.048). Changes in electrophysiological
activity did not predict survey responses (p’s > 0.10).

DISCUSSION

In this study we investigated user experience, as well as mood and
electrophysiological changes resulting from a guided loving-
kindness and compassion-based meditation (open heart) in an
AR environment, with or without adjunctive neurofeedback. We
found some notable differences in user’s experiences between
groups and in EEG activity at rest in the wake of the meditation
experience. However, overall, the ARmeditation produced highly
similar effects on mood and EEG activity regardless of the
inclusion of neurofeedback.

We are unaware of previous studies that have examined a
combination of AR with neurofeedback for anxiety or mood
concerns. Potts et al. (2019) completed a feasibility study
combining AR (MagicLeap hardware) with a consumer grade
EEG headband (Muse) as a meditative experience. The authors
reported that participants using the application found it enjoyable
and relaxing, but no formal examination of mood state was
conducted. Cebolla et al. (2019) conducted a randomized
controlled trial aimed to investigate the efficacy of a self-
compassion meditation with and without VR augmentation on
a non-clinical sample of young post-secondary students. The VR
augmentation delivered a body swap simulation to increase
mindful awareness and positive affect and self-care behaviors.
After 2 weeks of regular practice, both conditions demonstrated
an increase in self-care behaviors, but significantly more so in the
VR meditation condition. Both groups demonstrated a similar
frequency of keeping up with weekly meditation practice. In our
study, the vast majority of participants in both groups reported
finding value in the ARmeditation experience as a useful resource
to help manage stress and anxiety. Both groups reported high
levels of engagement with the AR meditation, but the AR+NF
group endorsed greater levels of engagement than the AR−NF
group. The high levels of engagement reported by both groups
seems in line with results of Potts et al. (2019) and Cebolla et al.
(2019), although a long training regimen and follow-up
measurements are needed to confirm that the high
engagement reported by participants veritably translates into
sustained practice habits.

In terms of mood and electrophysiological effects, we
anticipated that there would be a significant increase in
positive mood state and decreases in negative mood states for
both groups, but that these changes would be larger and correlate
more strongly with resting state EEG change resulting from the
meditation experience. Our results showed equivalent change
between the two groups across the mood subscales, to the effect
that both groups showed significant increases in the ratings of
happiness and calmness, and significant decreases in depression,
tension, and fatigue. Our results align with that of an earlier study
examining the effects of a brief VR-guided meditation, without
neurofeedback, on anxiety and depression symptoms (Tarrant
et al., 2018). For both experimental groups, the single session of
AR meditation produced significant changes in

electrophysiological resting state activity, consistent with
physiological changes recorded after single brief meditation
(Cahn and Polich, 2006; Tang et al., 2009; Amihai and
Kozhevnikov, 2014) and neurofeedback sessions (Chow et al.,
2016).

However, between group differences in EEG were not very
evident. This is perhaps not a surprising finding given the
briefness of the session. Gorini et al. (2010) directly compared
the impact of using VR with heart rate biofeedback, VR without
biofeedback, and a waitlist control intervention for persons
diagnosed with generalized anxiety disorder. Both
experimental groups demonstrated similarly improved clinical
outcomes at the end of the eight-week treatment period.
Additionally, the group with adjunctive biofeedback had
slightly larger changes in physiological outcome measures
including decreased heart rate and skin conductance. More
practice over a longer timescale may be required for more
robust and reliably divergent neurophysiological outcomes to
emerge with respect to the addition of adjunctive neurofeedback
(Marzbani et al., 2016). It is well known in the meditation
literature that robust and lasting physiological and neural
connectivity changes, associated with enhanced cognitive and
emotional self-regulation, requires a substantial amount of
training; minimal daily practice for several weeks is needed for
early markers of enduring neurocognitive changes to be reliably
observed (Nyklíc et al., 2013; Tang et al., 2015), but months to
years of practice are needed to integrate, as an effortless trait, the
more profound neurocognitive abilities and benefits associated
with extensive meditative training (Grossman et al., 2004; Lutz
et al., 2004; Eberth and Sedlmeier, 2012; Ferrarelli et al., 2013; Fox
et al., 2014). Such changes emerge slowly from the cumulative
effects of repeatedly entering and maintaining various meditative
states in formal meditation sessions, but also include the practiced
generalization of the skills and attitudes into daily life.

The spectral shifts observed across conventionally defined
EEG bands and regions of interest demonstrated a high degree
of similarity between groups in our study. To the previous point,
these observations are presumed to reflect a temporary positive
change in the participants’ psychological and physiological state
(rather than trait) resulting from the AR meditation. Specifically,
both groups showed increased alpha and reduced gamma
frontally, and predominantly left lateralized. Midline and
parietal regions showed significant increases in alpha and beta,
with the alpha effect specifically being driven by increased lower
frequency alpha activity. A trending divergence in gamma activity
was observed, with the AR+NF group tending to show increased
gamma activity in midline and source-localized insula regions of
interest, with some lateralization, while the AR−NF group’s
gamma activity remained largely unchanged in these same
regions. As compelling and consistent with other literature as
this is, these trending interactional patterns were not robust
enough to be considered statistically reliable in our sample
and require replication with larger sample sizes, or perhaps a
longer period of training is required to produce and consolidate
this emerging EEG difference (Marzbani et al., 2016).

Increases in parietal alpha activity is one of the most reliable
meditation-induced EEG effects (particularly object-focused
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meditations; Cahn and Polich, 2006; Chow et al., 2016; Fell et al.,
2010), which is thought to represent a mental and physiological
state of calm-abiding alertness (Thompson and Thompson, 2003;
Olbrich et al., 2011). While this appears in line with the mood and
EEG effects, the directional shifts in gamma and beta are a little
more difficult to interpret. It has been suggested that trait levels of
depressed affects are associated with suppressed left frontal
activity (Davidson, 1992), and that high frequency activity in
the left frontal cortex are linked with positive mood states and
approach behaviors whereas right lateralized frontal activity is
linked with negative mood states and withdrawal behaviors
(Sutton and Davidson, 1997). Multiple studies examining EEG
frontal asymmetries and the induction of mood states have
demonstrated greater right activation with induced positive
mood and greater left activation with negative moods (Kop
et al., 2011; Warden-Smith et al., 2017). Other studies have
found no connection between frontal EEG asymmetry and
mood reactivity (Gotlib et al., 1998; Dennis and Solomon,
2010), potentially because these patterns are moderated by
individual factors such as personality traits (Gale et al., 2001)
and individual differences in functional neural lateralization
(Lezak et al., 2012). Given the conflicting research regarding
frontal asymmetry’s relationship to mood, the current findings
may be best understood through a different lens.

Turning to meditation literature, Engström and Söderfeldt
(2010) conducted an imaging study on a Tibetan Buddhist with
many years of compassion meditation practice. During
meditation, fMRI imaging revealed activation of several brain
regions involved in sustained attention and empathy, with the
strongest findings related to activation of the left prefrontal
cortex. In a study comparing eight long-term meditators with
eight novice meditators, there were common activation patterns
found in the adepts when engaged in a compassion form of
meditation. Among the findings, expert meditators showed large
increases in the proportion of frontal gamma brainwave activity
during the meditation in several areas of the brain including the
left prefrontal cortex (Lutz et al., 2004). On the other hand, in a
sample of mindfulness meditation-trained participants Farb et al.
(2007), mindfulness meditation resulted in a reduction of medial
prefrontal cortex activity, and increased engagement of right
lateralized regions including the lateral prefrontal cortex,
insula, secondary somatosensory cortex, and inferior parietal
lobule.

Notably, in our study the NF protocol reinforced left frontal
gamma activation. Gamma has a demonstrably consistent
relationship with frontal lobe glucose metabolism (Oakes et al.,
2004). Consequently, gamma activity may provide the most direct
measure of frontal network activation (Lutz et al., 2004). Consistent
with this understanding, frontal gamma asymmetry has been shown
to be a better predictor of motivation than alpha asymmetry
(Ramsøy et al., 2018) as well as a reliable method for examining
changes in emotional states (Bonnstetter et al., 2015). In a feasibility
case series study (n � 4) conducted by Tarrant and Cope (2018), also
including participants with elevated anxiety and depression, the left
frontal gamma NF protocol led to alleviation of depression
symptoms and increased positive mood states for some, but not
all, participants (Tarrant and Cope, 2018).

On this background, we expected to find more evidence of
between-group differences in relation to EEG changes after the
AR meditation associated with the addition of neurofeedback.
Specifically, we hypothesized that the AR+NF group would show
stronger changes in frontal asymmetry, congruent with positive
mental state changes, as well as stronger activation patterns in
both the anterior cingulate cortex and the right insula. These are
areas which are often recruited inmeditation (Fox et al., 2014; Fox
et al., 2016) and have been associated with empathic states and
compassion generation (Lutz et al., 2004; Singer et al., 2009).
However, our results did not emerge completely as expected.

Our finding of decreased frontal left gamma replaced by
increased frontal low alpha seems largely at odds with what
might be expected based on the meditation and affect and
EEG asymmetry discussed in literature. One reasonable
possibility is that this could be due to differences in the
sample characteristics of this study (elevated clinical symptoms
and mixed meditation experience) or the meditation itself
(length, instructions, AR component). However, our pattern of
results could also be interpreted by other accounts. For example,
the decreased gamma in lieu of increased lower alpha could be the
response of frontal attentional and executive neural regions
deactivating post-meditation as a result of being in high
demand during the meditation. Alternatively, it might be less
of a passive rebounding effect, and more of an active continuation
of the unique state of mind cultivated by the meditation; a state of
quieting of the frontal nodes of the default mode network, a major
functional network linked to self-referential processing and self-
directed thought (Raichle et al., 2001; Northoff et al., 2006).

Increased power in the lower gamma band ranges has been
linked to activity in the prefrontal node of the DMN (Mantini et al.,
2007; Chen et al., 2008). Therefore, the decrease of gamma and
increase of low alpha might be a reflection of a quieting of activity
related to verbal narrative-based thinking, analysis, or other goal-
oriented states (Lezak et al., 2012). Thus, the increased presence of
low alpha in frontal and parietal regions may be in line with
participants residing in a “being mode” of mind rather than a
“doing mode” of mind, which has been closely aligned with
mindfulness-based meditation (Williams, 2008; Kabat-Zinn,
2013; Segal et al., 2013). Increased central and parietal low
alpha usually co-occurs with a reduction in beta when people
enter more relaxed states as a result of natural waking rest or as
induced by some (but not all, e.g.; Amihai and Kozhevnikov, 2014)
types of meditation. The increased beta power alongside the lower
alpha increases may reflect continued broad cortical excitability
associated with the AR experience, or perhaps it is reflective of
more specific networks involved in feelings and thoughts of
compassion and gratitude (Laufs et al., 2003; Mantini et al.,
2007; Chen et al., 2008). Taken together the complex and
unique pattern of EEG results we observed, which are both
similar and different to those observed in non-AR/VR inclusive
meditations, might just be a reflection of the calm, positive, abiding
state generated by the open heart AR mediation. This fits with the
increased ratings of calmness and happiness indicated on the
Brunel scales. These results will need replication and could be
enhanced with the direct inclusion of self-compassion measures to
validate this feeling state more precisely.
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Unfortunately, the correlational analyses did not produce
results in line with our hypotheses. Different correlational
relationships were observed between changes in mood and
changes in EEG between groups, against expectation. A result
like this could emerge because neural or psychological
mechanisms have been recruited differently between the
groups, perhaps due to the presence or absence of NF.
However, given the small sample size and exploratory nature
of the correlational findings, all interpretations should be made
with a high degree of caution, and require replication in higher
powered studies.

The use of commercial industry vs. “in-house” technology and
software is beneficial in terms of ecological validity; studying the
effects of already widely sold and used consumer products is a
merited scientific endeavor. However, a major limitation related
to this approach is that key performance data were not made
available to the authors by the NF hardware and software
developer (Muse). Thus, we could not statistically evaluate or
control for degree of learning between participants. This is a
particularly critical issue because it has been documented that
between 10–40% of the general population are brain-computer
interface (BCI) non-learners (Guger et al., 2003; Blankertz et al.,
2010; Zich et al., 2015). This is a wide ranging and not well
understood phenomenon, but could be increasingly addressed by
the availability of performance data for single study and meta-
level analysis. This fuzzy non-learner issue has a direct impact on
the power and planning of NF research, given that NF is a BCI
technique, and further reduces the ability to understand the
relationship between performance and outcomes in conducted
research. Interestingly, some researchers have data to suggest that
training in meditation may actually enhance NF/BCI learning,
which further speaks to the importance of exploring these
relationships as thoroughly as possible (Garrison et al., 2013;
Davelaar et al., 2018). This will be an interesting and important
area for future studies to address and explore, but one we were not
able to approach in our study due to this limitation. We strongly
recommend performance metrics be made available to
researchers in industry collaborative studies in order to
improve the quality and interpretability of findings.
Translation of metrics into arbitrary units of performance may
be one way to protect “trade secrets” and proprietary calculations
while still providing usable performance data to move basic and
applied science forward in important and necessary ways for all
stakeholders.

Other limitations include the absence of an additional control
comparison groups, the sample characteristics, the brief nature of
the study, and small sample size. It cannot be ruled out that the
observed changes in EEG and mood states were anything above
and beyond taking the same amount of time for unoccupied rest.
Individuals high in anxiety and depression, as were selected for in
this study, are more prone to worry or rumination compared to
individuals without these predispositions, might be expected to
show worsened moods across a rest period (Zhou et al., 2020).
However, while we did not experimentally include a rest
condition (i.e., inactive control group) to directly address this,
previous research with a similar sample suggests that a period of
short rest can produce measurable changes in mood endorsement

but does not result in EEG patterns as were observed in the
present study (Tarrant, et al., 2018). The addition of a matched
VR-based guided meditation group would have helped to better
reveal comparative advantages and outcomes for one technology
vs. the other. We have discussed our results in the context of
separate research studies, but future research designs that directly
compare AR with VR or traditional meditation practices will
provide much more value and a clearer understanding of
strengths and limitations of these applications.

In terms of sample limitations, our sample included a mix of
individuals with and without previous meditation experience which
may have resulted in non-representative (i.e., over-inflated)
positivity in terms of the openness, engagement, and perceived
value as a mental health and wellness coping tool. On average,
the AR−NF group included individuals with more meditation
experience and regular practice compared to the AR+NF group,
in terms of the past six months of practice, but not weekly amounts.
Research that examines longer term use of similar technology-
assisted meditations, or that include and follow up
measurements, will help to better understand whether existing
familiarity or proficiency in meditation plays a role in the
experience of meditation training with technological aids and
what the enduring psychological and physiological outcomes are.
That we evaluated the effects of a one-time briefmeditation session is
a limitation in some respects, but also provides promising evidence
that even a rather brief meditation experience can lead tomeasurable
mood changes. This is certainly a positive finding and bodes well for
its quick and flexible application in real-world use as a potential
mental health and mood regulation tool.

CONCLUSION

At least in terms of a brief single AR-guided meditation session, the
addition of NF shows negligible differences improving self-reported
mood and physiological states altering resting state brain activity. Both
groups reported comparable improvements in mood. Additionally,
both groups had similar patterns of change in brain activity states after
the AR experience conducive to more relaxed, calm, and open
psychological states, with parallel ratings of positive emotions
related to the experience. We observed some trending differences
in brain activity between groups, particularly with regards to gamma,
in line with expectations given the NF protocol was gamma focused.
Single meditation and neurofeedback sessions have been linked to
acute transient changes in psychological and physiological states, but it
is well known that longer lasting, trait level, psychological, and neural
changes require substantial training efforts over longer periods of time
than the participants were subjected to in this study.

Our results suggested that the addition of NF with AR
provided a more engaging experience, which may have
implications for maintaining training efforts and app use.
With longer term, repeated use, or tightened NF parameters,
conjunctive NF with AR may yield more divergent and lasting
patterns of brain rhythm change, reflective of enduring changes
in the underlying neural circuits and consolidation of the
psychological benefits associated with long-term meditation
practice. We believe that further scientific study of AR mental
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health promoting applications, with longer term training
paradigms and exploration of different protocols, will help to
uncover some of the neural and psychological mechanistic
underpinnings from which these technological interactions can
support and promote positive mental health outcomes. We hope
that the results of this study and subsequent research along this
vein will continue the advancement and optimization of AR/VR
into mental health and wellness commercial and clinical settings.
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