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Our study evaluated the effect of training with neurofeedback (NFB) in improving athletes' reaction time and decision-making. A computerized search in PubMed, PsycINFO, Scielo, Web of Science, EMBASE, Scopus, BVS, and Cochrane databases was performed to identify studies published from 2011 to June 2021. The protocol was registered in PROSPERO. The quality of studies that was peer-reviewed and included was assessed using the Review Manager tool, Cochrane Risk of Bias, and design and reporting quality according to the CRED-nf checklist. Standard mean differences and 95% confidence intervals (CIs) were calculated and combined using a random-effects model. A total of 07 randomized controlled trials (RCTs) (173 athletes) met the inclusion criteria. Significant effects of NFB in the experimental group in relation to reaction time were found, indicating an improvement in sports performance [standardized mean difference (SMD) = −1.08; 95% CI = (−1.90, −0.25), p = 0.0009] and cognitive performance vs. decision-making with moderate effect [SMD = 1.12; 95% CI = (−0.40, 1.85), p = 0.0001]. However, the control group had a very small effect on cognitive performance [SMD = 0.19; 95% CI = (−0.20, 0.59), p = 0.086]. NFB could improve athletes' reaction time and decision-making, effectively increasing their performance in the sports field. Future studies should focus on standardized protocols for NFB training.

Systematic Review Registration: http://www.crd.york.ac.uk/PROSPERO/, identifier: CRD42021258387.
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INTRODUCTION

Experienced athletes show a consistent performance at optimal levels (Filho et al., 2021), and all performance situations in sports require reaction time (Mirifar et al., 2017) and cognitive skills (Liu et al., 2017), so it is necessary to look for adequate and effective training protocols in the literature. There is a consensus that meta-analysis is at the top of the evidence in the scientific pyramid. It is an appropriate statistical technique to combine the results from different studies (Berwanger et al., 2007), being an essential source of evidence to assist in decision-making regarding interventions in sports, such as neurofeedback (NFB). Furthermore, the improvement of health, associated with the athletes' performance, is a primary concern, since technical–tactical skills, physical, and mental fitness form the triad of sports development (Gomes and Rêgo, 2019). Despite the existence of this triad, there is an exacerbated concern with physical fitness, while technical–tactical and mental skills are secondary due to misconceptions that the limit is the plateau of physical capabilities (Diamond, 2013; Diamond and Ling, 2016). Based on this paradigm, it is essential to explore the methods of cognitive development that reduce physical demands and improve specific skills, with more effective actions, through the improvement of cognitive performance (e.g., attention, concentration, memory, inhibitory control, cognitive flexibility, and focus) and time to reaction (response time), an example of this is NFB.

The NFB is a relatively novel method to improve the performance of athletes (Rostami et al., 2012). This technological resource of self-regulatory stimulation is used to rebalance brain-functioning patterns to improve cognitive, emotional, and behavioral performance (Salimnejad et al., 2019; Gong et al., 2021). NFB uses measured changes in brain activation to help athletes regulate the activity (in particular, regions or networks) or power of designated EEG frequency bands by providing them with the activation information in real time. Therefore, during NFB training, participants are trained to self-regulate their brain activity, usually with the ultimate goal of changing behavioral or cognitive/emotional functions (Sitaram et al., 2017; Paret et al., 2019). In this study, we will emphasize the use of NFB, reaction time, and cognitive performance indices of athletes.

Reaction time or response time refers to the amount of time it takes from the moment we perceive something to when we respond to the stimulus, and it is the ability to detect, process, and respond to a stimulus (Mirifar et al., 2019). It has been an index that allows the assessment of internal cognitive-motor resources associated with the athlete's performance (Parsaee et al., 2018; Mirifar et al., 2019), significantly inferring the individual's ability to make complex decisions and initiate actions quickly and effectively (Araújo et al., 2019). The study by Parsaee et al. (2018) investigated the effect of NFB training on visual and auditory reaction time and concluded that NFB effectively improves brain functions for visual and auditory reaction time.

Another index that we can use to assess the cognitive performance of athletes that seems to be congruent with most sports is executive functions, i.e., a set of goal-oriented cognitive processes that allow us to control and regulate our thoughts, emotions, and actions in the face of adversity (Diamond, 2013; Russo and Ottoboni, 2019). According to the study by Liu et al. (2017), NFB training proved to help improve cognitive skills for athletes, the efficiency of NFB training was examined by comparing shooting scores, and Sustained Attention Test (DAUF) test results evaluated the sustained attention capacity of athletes (shooters) before and after NFB training.

These processes can be improved through NFB training (Mikicin et al., 2015; Mirifar et al., 2017, 2019; Salimnejad et al., 2019). The critical characteristics of optimal performance include good reaction time levels and mental abilities (Blumenstein and Orbach, 2020). Thus, NFB training can significantly improve athletes' reaction time (Mikicin et al., 2018) and cognitive performance (Schönenberg et al., 2017; Crivelli et al., 2019). However, there are still gaps to be filled out on the inference of the protocols on the effect size on the performance of athletes (Mirifar et al., 2017; Xiang et al., 2018). The study aims to evaluate the effect of NFB on the reaction time and cognitive performance of athletes.



METHODS

The study registered the protocol in PROSPERO and can be found in https://www.crd.york.ac.uk/PROSPERO/#recordDetails. Data are available in the Open Science Framework via the link (Page et al., 2018). We adhered to the PRISMA guidelines for organizing systematic reviews and meta-analyses (Tricco et al., 2018). We focused our research on athletic athletes.


Research Strategy

This study used the following electronic bibliographic databases for studies published until 7 July 2021: PubMed, PsycINFO, Scielo, Web of Science, EMBASE, Scopus, BVS, and Cochrane. The descriptors of the respective Medical Subject Headings (MeSH) Descriptors in Health Sciences (DeCS) were consulted and combined with the Boolean operators AND and OR. The following search terms were used: NFB, time reaction, decision-making, and sports. Filters were used for the years 2011–2021, randomized and controlled studies. More details on the search strategy can be found in the protocol or at the following link.



Selection of Studies

The first two authors conducted the research independently. The EndNote software was used to screen the articles (Bramer et al., 2017); with a reading of titles and abstracts, we included all published articles with study designs that applied NFB training to regulate brain activity and/or behavior in sports participants.

In the next step, duplicates were removed, articles were read, and those that did not have enough information to apply the eligibility criteria were excluded; for this step, we used the Rayyan software (Ouzzani et al., 2016). After the evaluation, the two authors plus a judge (third author) met to reach a consensus regarding the inclusion and exclusion criteria for each article, and disagreements were judged and a consensus was reached for all included articles. The agreement between raters was 97%. The description of the selection of studies is shown in Figure 1.
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FIGURE 1. PRISMA flow diagram for study selection.




Data Extraction and Analysis

For articles that met the eligibility criteria, we extracted the following information for qualitative analysis:

• authors and year of publication;

• participant characteristics (e.g., sample number, age, gender, type of sport, and time of sport);

• characteristics of the studies (e.g., intervention, type of protocol used, evaluation and measurements performed, training of brain regions, electrodeposition, waves, and frequencies trained) and the outcomes.

The groups (NFB training modalities) will be compared with the quantitative analysis. In all included studies, summary outcome statistics were means (M) and standard deviation (SD). After the completion of data extraction, the spreadsheet was sent to all corresponding study authors for corrections. All authors approved data extraction or submitted minor corrections. The qualitative analysis is detailed in Tables 1, 2.


Table 1. Consensus assessment on the reporting and experimental design of clinical and cognitive-behavioral neurofeedback studies (CRED—NF).
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Table 2. Critical appraisal assessment checklist for randomized controlled trials.
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Inclusion Criteria

Articles in English were selected as follows: primary studies; young people and adults (16–30 years old), healthy, practicing sports; intervention using the NFB; studies with at least two groups or pre- and post-intervention evaluation; and outcome with indices of reaction time and cognitive skills.



Exclusion Criteria

Regarding exclusion criteria, we adopted studies that did not present sufficient information about the type of intervention and incomplete statistical data and participants with chronic diseases or medications that affect executive functions.

This study used the search strategy described, obtaining 1,530 articles in the databases. Of this total, 285 duplicates were identified, and titles and abstracts excluded 1,225. Of the 20 remaining articles, only 10 met the final eligibility criteria according to PRISMA, as shown in Figure 1.



Quality Assessment

The evaluation and discussion of the quality of the articles were carried out independently, and by peers, for the quality of the included studies, all data were combined using Review Manager 5.3 (http://tech.cochrane.org/revman/download) and we used the risk of bias tool developed by The Cochrane Collaboration (Higgins et al., 2019). We also included experimental study characteristics and methodological quality according to JBI classifications (Peters et al., 2020) and design and reporting quality according to the CRED-nf checklist (Ros et al., 2020).



Quantitative Analysis

The Kappa coefficient test was applied to assess the agreement and reliability of studies between authors. We applied the values of 0–0.20, no agreement between raters, 0.21–0.39, minimum agreement, 0.40–0.59, weak agreement, 0.60–0.79, moderate agreement, 0.80–0.90, strong agreement, and >90 almost perfect (McHugh, 2012).

The variables measured were reaction time and cognitive performance indices. We used continuous data of M, SD, and the number of participants (n). We applied the inverse variance method and the random-effects analysis model. We calculated a standardized mean difference (SMD) with 95% confidence intervals (CIs) for each study, defined as the difference in mean post-treatment changes between the two groups (NFB Group vs. Control Groups).

Using the random-effects models (Field and Gillett, 2010), we interpreted the SMDs using 0.2 to represent a small effect, 0.5 to represent a moderate effect, and 0.8 to represent a large effect (Cohen et al., 1988).

For the heterogeneity of the studies, the I2 statistic was applied, a quantitative measure of inconsistency between the studies. Studies with an I2 statistic of 25–50% were considered low heterogeneity, an I2 statistic of 50–75% were considered moderate heterogeneity, and an I2 statistic > 75% were considered high heterogeneity (Borenstein et al., 2017; Ruppar, 2020). All data were combined using Review Manager 5.4 (https://training.cochrane.org/online-learning/core-software-cochrane-reviews/revman).




RESULTS


Consensus on the Reporting and Experimental Design of Clinical and Cognitive-Behavioral NFB Studies (CRED-NF)

The assessment as the CRED-NF (Ros et al., 2020) was performed in all articles included in the study. It aims to present a consensus checklist that aims to improve study standards. The questions were divided into six control parameters, namely, pre-experiment, control groups, control measures, feedback specifications, outcome measures, whether cerebral or behavioral data, composed of specific questions for each parameter. The agreement between raters was 93%. The data are shown in Table 1.



Critical Appraisal Checklist for Randomized Controlled Trials (JBI)

Qualitative analysis was performed using the JBI classifications (Peters et al., 2020), which aims to assess the methodological quality of the studies and determine the extent to which a study addressed the possibility of bias in its design, conduct, and analysis by answering yes, no, unclear, or not applicable. It was verified whether the protocols used in the articles met the eligibility criteria. The agreement between raters was 90%. The assessments are illustrated in Table 2.



Assessment of Study Bias Risk

The studies presented an adequate assessment regarding the low risk of bias. Regarding the random generation sequence to select participants, the studies showed a 75% low risk of bias, but only one study reported the allocation methods in detail. Included studies were rated unclear in the domains of blinding techniques of participants and assessment. Regarding information on data, more than 80% had a low risk of bias. The reliability agreement between rates was 98%. They are indicated in Figure 2.


[image: Figure 2]
FIGURE 2. Risk of bias graph: review the authors' judgments on each risk of bias item presented as percentages across all included studies. Created using Software Review Manager 5.4.1.


Table 3 shows the characteristics of the studies included in the meta-analysis, reaction time, and NFB effects in sports.


Table 3. Characteristics of the studies included in the meta-analysis-reaction time and NFB.
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Table 4 demonstrates the features of the studies included in the meta-analysis, cognitive performance abilities, and NFB results between athletes.


Table 4. Characteristics of the studies included in the meta-analysis—cognitive performance and NFB.
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The studies that evaluated athletes' reaction time comparing the NFB group with the control group are shown in Figure 3.


[image: Figure 3]
FIGURE 3. Forest plot comparing the NFB group with the control group after sports performance indicating the improvement in the reaction time of the athletes. Created using Software Review Manager 5.4.1.


The experimental group showed a large effect [SMD = 1.21, 95% CI (0.77, 1.66), p = 0.00001], indicating that athletes who participated in training with the NFT on average had a more significant reduction in reaction time than athletes in control conditions. An I2 of 26% suggested a low level of heterogeneity among these studies.

When comparing the pre- and post-intervention groups, the NFB group had a high effect size [Z = 4.03; SMD = 0.78; 95% CI = (0.40, 1.16), p = 0.00001], indicating that the athletes who participated in the NFB training on average had a significantly shorter reaction time than athletes in the post-intervention control group. Regarding heterogeneity, the I2 of 88.5% suggested a substantial heterogeneity between these studies.

The studies that evaluated cognitive performance, comparing the NFB group and the control group, are shown in Figure 4.


[image: Figure 4]
FIGURE 4. Forest plot comparing the NFB and control groups with the pre and post-performance. Created using Software Review Manager 5.4.1.


The experimental group showed a large beneficial effect on sports performance [SMD = −1.09, 95% CI = (−1.93, −0.25), p = 0.0001], indicating that athletes who participated in training with the NFT on average had the significantly higher cognitive performance than athletes under control conditions. An I2 of 83% suggested a high level of heterogeneity among these studies.

When comparing the pre- and post-intervention groups, the NFB group had a high effect size [Z = 2.25; SMD = −0.54; 95% CI = (−1.00, 0.07), p = 0.02], indicating that athletes who participated in training with NFB on average had significantly higher cognitive performance than athletes in the post-intervention control group. Regarding heterogeneity, the I2 of 81.1% suggested a substantial heterogeneity between these studies.

Figure 5A shows the risk of bias for the studies included in the meta-analysis of Figure 3, while Figure 5B shows the risk of bias for the studies shown in the forest plot of Figure 4.


[image: Figure 5]
Figure 5. (A,B) Risk of bias from studies on the effect of NFB on reaction time on sports performance (Figure 4A) and cognitive skills (Figure 4B). Created using Software Review Manager 5.4.1.





DISCUSSION

This study aimed to evaluate the effect of training with NFB on improving athletes' reaction time and cognitive performance. The results of this meta-analysis indicated that training with NFB is practical for self-regulation of athletes, concerning an improvement in reaction time, with a large effect (5.36) [SMD = 1.21, 95% CI = (0.77, 1.66), p = 0.00001], as well as on cognitive performance, showed a large effect (2.55) [SMD = −1.09, 95% CI = (−1.93, −0.25), p = 0.0001], indicating that athletes who participated in the training with the NFT performed significantly better than athletes under control conditions.

The effect size of this study indicated that training with NFB can increase the performance of athletes, using reaction time and cognitive performance as an evaluative index. As for the reaction time, we observed that the athletes who participated in the training with NFB showed sports performance significantly higher than the athletes in the control group after the intervention. The reaction time of the athletes decreased, indicating training effectiveness. The results indicated a significant improvement in reaction time. The studies that evaluated cognitive performance indicated an improvement in the NFB group compared to the control group, pre-, and post-intervention. The performance was higher post-intervention, recommending the effectiveness of training with NFB.

About the studies that evaluated the reaction time, Mikicin et al. (2015) used the EEG-NFB for the amplification of the sensorimotor rhythm (SMR) (12–15 Hz) and beta1 (13–20 Hz) bands and simultaneous reduction of theta (4–7.5 Hz) and beta2 (20–30 Hz). The trained group exhibited more significant reductions in reaction times on a test of visual attention than the control group and showed an improvement in several performance measures used to assess speed, effectiveness, and accuracy of work. Furthermore, Mikicin et al. (2018) performed NFB-EEG training to strengthen the beta frequency (12–22 Hz). The differences between the first and second measures show that the shooters included in the study improved their attention-level skills. Subjects performed the task more quickly and accurately during the second measurement. Parsaee et al. (2018) performed a protocol of increasing SMR and theta decline. The results demonstrated that NFB training reduced the reaction time in simple visual, simple auditory, selective visual, and auditory selectivity. All studies have concluded that NFB training effectively improves brain functions for a reaction time in athletes.

Regarding the studies that evaluated cognitive performance, Domingos et al. (2020) indicated that training with NFB increases the relative amplitude of the bands in the group of nonathletes; however, only athletes were shown to improve performance tests after 12 sessions of NFB training. Domingos et al. (2021) showed that NFB training with three sessions per week was more effective in increasing alpha amplitude during NFB training than two sessions per week. Furthermore, only the three sessions per week group showed a significant improvement in performance after training. The results suggest that condensed training protocols lead to better results, guiding NFB protocol design to optimize training effectiveness. According to Paul et al. (2011), NFB training improves the regularity of archery players in scoring, increasing the accuracy of the arrow shot obtained by the control and regulation of psychophysiological and electroencephalographic measures. Rostami et al. (2012) concluded that the NFB could be suggested to improve the performance of rifle shooters. Salimnejad et al. (2019) training with NFB can be used as an effective way to improve the optimal performance of athletes in sports, such as rugby, which require precise passes.

As described above, all studies indicated positive results with NFB training, despite heterogeneity with subjects, sports (e.g., swimming, fencing, athletics, taekwondo, judo, sport shooting, archery, and rugby), treatment conditions, and about EEG bands (e.g., SMR, alpha, beta, and theta). There was a variety of duration and frequency of training with NFB, not finding a standard protocol among the studies. For example, most studies have selected different frequency bands and different locations to measure the effects of NFB.

In the studies, the SMR, alpha, and beta bands were the most effective in improving sports performance (Raymond et al., 2005; Cherapkina, 2012; Gruzelier, 2014; Cheng et al., 2015). An increase in SMR is associated with an increase in attention (Cheng et al., 2015), which corroborates the chosen evaluative indices, reaction time, and performance.



CONCLUSION

Our findings demonstrated that training with NFB in EEG power presents a more significant reduction in reaction time and improvement in the cognitive performance of athletes, effectively increasing their performance. According to the studies presented, we suggest a training protocol with NFB to reduce reaction time, with 18 training sessions lasting 45 min, training in beta (12–15 Hz), SMR (12–15 Hz), and theta waves (4–8 Hz), for C3, C4, Cz, F3, F4, P3, P4, and Pz areas. For cognitive performance training, we propose 15 NFB sessions, lasting 37 min, in alpha (4–8 Hz), beta (12–30 Hz), SMR (12–15 Hz), and theta (4–8 Hz) waves, for C3, C4, Cz, F3, F4, P3, P4, and Pz areas, considering the mental mapping of athletes. Future research on reaction time and cognitive performance in sports can use the results of this systematic review with meta-analysis as a guide for developing protocols and improving the control and manipulation of NFB interventions.
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