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Abstract

Electroencephalogram (EEG) based Neurofeedback training has gained traction as a practical method for enhancing execu-
tive functions, particularly attention, among healthy individuals. The neurofeedback protocols based on EEG channel
locations, frequency bands, or EEG features has been tested. However, the improvement in attention was not measured by
comparing different feedback stimulus types. We believe that multisensory nature feedback even with few training sessions
may induce strong effect. Therefore, this study compares the effect of audio-visual and visual feedback stimuli for attention
enhancement utilizing neurophysiological, behavioural and neuropsychological measures. Total 21 subjects were recruited,
undergoing six alternate days of neurofeedback training sessions to upregulate EEG beta power of frontocentral (FC5).
Dwell time, fractional occupancy and transition probability were also estimated from the EEG beta power. Audiovisual
group (G1) as compared to visual group (G2) demonstrate a significant increase of global EEG beta activity alongside
improved dwell time (t=2.76, p=0.003), fractional occupancy (t=1.73, p=0.042) and transition probability (t=2.46,
p=0.008) over the course of six neurofeedback training sessions. Similarly, the group (G1) shows higher scores (t=2.13,
p=0.032) and faster reaction times (t=2.22, p=0.028) in Stroop task, along with increased score in Mindfulness Atten-
tion Awareness Scale (MAAS-15) questionnaire (t=2.306, p=0.012). Audiovisual neurofeedback may enhance training
effectiveness, potentially achieving the same outcomes in fewer sessions compared to visual-only feedback. However,
sufficient training days are essential for effect consolidation. This highlights the feasibility of completing neurofeedback
training, a significant challenge in practice.
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Introduction

Attention is the ability of an individual to select and pro-
cess sensory stimuli, and thoughts while ignoring unneces-
sary environmental distractions. An estimated 2.58% world
Communicated by Juha Silvanto. population is said to be affected by attention issues (Fayyad
etal. 2017; Song et al. 2021). Electroencephalogram (EEG),
among several assessment methods, is one of the neuro-
physiological measures of attention that detect electrical
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Hasan et al. 2023; Corbetta and Shulman 2002; Fiebelkorn
and Kastner 2019; Morillas-Romero et al. 2015; Mujib et al.
2021; Petersen and Posner 2012; Silver and Kastner 2009).

Neurofeedback (NFB), as an attention improvement
method, has evolved as one of the promising approaches. It
aims to train the human to voluntarily modulate and control
the brain activity by providing features of the EEG in real-
time. A NFB protocol usually covers the selection of EEG
channel or location, EEG frequency band, and the feedback
stimulus type. The NFB therapy protocols for attention
enhancement primarily include modulation of EEG fre-
quency band powers of theta (Wang and Hsieh 2013), beta
(Bielas and Michalczyk 2021; Enz et al. 2022; Jurewicz et
al. 2018; Rasey et al. 2008), sensory motor rhythm (T. Egner
and Gruzelier 2004), alpha/theta ratio (Egner et al. 2004),
and theta/beta ratio (Smitha et al. 2014). The beta power
upregulation protocols usually focused on central (Bielas
and Michalczyk 2021; Egner and Gruzelier 2001, 2004) and
frontal beta (Enz et al. 2022; Jurewicz et al. 2018) with the
numbers of training sessions are between 5 and 15. Visual
or audiovisual only feedback stimulus are commonly pro-
vided during NFB training for the voluntarily modulation
of beta EEG power (Bielas and Michalczyk 2021; Enz et al.
2022; Rasey et al. 2008; Wang and Hsieh 2013). The studies
reported an increased attention scores and improved reac-
tion times measured using self-reported neuropsychological
questionnaire and behavioral tasks such as Stroop test (Bie-
las and Michalczyk 2021; Jurewicz et al. 2018; Smitha et
al. 2014). Moreover, the changes in event related potentials
measured with EEG are reported in few studies (Egner and
Gruzelier 2001, 2004).

It is noted that all these studies did not emphasis on the
comparison of feedback stimulus content in the NFB train-
ing for attention enhancement. We believe that fewer train-
ing sessions with feedback involving multisensory processes
such as both audio and visual leads to a stronger and effi-
cient neural response and enhanced behavioral performance
(Brandwein et al. 2011, 2013, 2015; Gingras et al. 2009;
Tovar et al. 2020). Moreover, the current NFB for attention
enhancement research literature extensively lacks the use
of three different kinds of assessment methods including
neurophysiological, behavioural and neuropsychological
assessments for studying deep insights. Therefore, the aim
of this study is to compare the efficacy of multisensory i.e.,
audio-visual and unisensory i.e., visual feedback stimuli for
attention enhancement evaluated through neurophysiologi-
cal, behavioral and neuropsychological measures.
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Methodology
Participants

Twenty-one young literate and healthy adults (11 females,
10 males; age range: 1829 years) were recruited who have
either completed sixteen years of education or enrolled
in a degree program. Ethical approval was sought from
NED University of Engineering and Technology’s Ethical
Review Committee based on the Declaration of Helsinki
and a separate written consent was drawn from each par-
ticipant. To ensure strong outcomes from the NFB train-
ing, participants confirmed their sound hearing and visual
abilities. Moreover, the people suffering from ADHD or any
other neurophysiological disorders, undergoing treatment
or medication of any kind, or having a history of cognitive
impairment were all excluded from the study. Three partici-
pants opted not to continue with the experiments due to the
challenge of committing to an extended duration of 12 days
for the study.

Study Groups

The participants were randomly divided into two groups,
i.e., Gl and G2, as per the protocol. G1 or audiovisual group
received the video stimulus along with the sound (audiovi-
sual feedback), while G2 or visual group received the video
stimulus without any sound (only visual feedback). The par-
ticipants in G2 were blinded to the G1 protocol (of audio)
and thus, they did not know that the video had any sound.

Experimental Procedure

Figure 1 illustrates the experimental procedure for the NFB
experiment carried out to compare the efficiency of feed-
back type presented during NFB training. As per the experi-
mental paradigm, the behavioral assessment (Stroop task),
and neuropsychological assessment of MAAS (Mindfulness
Attention Awareness Scale) were performed prior to the
first day and on last day upon completion of NFB training.
Whereas the neurophysiological assessment was carried
out during each NFB training session. Moreover, a 5 min
long NFB training session was provided 5 times a day for 6
alternate days. Apart from NFB training sessions, for each
training day, prior to first (preNFB) and after (postNFB)
last NFB training session baseline EEG were recorded in
both eyes open (EO) and eyes closed (EC) states comprise
of 8 min (2 min in each EO and EC conditions for preNFB
state and 2 min each EO and EC conditions for postNFB
state). The purpose of preNFB is to measure the threshold
for all five sessions. Therefore, the threshold was calculated
on each training day in preNFB state. The EEG recordings
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Fig. 1 Experiment protocol Neurofeedback training for two groups (G1: audiovisual feedback and G2: only visual feedback)

in postNFB were useful to see short-term effect of NFB
training sessions in each training day.

Assessments
Neurophysiological Assessment

EEG data was acquired using a wireless EEG device
EPOC+ (Emotiv Technology Inc., USA) from 14 scalp
locations (AF3, F7, F3, FC5, T3, P7, O1, O2, P8, T4, FC6,
F4, F8, AF4) in accordance with the standard 10-20 inter-
national system. The sampling frequency was set at 128 Hz.
One mastoid (M1) sensor acted as a ground reference point
to which the voltage of all other sensors was compared.
The other mastoid (M2) was a feed-forward reference that
reduced external electrical interference. Electrode imped-
ance was kept below 5kQ. Saline liquid was used to obtain
good conductivity. Data were acquired in a quiet and ven-
tilated room.

Behavioral Assessment

Stroop Task The Stroop task was performed to evaluate the
efficiency of NFB training. A series of color words with ran-
dom font colors was presented on the screen as a stimulus.
As a stimulus, a string of consistent and inconsistent color
words was displayed on the screen. The Stroop task stimuli
consist of four-color words (red, blue, green, and yellow)
presented in various print colors in Arial font size 24. The
initial of the print color instead of the word meaning was
asked to press by the participants. On the computer screen,
a total of 25 stimuli were displayed with a fixed duration of
1000 milliseconds, and participants had 2000 millisecond
to response. The stimulus trails with correct and incorrect
response were marked as “1”” and “0” respectively, and then
summed up to obtain the total score. The maximum score
that could be achieved was 25. The reaction time to each

stimulus was also recorded and expressed as a mean of all
trails.

Neuropsychological Assessment

Mindfulness Attention Awareness Scale (MAAS) A com-
monly used self-reported MAAS-15 questionnaire was used
to measure participant’s general ability for being aware
of and attentive to their current experiences in daily life.
Each item on the self-report questionnaire is assessed on
a six-point Likert scale, with 1 being almost always and 6
being almost never. Higher scores indicate higher levels of
mindfulness.

Neurofeedback Training Procedure

The NFB system used in this research was utilized a 14 chan-
nel EEG device entitled Emotiv Epoc+ (Emotiv Technol-
ogy Inc., USA) as this device is known for its portability and
ease of use, making it suitable for both clinical and research
environments. The data captured by the Emotiv Epoc + was
processed and analyzed using scripts written in the Python
(2.7.14) programming language. Python was chosen for its
robust libraries and tools for signal processing and neu-
rofeedback application development specifically, Python
libraries such as MNE for EEG data analysis, NumPy for
numerical computations, Scipy for signal processing and
Pandas for reading and writing dataframes. Custom scripts
were developed to preprocess the EEG data, extract relevant
features, and provide real time feedback to the participants.

Training Protocol

NFB training, either for audiovisual feedback or visual feed-
back, was provided from the frontal lobe (FCS5) in EO state.
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The preNFB recording was used to determine the threshold.
The real-time EEG beta power of the NFB training EEG
channel was kept 10% above the same of the preNFB state
to upregulate the beta band (15—18 Hz) in the frontal region
for attention enhancement.

Threshold Computation

For threshold estimation, the 2 min preNFB EEG data of EO
condition was passed through the high pass filter of 2 Hz
to remove EOG (electrooculogram) artifacts followed by
a welch periodogram for signal transformation. A 4 s long
sliding hanning window with 50% overlap was applied to
get a power spectral density of 0.25 Hz resolution. EEG
data of FCS5 at the frequency band of interest (15-18 Hz)
was segregated and averaged to determine mean beta power
(MBP). As per the experimental protocol, the threshold was
set to 10% of the MBP of FC3 as represented in equation (i);

Threshold= MBP + (MBP %0.1)

Feedback type

A video showing different natural landscapes with uplifting
background music was played during the feedback. If the
beta power fell below the threshold, the video would pause
and resume only when it crossed the threshold value. The
continuous play of the video was considered as the reward
signal of the training while the video pause reflected the
punishment signal of the raining. Therefore, the participants
were advised to focus on the video. The total time taken for
one session was five minutes regardless of the total duration
of the video played. All protocols except the type of stimu-
lus for feedback were kept same for both groups.

Real-Time Data Acquisition and Processing

Real-time EEG data was acquired and processed in Python
Programming Language (2.7.14) using the Python API
(Application Programming Interface) provided by the Emo-
tiv Technology Inc., for the standalone usage of the EEG
device. During NFB training sessions, the raw data of FC5
was acquired for 4 s initially and append into an array. At
every next second, the first 128 samples of this array were
removed and new 128 samples of the FC5 channel were
inserted at the end of this array. This process runs until the
end of a NFB sub session. The Welch periodogram method,
with the same functional parameters as used for preNFB
data transformation, was applied on the real-time array of
raw data to calculate power spectral density. At every sec-
ond, after the first 4 s during NFB training session, the video
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feedback (based on G1 and G2) either played or paused
if the real-time EEG power of FC3 was greater than the
threshold (training protocol) or fail to achieve the thresh-
old respectively. The success to achieve the threshold (real
time beta > preNFB beta + 10% preNFB beta) is referred to
as active state whereas it’s vice versa is referred to as inac-
tive state.

Neurofeedback Performance Metrics

Mean Beta Power (MBP) The mean of the EEG beta
power, obtained at preNFB, during NFB training sessions,
and postNFB states, was computed.

Fractional Occupancy The count for achieving active state
during a sub NFB training session is referred to as fractional
occupancy. It was calculated by converting the MBP into
a binary sequence, with 1 being the power for active state
and 0 being the power for inactive state. This led to mul-
tiple binary sequences of the length of 300 (one sequence
for each 5-min sub session of NFB) where each binary value
thus corresponded to 1 s. The total number of highs (1) or
fractional occupancy was determined, via count method,
from this binary sequence.

Dwell time The binary sequence obtained during frac-
tional occupancy calculation was used to determine the
dwell time. The total number of highs (1) in the sequence
represents the total time in seconds for the beta power in
active state. The length of consecutive highs in the binary
sequence was determined that indicates the dwelling of
the beta power above the threshold value. The total time
of highs was divided by this length to compute dwell time.

Transition Probability 1t is the likelihood of transition-
ing from inactive state to the active state and was esti-
mated using a hidden Markov model function (hmmtrain()
on MATLAB (R2018a, Natick, MA, USA) (Durbin et al.
1998). Two parameters were required for this function, the
guess transition matrix, and the emission matrix. The guess
transition matrix was calculated using the binary sequences
and was different for each session while an identity matrix
was used as emission matrix.

Statistical Analysis

Repeated measures analyses (ANOVA) with assessment
state (pre and post), NFB groups (G1 and G2), and NFB
trainings days (D1, D2, D3, D4, D5, D6) was performed
on IBM SPSS V.21 to investigate the main effects of states,
groups and days for mean beta power, dwell time, fractional
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Fig. 2 Pre and Post comparison of MAAS for G1 and G2

occupancy, and transition probability. An interaction effect
between groups and states, groups and days, states and
days, and groups, states and days were also obtained. Effect
sizes (eta-squared m2) for each factor in ANOVA were also
calculated. The Holm—Bonferroni procedure was used for
the correction of multiple comparison in F-statistics and
p-value obtained from the ANOVA. The linear regression
was applied on the MBP of preNFB and during NFB ses-
sions for both G1 and G2 to determine the trend of the beta
activity at the training site. The averaged mean beta power
of each NFB training day was kept as the dependent vari-
able while the training days were the independent variable.
In addition to this, linear regression method was applied to
estimate the trend that fractional occupancy, dwell time, and
transition probability followed during every training day in
each sub session, separately for both groups. The Bonfer-
roni correction was also implemented to adjust for multi-
ple comparisons. Moreover, paired t-test was performed to
examine within and between group differences in (a) MBP
for preNFB, during NFB, and postNFB states; (b) MAAS-
15 scores; (c¢) Stroop task scores and reaction time; and (d)
dwell time, fractional occupancy, and transition probability.

Stroop Task Score
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Result

The outcome of MAAS assessment is represented in Fig. 2.
The difference in pre assessments of both groups was found
to be non-significant and thus shown same baseline for G1
and G2. Whereas a significant change (t=2.306, p=0.012)
was found in the post assessments of both groups.

Figure 3 depicts how the NFB induces behavioral
changes as measured by the Stroop task. Between groups
analysis revealed no significant difference in pre Stroop
scores and reaction time of both groups whereas a greater
and significant change can be seen in post Stroop score
(t=2.13, p=0.032) and reaction time (t=2.227, p=0.028)
among G1 and G2.

The result of the repeated measure analysis for the vari-
ables of interest of NF is presented in Table 1. For dwell
time (F=12.19, p<0.01), fractional occupancy (F=7.45,
p<0.01), and transition probability (F=23.52, p<0.01),
the main effect of group is significant. Furthermore, the NF
state influences all NFB variables, including beta power
(F=6.90, p<0.01), dwell time (F=7.70, p<0.01), frac-
tional occupancy (F=4.35, p=0.01), and transition prob-
ability (F=111.70, p <0.01), whereas the factor of day is
significant for mean beta power (F=2.96, p=0.01) and
dwell time (F=2.32, p=0.04) only. The interaction effect of
group * state is significant for dwell time (F=4.66, p=0.01)
and transition probability (F=9.85, p<0.01). While, the
transition probability is also significant for the interaction
effects of state * day (F=9.85, p<0.01) and group * state *
day (F=2.14, p=0.02).

The trend of EEG beta power in preNFB and during NFB
over the course of six training days for both groups is shown
in Fig. 4. The regression line of preNFB (R=0.87, p=0.02)
and during NFB (R=0.368, p=0.02) for group 1 are found
to have significantly increased slope.

The mean EEG beta power (preNFB, during NFB, and
postNFB) along with its standard deviation for G1 and G2

Stroop Task Reaction Time

23
(8]
Q22 *
Q21 +—
£
=T N R A I G1
s
= 1.9 : mG2
&
o 18
[
1.7 +— —
Pre Post

(b)

Fig. 3 Pre and Post comparison of Stroop Task performance for G1 and G2. Figure a Comparison of scores of the Stroop task between group in
pre and post states. b Comparison of reaction time of the Stroop task between group in pre and post states
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Table 1 Repeated measure analysis (ANOVA) for neurofeedback features

Factors Mean Beta Power Dwell Time Fractional Occupancy Transition
Probability
F stats nz F stats n2 F stats n2 F stats nz

Group 0.18 0.00 12.19 0.04 7.45 0.02 23.52 0.07
State 6.90 0.04 7.70 0.05 4.35 0.02 111.70 0.43
Day 2.96 0.04 2.32 0.03 1.06 0.01 5.00 0.08
Group * State 1.56 0.01 4.66 0.03 2.30 0.01 19.53 0.11
Group * Day 0.51 0.00 1.53 0.02 1.36 0.03 1.20 0.02
State * Day 0.77 0.02 1.83 0.06 0.64 0.02 9.85 0.25
Group * State * Day 1.30 0.04 0.75 0.02 1.25 0.04 2.14 0.06

Fig. 4 Trend line on mean EEG beta power in
preNFB and during NFB states

Trend of Mean Beta Power in Group 1 and Group 2
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Table 2 Within and between group comparison of preNFB, during NFB and postNFB states
Conditions G1 (Mean+SD) G2 (Mean+SD) t stats (p-value) Effect Size
PreNFB 92.02+1.12 92.52+1.19 0.901 (0.204) 0.43
During NFB 93.56+0.63 92.68+0.96 2.95 (0.015) 1.08
PostNFB 94.39+£0.79 93.12+1.14 3.53 (0.008) 1.29
t stats Effect Size t stats Effect Size
(p-value) (p-value)
PreNFB vs. During NFB 3.04 (0.01) 1.69 0.44 (0.33) 0.13
During NFB vs. PostNFB 2.04 (0.04) 1.16 0.96 (0.19) 0.41
PreNFB vs. PostNFB 3.64 (0.00) 2.44 1.64 (0.08) 0.51

is shown in Table 2. There was no significant difference
found between mean beta power of preNFB state of two

beta was globally significantly improved in G1 as compared
to G2.

groups while significant difference was observed between
mean beta power of during NFB (t=2.95, p=0.01) and
postNFB states (t=3.53, p<0.01) of G1 and G2. However,
within group comparison showed the significant increase in
(1) preNFB and during NFB (t = -3.04, p=0.01), (ii) during
NFB and postNFB (t=-2.04, p=0.04), and (iii) preNFB and
postNFB (t=-3.64, p <0.01) in the group G1 only.

Global beta EEG power was compared for preNFB,
during NFB and postNFB states. There was no significant
difference was found between any two NFB states within
the two groups along with the preNFB and postNFB states
between the group. However, a significant global increase in
beta power during several NFB training days is noticed as
shown in Fig. 5. Frontocentral beta was found to be signifi-
cantly increase in G1 during third NFB training day whereas
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The significant differences between two groups were
found for the features of dwell time, fractional occupancy,
and transition probability and presented along with mean
and standard deviation in Table 3.

The Fig. 6(a) shows the trend of mean dwell timing
within NFB training session for group 1 whereas the same
is illustrated in Fig. 6(b) for group 2. The mean dwell time
for group 1 was found to be significantly improved during
each NFB training session for all NFB training days (day 1:
R=0.99, p<0.01; day2: R=0.98, p<0.01; day 3: R=0.95,
p=0.01;day 4: R=0.99, p<0.01; day 5: R=0.92, p=0.02;
day6: R=0.97, p<0.01). Furthermore, group 2 reveals no
significant change in dwell time for any NFB training ses-
sion in any NFB training day.
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Fig. 5 Global EEG beta activity during NFB training sessions in six days. Dark black circles in the last column shows EEG location that are sig-
nificantly different between the groups G1 and G2

Table 3 Descriptive statistics of NFB features The Fig. 7(a) and 7(b) depicts the trend of mean fractional

Features G1 G2 tstats P value  Effect Size occupancy during six NFB training days having five train-
Mean+SD  Mean+SD . . .
ing sessions each day for groupl and group 2 respectively.
DT 1.58+0.12 1.52+0.07 2.76  0.003  0.61 . . .
There was no significant change was found in regression
v 067+0.08 ~064£0.18 246 0.008 021 analysis of fractional occupancy for group 1 and group 2
i u U up 2.
FO 36014274 3485345 173 0.044 037 Y pancy for group group

The outcomes of regression analysis on mean transition
probability of each training day for G1 and G2 is represented
in Fig. 8a and b respectively. The significant regression
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Fig. 6 Trend line on mean dwell time of groups (a) G1 and (b) G2 respectively
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Fig. 7 Trend line on mean fractional occupancy of groups (a) G1 and (b) G2 respectively
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Fig.8 Trend line on mean transition probability of groups (a) G1 and (b) G2 respectively
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line was observed for day 2 (R=0.91, p=0.02) and Day 5
(R=0.96, p<0.01) only.

Discussion

The novelty of this research lies in its comparison of the effi-
cacy of audiovisual versus visual only stimulus content of
NFB training for attention enhancement evaluated through
neurophysiological, behavioral, and neuropsychological
assessments. The results of this study indicate that the Beta
activity has shown to increase significantly during and post-
NFB training, as seen from the regression analysis, for G1
only. This result demonstrates that with time, the individuals
of G1 attains more control of their mind as aligned with the
outcomes of previous studies of NFB training for attention
enhancement (Bielas and Michalczyk 2021; Engelbregt et
al. 2016; Ghaziri et al. 2013).

The significant increase of beta at the training site in par-
ticipants of G1 can be validated from the outcomes of the
past studies that used audiovisual stimulus content as feed-
back provided through frontal region or dorsi lateral pre-
frontal cortex (DLPFC) (Engelbregt et al. 2016; Ghaziri et
al. 2013). On the other hand, the increase of beta activity at
training site in G2 is relatively minimal and non-significant,
as aligned with the outcome of the study that resulted in a
less significant regulation of beta activity in response to the
beta NFB training with visual stimulus content (Egner et al.
2004; Jurewicz et al. 2018). However, this non-significant
change may be observed due to limited number of training
sessions (Vernon et al. 2004). This relatively lesser and non-
significant regulation of beta activity in G2 as compared
to G1 suggest that audiovisual NFB training may provide
additional benefits over visual-only feedback (Vernon et
al. 2004). The auditory component can potentially enhance
the engagement and attention of the individual, reducing
the chance the brain will be distracted by other sources of
information.

Global EEG beta activity has been generally linked to
attentional processes in the brain (Arruda et al. 2009; Mol-
teni et al. 2007). Past studies have demonstrated that global
EEG beta power increases when individuals are perform-
ing tasks that require focused attention and decreases during
periods of mind wandering or distraction (Gola et al. 2013).
With reference to our finding, increased global beta activ-
ity represent greater cortical activation and attention related
cognitive processes in participants of G1. This increase in
global beta could also be relate to the phenomenon when
brain integrates information from multiple sensory modali-
ties such as vision, hearing, touch, and proprioception, to
form a unified percept of the external world (Ernst and Banks
2002). Therefore, by incorporating both visual and auditory

feedback, audio-visual NFB training provides multisensory
stimulation to the individual (“Barry E. Stein, M. Alex Mer-
edith The Merging of the Senses.,” 1994). The brain is natu-
rally wired to process information from multiple senses, and
the integration of visual and auditory stimuli can create a
more engaging and immersive experience during the train-
ing (Tovar et al. 2020). As in this study, the outcomes of the
NFB training with audiovisual content suggests that inte-
gration and coordination of multiple sensory inputs across
different sensory systems facilitates the activation of beta
waves which thereby results in enhanced attention. More-
over, we believe that this training through multisensory
integration also causes a sustained and increased regula-
tion of beta power as demonstrated by the dwell time and
fractional occupancy that determines how long a participant
can sustained the threshold and how many times the subject
achieved the threshold respectively during NFB training.

The behavioral measure of Stroop task provides insights
into how individuals allocate attention and inhibit responses
while suppressing irrelevant information and focus on given
instructions (Hall et al. 2010; MacLeod 1991; MacLeod and
MacDonald 2000). The color word Stroop task utilizes pri-
mary senses to observe and read the stimuli through selec-
tive attention and then respond to the presented stimuli
through motor control (Scarpina and Tagini 2017). Hence
the improvement in Stroop task scores and response time
following NFB training demonstrate enhancement in sen-
sory-motor integration in G1 which is also reflected through
larger improvement in attention score assessed via neuropsy-
chological measure of MAAS-15. This is further supported
with the transition probability that estimates the probability
of sustaining the active NFB state during the NFB training.
The significant increase in transition probability in partici-
pants of G1 demonstrate that, in contrast to visual stimulus
feedback, the audiovisual feedback facilitates the subject to
restore their attentional control and as well as remain it sus-
tained for a longer time.

It can be argued that instead of referring to the visual-
only group as a sham group, it would be more appropriate
to consider the study as a head-to-head comparison between
two active groups. However, the primary hypothesis of our
study was to determine whether multisensory input (com-
bining both auditory and visual feedback) induces greater
neurological and behavioral changes compared to unisen-
sory input (visual feedback alone).

Limitation
The initial study involves a small number of participants
in the experiments. The outcomes show promise using all

three assessment methods. However, to ensure the reli-
ability of study protocols and validation methods, future
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research should involve larger participant numbers and
more comprehensive neurophysiological data analysis such
as study of other frequency bands including alpha and theta
activity, connectivity and deep structure cortical changes as
similar to the aspects studied by (Hasan et al. 2021; Schar-
nowski et al. 2014; Trambaiolli et al. 2022). As the use
of a limited number of electrodes may restrict the gener-
alizability of our findings, future research should consider
employing a full-cap setup to better understand and enhance
neurofeedback training. Moreover, different machine learn-
ing and deep learning models could be utilized offline to
improve neurofeedback performance and efficiently deter-
mine performance metrics, as demonstrated by (Gamil et
al. 2021; Haugg et al. 2021). However, it is important to
note that when these models are applied in real-time, they
do not assure better neurofeedback outcomes. Though the
numbers of sessions are limited, we are mainly interested to
investigate whether a limited numbers of multisensory (i.e.,
audio-visual) feedback sessions produce fast effects as com-
pared to receiving only unisensory (i.e., visual) feedback.
However, the large numbers of sessions may improve the
transition probability and thus support in sustained atten-
tion. Although it is beyond the study objectives, the audio
stimulus based feedback group is not incorporated to sepa-
rate the effect of visual feedback during modulation of brain
activity with audio-visual feedback. While studying the
global effect the electrodes are not placed over the central
region of the brain because the attention processes are more
related to these regions only. It is difficult to place multi-
ple electrodes over the whole head for all training sessions
and days as past studies did not study trend of neurophysi-
ological changes and their derivatives over all sessions.
No separate sham group but the only visual group may be
considered as a control or sham group. However, different
experimental tests may be included in future studies inform-
ing whether participants learned to modulate brain activity
as did by (Abul Hasan et al., n.d.).
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