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ABSTRACT: Traditional Neurofeedback (NF) designs
are rather dull and only little engaging, which can
negatively influence training performance. NF profits
from interesting paradigms implementable through tools
such as Virtual and Augmented Reality (AR). AR,
however, is still very new in the field of NF and BCI but
seems promising in hindsight of less Cybersickness and
easier and cheaper usage for tele-rehabilitation, as
modern smartphones support AR implementations.
However, there are still no sham-controlled AR-based
NF studies with larger samples. We propose a one-
session sham-controlled and double-blinded NF study
comparing AR with 2D feedback. The NF training
consisted of sensorimotor rhythm (SMR) up-regulation
and we tested 89 healthy participants. Results showed a
numerically but non-significant increase in SMR across
the NF runs in all four groups. Sham and real feedback
groups did not differ in their performance. The study
could show that AR is equally viable to 2D feedback and
participants were not able to increase SMR within one
NF training session.
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INTRODUCTION

Since about 30% of Brain-Computer Interface (BCI)
users are not able to alter their own brain activation [1],
neurofeedback (NF) and BCI alike profit a lot from
engaging and interesting paradigms in order to increase
training adherence of the users. Psychological factors
such as motivation [2] and attention [3] from the users
are positively associated with the NF training success.
Virtual Reality (VR) has in respect thereof already shown
to be beneficial to increase NF performance [4] over
simple traditional 2D paradigms presented on computer
screens. Further, stroke patients undergoing VR NF
training also reported a high motivation to continue their
training and showed high interest [5]. However, VR
presents some downsides in its usage as well. About 80%
of the users of VR systems are prone to develop
symptoms of Cybersickness, such as nausea, oculomotor
problems or disorientation [6], which can on the one hand
lead to a worse user experience and on the other hand to
a worse training outcome [7]. Also, VR is costly on
resources to offer for a group of patients on a tele-
rehabilitation basis, and there are only little options of
combined VR-EEG systems. Another option that is
posing some advantages over VR but is still only little
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researched in the field of NF and BCI is the application
of Augmented Reality (AR). Here, virtual objects are
superimposed on real world surroundings. On the reality-
virtuality continuum proposed by Milgram and Kishino,
AR is classified as closer to reality than VR [8]. The
implementation is done by using, e.g., smartphones,
webcams, or stereoscopical camera additions to VR
goggles. An advantage of AR is that it is less prone to
result in the feelings of Cybersickness [9] in the user.
They experience less nausea and disorientation during
the usage. Further, AR seems more easily applicable for
tele-rehabilitation purposes, as most modern smartphone
cameras support AR (official list:
https://developers.google.com/ar/devices). So here no
expensive combinational devices would be necessary.
AR enables new opportunities to integrate feedback and
bodily features can still be visible and can if necessary be
included to the feedback. It hence offers the creation of
adaptive paradigms that support the training. [10]
However, there is a lack of double-blind sham-controlled
AR-NF studies and only a handful of studies are using
AR in NF settings. In one study from 2014 the
researchers created the MindMirror, using a Webcam
with a virtual overlay to simulate an AR setting [11].
Participants would see themselves on a computer screen
over a webcam with a virtual brain overlay presented on
their heads. For the training relevant areas would light up
in different colors. Viczko et al. used an AR NF paradigm
for a NF meditation application using an Apple iPhone
and Emotive headband for the feedback. It showed
butterflies hatching from crystals when brain activity
reached the desired state and could then be followed with
the phone camera as an interactive element [12]. Also,
there are several proof-of-concept studies with relatively
small samples (5-12 participants in total [13, 14] and no
sham-control groups, combining for example steady-
state visual evoked potential (SSVEP) based BCI
systems [15]. The presented studies offered a first insight
into combinational AR-BCI and NF studies.

Altogether, studies with big sample sizes and double-
blinded sham-control are still missing. Here, we
conducted an EEG-based NF study comparing AR
feedback with conventional 2D bar feedback design with
regard to NF performance (measured as SMR increase
over the course of six feedback runs). We hypothesized
that participants from the AR group would perform better
in a SMR-NF task than participants undergoing a 2D NF
with a conventional paradigm. Since VR paradigms have
previously been shown to result in better NF performance
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compared to 2D paradigms [4, 16] and AR has previously
been successfully tested in the field of BCI and rated very
positively by participants [11], we expected similar
positive NF results for AR-feedback compared to 2D
feedback. Also, we assumed participants receiving real
feedback would perform better than the feedback group
receiving sham feedback. Previous findings in the
general field of NF could show beneficial training effects
specifically for real feedback groups compared to sham
feedback groups [17, 18]. Hence, we expected similar
results in our sample with AR-based NF.

MATERIALS AND METHODS

The study was conducted at the University of Graz. All
participants gave written informed consent before the
start of the measurement. The ethics committee of the
University of Graz, Austria, approved all aspects of the
present study in accordance with the Declaration of
Helsinki (GZ. 39/119/63 ex 2021/22).

Participants: In total, 100 participants were tested
(see Table 1). Eleven datasets had to be excluded from
the statistical analysis due to bad EEG data quality,
problems with the paradigm and drop-outs, hence, 89
datasets survived for further analysis. Forty-four
participants performed the 2D NF task, 45 the AR task
(see Table 1). All volunteers had normal or corrected-to-
normal vision, no neurological, psychological or other
severe diseases, as well as no reflex epilepsy. They gave
written informed consent and were either paid for their
participation (16€) or received research credit hours for
their Psychology Bachelor program.

Table 1: Description of the sample.

AR 2D
real sham real sham
N (female) 25(14) 20(12) 20(9) 24 (17)
Mean age 23.76 24.95 24.65 21.79
(SD) (3.31) (3.82) (4.06) (1.74)
Responder 16 12 10 14
Non-Resp. 9 8 10 10
(36%)  (40%) (50%) (41.6%)

Neurofeedback-training:  Participants  were
pseudo-randomized and assigned to one of the four
groups: 2D vs. AR feedback, real vs. sham feedback and
experimenters just as participants were blinded whether
real or sham feedback was given. In the real feedback
condition participants got their real brain activation fed
back in real time, while in the sham feedback condition
the brain activation from another person of another
(similar) study was fed back [4]. In the AR condition,
participants would see three virtual plants growing out of
real plant-pots placed in front of them. The middle one
represented the sensorimotor rhythm (SMR; 12-15 Hz)
recorded over Cz and the two outer plants Theta (4-7 Hz)
and Beta (16-30 Hz), also recorded over electrode
position Cz. Participants should make the middle one
grow as high as possible and keep the two outer ones as
low as possible. The same principle was followed by the
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2D paradigm, only they saw three 2D bars equally
representing the three frequency bands regularly on a PC
screen (see Figure 1). The training consisted of a baseline
run and six training runs of three minutes each. In the
baseline run, participants were instructed to watch the
moving objects without trying to influence it
Afterwards, individual threshold values were calculated
based on this baseline activation. For SMR the mean
values were calculated and for Theta and Beta the mean
plus one standard deviation was calculated. The
thresholds were adapted in the paradigm for the training
after each run and participants were instructed to be
physically relaxed and mentally focused to control the
feedback objects.

Technology: The AR paradigm was presented via the
HTC Vive Pro VR-System. The stereoscopical camera
ZED mini from Stereolabs was attached to the VR
goggles to enable AR vision. The SDK Unity Plugin
version 3.8.0 was used to create the environments in
Unity, Version 2020.3.30f1 (see Figure 2). For
superimposing the virtual objects in the AR setting via
markers, the free Unity trial version of OpenCV (version
2.4.8) was used. For real-time EEG data streaming the
LSL4Unity plugin, freely available at
https://github.com/labstreaminglayer/LSL4Unity ~ was
used in combination with OpenViBE, Version 3.3.0.
OpenViBE is a free software to stream and preprocess
EEG data in real-time. The framerate of both the camera
and computer screen were set to 60 FPS. Even though the
2D group got their paradigm presented on a computer
screen, they also had to wear the VR-AR system to rule
out any group differences related to wearing the system,
such as headache or pressure sensations due to wearing
the whole system. Here, the camera was simply switched
on, so participants would also see their surroundings
through the camera.

EEG recording and Offline EEG data
processing: Data was recorded with the gUSBamp
RESEARCH EEG-amplifier from g.tec medical
engineering and a sampling rate of 500Hz. We used 16
sintered Ag/AgCl passive ring electrodes, placed
according the 10-20 EEG-system, to measure the signal.
All electrodes were referenced against left mastoid and
the ground was placed at FPz. A right mastoid placed
electrode was used to calculate linked mastoid reference
during the offline EEG data processing. Brain Vision
Analyzer (version 2.2, Brain Products GmbH, Munich,
Germany) was used for offline EEG-data processing. At
first, a 50 Hz notch filter and a low cutoff filter of 0.01,
as well as a high cutoff filter of 100 Hz were applied.
Further, big muscle artifacts were excluded and heavy
drifts during the raw data inspection. Data was referenced
to the linked mastoid reference to rule out hemisphere
effects, as the left mastoid was the primary reference
electrode. Next, a semi-automatic independent
component analysis (ICA) was performed to eliminate
blinks and eye movements using a semi-automatic
independent component analysis (ICA). Lastly, a second
semi-automatic data inspection followed to exclude
additional remaining artifacts that survived the other
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preprocessing steps (Criteria for rejection: maximum
allowed voltage step of 50uV/ms, maximum allowed
difference between values in a segment was 200 pV,
amplitudes £ 120 pV, lowest allowed activity in 100 ms
intervals was 0.5 pV, artifacts were marked 200 ms
before and after emergence). Finally, the frequency
power bands in the ranges 12-15 Hz (SMR), 4-7 Hz
(Theta) and 16-30 Hz (Beta) were extracted using
complex demodulation. Data was segmented into 1s
intervals and segments with artifacts were removed.

Figure 1: The used AR-Set-up with the HTC Vive Pro
and attached ZEDmini stereoscopical camera. On the
table one can see the plant pots and the screen shows the
virtual plants that the participant is seeing via the VR-
googles.

Questionnaires: In this study we also assessed
the user experience of participants with several
questionnaires on Cybersickness, technology anxiety,
subjective control among others. Results are presented in
another study which is currently under submission.

Statistical Analysis: To investigate the NF
performance (measured as the changes in SMR power
across six NF runs) of the four different groups (AR real
vs. AR sham and 2D real vs. 2D sham), a linear mixed
effect model with three fixed factors (group, condition,
feedback runs) was calculated for the dependent variable
SMR power over electrode position Cz (Type | Sum-of
Squares Analysis of Variance with Satterthwaite’s
method). Here, we will only present the findings for
SMR. To enable a better interpretation of the results we
split the factor runs in two groups, one for the first
training half (first three runs) and one for the second
training half (runs four to six). The factor subject was
included in the model as crossed random effect.

To identify non-responders, we checked whether
regression slopes were increasing or decreasing. They
were determined by calculating a regression with SMR
power as criterion and feedback run number as predictor.
Positive slopes indicate a linear increase, showing a
successful training and negative slopes a linear decrease,
showing an unsuccessful training. To investigate whether
non-responders are equally distributed between all four
groups we calculated a Chi-Squares test.
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Figure 2: Traditional 2D paradigm presented on PC
screen.

RESULTS

The results of the linear mixed effect model showed no
group-differences of AR/2D or real/sham feedback
groups (for F-statistics see Table 2). Although SMR
power increased numerically over the training runs, the
main effect Runs was not significant (Table 2, Figure 3).

Table 2: F-statistics of the Linear Mixed Effect Model
with Group (AR/2D), Condition (real/sham), and Runs as
fixed factors.

Obiject F df p

Group 0.32 1,234.31 572
Runs 0.01 1,437.25 .925
Condition 0.01 1,234.73 .928
Group*runs 0.03 1,437.21 .855
Group*condition 0.07 1,233.65 .788
Runs*condition 0.16 1,437.21 .691
Group*runs*condition 0.12 1,437.16 .730

SMR power during NF training

10

Condition

® Real
A Sham

Group

2D
* AR

SMR power in pv2

1 2 5 6

3 2
Feedback runs

Figure 3: Line graph showing the training performance
of all the four groups over the course of the six feedback
runs. Error bars are indicating the standard error.

Responder/Non-responder: In our sample 41.6% of
the users were not able to increase their brain activation
across the six feedback runs (see Table 1). All groups had
a similar number of non-responders (¥2=0.93, p = .819).
DISCUSSION

We conducted a study, comparing AR and 2D based
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SMR-NF training in a double-blinded pseudo-
randomized and sham-controlled study with a large
sample size (N=89). Statistical analyses revealed no
group differences in the NF performance, all four groups
showed a comparable small but non-significant increase
in the target frequency band over the course of six
feedback runs.

In the present study, we did not find any differences in
NF performance between the AR and 2D condition
within one NF training session. Hence, AR-based NF
training had no beneficial effects over conventional
feedback designs. Previous studies also found
comparable results of conventional and AR NF-
paradigms. In a one-session user study from Mercier-
Ganady and colleagues (2014) using a webcam to
overlay a virtual brain on the users’ heads also showed
comparable results between the AR and a conventional
2D training, where they used a representation of a
temporal gauge. Participants reported that their AR
paradigm was less clear but more innovative and original.
The EEG results were equal for both groups [11]. Hence,
it seems as if only one NF training session was not
enough to reveal possible beneficial effects of AR-based
NF training. It would be interesting to compare training
results over a longer period with trainings consisting of
multiple sessions instead of only one to see, whether AR-
based feedback might be beneficial for NF training
performance over a longer training period.

Further, both of our paradigms were rather similar, each
showing three objects growing and shrinking in size. This
might explain the similar results for both conditions.
Other studies in this field had either no control group [19]
or control groups where the outcome or visual feedback
differ fundamentally between the two groups. For
instance, previous studies investigated the effects of AR-
based meditation with and without NF on mood [12], or
compared a visual feedback where participants should
light up an AR brain-overlay with. a temporal gauge as
feedback [11]. Future studies should try explore more
AR-given possibilities of design and interaction. In a
further study one could for example expand the flower
idea we used in the current study but for example make
the task to turn the whole laboratory into a flowerbed
surrounding the participants.

Mohammed et al. speculate that AR-BCI studies would
result in a higher cognitive load as it being more
cognitively demanding [10]. However, AR still serves
less visual distraction than does VR with its surrounding
virtual environments. In a review on the impact of AR on
tasks performances and cognitive load it could be shown
that when using AR to complete different tasks,
participants have less or equal cognitive load, as well as
a higher performance than those using conventional
methods [20]. It remains open, whether these results also
reflect AR usage in NF. To overcome the problem of
complexity for the participants it might be beneficial to
implement introductory sessions where participants
could familiarize with the systems.

Further, we found no group differences between real and
sham feedback groups. Even though one would expect
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better NF performance in real feedback groups compared
to sham groups, it is not uncommon to find comparable
results in the NF literature especially when performing
only one NF training session [21]. Ninaus et al. (2013)
could show in an fMRI based NF study that both
participants from the real and the sham feedback group
showed similar active neural networks [22]. Participants
and experimenters were blinded concerning group
allocation and were instructed the same way. Hence, both
groups were instructed to be mentally focused and
physically relaxed. In a review on ADHD and
neurofeedback researchers propose that effects from
neurofeedback need more time in terms of more training
sessions to develop. It is possible that during
familiarizing with the task in the first 20-30 minutes,
attention and concentration increased naturally, leading
to unspecific changes in EEG activity, which are not
related to real NF conditions [23].

Finally, the number of non-responders in this study is a
bit higher than in other studies, where mostly 30% are
reported [1, 24]. However, non-responders of up to 50%
can be observed in the literature [25]. The AR group did
not have less non-responders than the 2D group and the
number also did not differ between sham and real
feedback groups. It is difficult to determine non-
responders within a single training session, as it is still an
intensive learning process and for most participants it
was their first NF training. Here unspecific factors might
also play a big role, especially with a rather complex set-
up used in our study. It would also be interesting to see
whether the number of non-responders within the groups
would change after several training sessions.

CONCLUSION

In the current study we did not find any differences in NF
performance between an AR NF training and a
conventional 2D feedback within one NF training
session. Expanding the AR paradigm to a more complex
task should shed more light on paradigm differences on
the NF performance in future studies. Also, sham and real
feedback led to a comparable NF performance.
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