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F IGURE 11 Cognitive assessment differences between experimental and control groups. Reaction time (prior
1st session, after the first, third and fifth sessions - 0, 1, 3, 5, respectively), test, average values for experimental,
active and passive control groups, p-values and standard deviations for each group, the size effect in comparison
with the experimental group and the controls

presented in the Fig. 12. While no significant difference was observed in the beginning of the experiment between
experimental and control groups, the 5th session revealed statistical significant differences in task performance. ( p
value is present in the table)

F IGURE 12 Cognitive assessment differences between experimental and control groups. Eriksen Flanker task.

Typical difference in reaction times was also observed between congruent and non-congruent condition, where
results of incongruent tasks are significantly higher ( see Fig. 12 a. and b.). Improvement in the time taken for tests of
the experimental group was not accompanied with a drop in the accuracy of the answers (Fig. 12 C). Moreover, the
accuracy of the experimental group was slightly higher than that of the control groups.

Visual search
Improvements in performance in Visual Search task are found to be in overall consistencywith Flanker task results.

Similar decrease in time from 0 to 5th session is clearly observed, indicating effect of learning.
The Visual search test in current study included several difficulty levels presented randomly during the task. The

complication was in increase of simultaneously presented stimuli, among which it was necessary to find the target.
Therefore total number of stimuli that appeared at one time on the screen was 5, 10, 15 or 20. The increase in
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F IGURE 13 Cognitive assessment differences between experimental and control groups. Visual search

irrelevant objects in the search task complicates the process of scanning space and thereby creates a large load for
spatial attention. Considering the uneven distribution of attention and time for solving a task with a different number
of elements, the data of the results of the test time were distributed and analyzed according to the number of stimuli
presented: 5, 10, 15, 20 elements (see Fig. 13).

A more detailed examination revealed tendencies for a more significant reduction in the time taken to solve
the complicated task of visual search in the experimental group (Fig.13). Based on this trend, it can be assumed
that training on the P300 can improve spatial attention and orientation in a very noisy environment, however, this
assumption needs to be verified on a larger sample of respondents.

Go/no-go task

F IGURE 14 Cognitive assessment differences between experimental and control groups. Go/no-go task

Go/no-go is one of non-selective stopping tasks which are widely used to measure Response Inhibition as a
process of countermanding a prepotent motor response (Verbruggen and Logan, 2008b; Chambers et al., 2009; Aron
et al., 2014).

Statistical analysis of the results did not reveal significant differences in terms of time and accuracy of passing
the Go/no-go task. All the participants, regardless of the group performed the task with a high accuracy and similar
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F IGURE 15 Cognitive assessment differences between experimental and control groups. Corsi

response times. It should be noted that both indices of this test showed a ceiling effect for all three groups and
therefore we can conclude that these tests appeared to be too simple for evaluation of healthy adult respondents.
Thus, differences in the cognitive indicator of impulsivity estimated by go/no-go were not identified.

Corsi block tapping task
According to the results of the statistical analysis of Corsi block tapping task preformance, no significant differ-

ences were found between the experimental and control groups of respondents. It is likely that it is more appropriate
to change methodology to assess visuo-spatial working memory: increase difficulty or apply more advanced tests,
which could give more informative and variable data. Thus, according to the results of this test, no effect of training
on working memory was shown.

4 | DISCUSSION

According to the results of the study, the respondents from experimental group showed significant improvements
in the attentional inhibition (concentration), associated with performance in Flanker task. Additionally, some differ-
ences were found in another attentional task - visual search task, dedicated to evaluation of spatial attention. Besides
these results with the most significant differences in congruent flanker test, no other test from our cognitive panel
did reveal significant changes. The evaluation methodology was chosen based on the assumption that testing would
continue at different age groups and it turned out that test assignments were too easy for adult participants.

Taking into account similarity of tasks for experimental and active control group as well as similar, yet not same
virtual surrounding, which was carefully chosen for the experiment, it can be noticed that significant differences in
Eriksen task results between experimental and both control groups after 5 training sessions appear due to 2 factors:
natural learning and impact of the use p300 BCI. Mixed ANOVA showed these effects for:

FLANKER TASK:
training session (congruent: F = 28.49, p = .000; non-congruent: F = 13.61, p = .000)
group: (congruent: F = 1.40 , p = .259; non-congruent: F = 1,37, p = .268)
interaction (congruent: F = 1.95, p = .079; non-congruent: F = 1.31, p = .261)

and
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VISUAL SEARCH TASK:
5 items group (F = 1,21, p = .309); session (F = 4.65, p = .004); interaction (F = 0.67, p = 0.675)
10 items group (F = 1.29, p = .286); session (F = 10.51, p = .000); interaction (F = 1.07, p = 0.385)
15 items group (F = 2.52, p = .093); session (F = 7.55, p = .000); interaction (F = 1.88, p = 0.089)
20 items group (F = 2.86, p = .068); session (F = 12,83, p = .000); interaction (F = 2.42, p = 0.030)

The main factor influencing improvement of the attentional tests’ results is session. This can be explained with
participants’ ability to learn how to solve cognitive tasks and therefore is associated with implicit learning. However,
differences in results between experimental and two control groups after 5th gaming sessions together with statistical
analyses suggest the increase in the impact of p300-training on changes in cognitive assessment from session to
session.

Therefore our results suggest a more obvious effect after more training sessions, where adaptation to a task is
completed and other factors start playing a more significant role.

Given the p-value, the size effect, and standard deviations for evaluated parameters (Table 11), we can assume
that with the increase in participant number, a more strong correlation can be observed. Some previous research
together with basic knowledge supports our suggestions. The similarity of a Flanker task and a p300 BCI paradigm in
the involvement of attentional inhibition either to recognize stimulus in the environment of similar stimuli (Eriksen and
Eriksen, 1974; Tipper, 1985; Friedman and Miyake, 2004; Nigg, 2017) or to select one target stimulus with focusing
attention, can link p300 BCI, also involving memory (Polich, 2007) with better performance in attentional tasks.

5 | CONCLUSION

This study investigated whether P300 BCI gaming can influence cognitive functions of healthy adults and evalu-
ated the experience of playing BCI games in a rich VR environment without using wet electrodes. We have found that
participants have an interest in the BCI-VR system and enjoyed gaming. Significant changes in cognitive assessments
were shown after 5 experimental sessions for the experimental group in comparison to both control groups in tasks,
associated with inhibition and spatial attention. It was found that natural learning has more impact on the results
of cognitive tests, however, results of the study suggest that effect of p300 BCI is present and can become more
visible with the extention of training timescales and increase in group sizes, aiming to countervailing strong effects of
individual differences and task adaptation. Results of our preliminary study suggest that P300 training has a positive
effect on selective attention and the ability to inhibit distracting stimuli and quantitative evaluations of BCI effects
need to be estimated in further research.
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TABLE 2

Abbreviation meaning

Flanker congruent time of congruent answers of the Eriksen Flanker task

Flanker incongruent time of incongruent answers of the Eriksen Flanker task

Flanker accuracy accuracy of the Eriksen Flanker task

Visual search time reaction time of the Visual search

Visual search accuracy accuracy of the Visual search

Go/no-go time reaction time of the Go/no-go task

Go/no-go accuracy accuracy of the Go/no-go task

Corsi the maximum number of correct answers in Corsi block tapping task

Mean the average value of the index for the group

p-value significance level

Effect Cohen’s effect size

Std standard deviation

Exp experimental group

Act active control group

Pass passive control group

Legend for the table in Fig. 11 and Fig. 16 .
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F IGURE 16 Cognitive assessment results for experimental and control groups with mean values, standard
deviations, calculated p-values and Cohen effects
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F IGURE 17 P300 game accuracy for experimental group participants. Percentages for each session is the
average over 6 game rounds.
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