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Pretraining alpha rhythm enhancement by neurofeedback facilitates short-term perceptual learning and improves visual acuity by facilitated consolidation
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Introduction: Learning through perceptual training using the Gabor patch (GP) has attracted attention as a new vision restoration technique for myopia and age-related deterioration of visual acuity (VA). However, the task itself is monotonous and painful and requires numerous training sessions and some time before being effective, which has been a challenge for its widespread application. One effective means of facilitating perceptual learning is the empowerment of EEG alpha rhythm in the sensory cortex before neurofeedback (NF) training; however, there is a lack of evidence for VA.

Methods: We investigated whether four 30-min sessions of GP training, conducted over 2 weeks with/without EEG NF to increase alpha power (NF and control group, respectively), can improve vision in myopic subjects. Contrast sensitivity (CS) and VA were measured before and after each GP training.

Results: The NF group showed an improvement in CS at the fourth training session, not observed in the control group. In addition, VA improved only in the NF group at the third and fourth training sessions, this appears as a consolidation effect (maintenance of the previous training effect). Participants who produced stronger alpha power during the third training session showed greater VA recovery during the fourth training session.

Discussion: These results indicate that enhanced pretraining alpha empowerment strengthens the subsequent consolidation of perceptual learning and that even a short period of GP training can have a positive effect on VA recovery. This simple protocol may facilitate use of a training method to easily recover vision.
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1 Introduction

Vision is an essential sensory modality and an important element of daily life. Myopia, hyperopia, and age-related vision loss are common problems, resulting in widespread use of visual aids such as spectacles and contact lenses. Poor vision can interfere with daily activities such as reading, driving, and sports and has a significant impact on quality of life. Thus, methods for vision restoration have long received particular attention.

Traditional methods of vision restoration are dominated by invasive approaches such as surgery, laser in situ keratomileusis (LASIK), and refractive surgery. Although effective, these methods have disadvantages, such as the risks involved in surgery and their high cost. In addition, options are currently limited for patients for whom surgery is not applicable or who do not wish to do it.

Recently, an approach called perceptual learning has been suggested for vision restoration. Perceptual learning is the process of collecting input through sensory organs and processing it to improve sensory accuracy and perception. This approach is based on the plasticity of the visual system and involves repetition of specific tasks to improve visual function. This may allow for sustained improvements in vision, maintained with continued adequate training. Further, perceptual learning is noninvasive and has the advantage of avoiding the risks and costs of surgery. Furthermore, since it is individually adaptable, training programs can be designed to meet the patient's needs.

Recent vision research indicates that visual abilities such as contrast sensitivity (CS) and visual acuity (VA) can be trained by perceptual learning. CS refers to the visual ability to distinguish objects or images with different levels of brightness, which is crucial for visual tasks in daily life, such as reading under low light conditions or driving at night. Through perceptual learning, individuals can improve their ability to detect lower contrast stimuli. This enhancement in visual sensitivity allows for better detection of finer visual details. VA refers to the ability to see objects clearly at a specified distance; further, perceptual learning in general may be effective for treating amblyopia (Polat et al., 2004; Zhou et al., 2006). The neural basis of perceptual learning lies in the visual cortex, while enhancing brain noise elimination and optimizing information use may enhance visual organ capabilities (Levi and Li, 2009; Sagi, 2011; Lev et al., 2014). However, the severity of the original amblyopia and task training duration may be more involved in improved task performance after training than the task itself (Li and Levi, 2004; Li et al., 2005).

Among all perceptual learning tools, the Gabor patch (GP) has been widely used to enhance specific visual functions in visual tasks such as the VA by more efficiently processing retinal images blurred by presbyopia (Polat et al., 2004, 2012; Polat, 2008; Sterkin et al., 2018). Further, target recognition and detection training using two stimuli results in improved VA (Polat et al., 2004; Polat, 2008), contrast detection (Polat, 2009; Polat et al., 2009), contrast discrimination (Polat et al., 2012), and reading speed (Polat et al., 2012). Similarly, GP use has been shown to improve myopia maintaining this effect after 2 months (Durrie and McMinn, 2007; Tan and Fong, 2008; Camilleri et al., 2014b) and to improve CS, sports skills, and reading speed (Deveau and Seitz, 2014). Many studies have demonstrated that training with GP often concurrently enhances CS and VA, and the improvement in CS is closely associated with overall visual enhancement (Zhou et al., 2006; Tan and Fong, 2008; Levi and Li, 2009). In an experiment to measure differences in fMRI brain activity with two different GP tasks using the same visual stimuli, decoder construction after a GP experiment showed that decoders learned in the Gabor patch can function in complex natural images containing a variety of visual information (Tsushima et al., 2020). These suggest that the CS and VA improvement effect of the GP may be generalizable to daily visual perception. These findings suggest new prospects for the development of vision restoration technology using perceptual learning. Nonetheless, the perceptual learning task itself is monotonous and painful and requires a large number of training sessions and a relatively long time before being effective, which is an issue for interested users.

Neurofeedback (NF) is an innovative method leveraging the plasticity of the human brain to enhance cognitive ability. It involves monitoring the electrical activity of the brain via EEG and providing real-time feedback to individuals, enabling them to consciously influence their neural patterns (Sitaram et al., 2017). This technique has shown promising results in enhancing attention, memory, and other cognitive functions by targeting specific brain oscillations such as the alpha and beta frequencies. For instance, alpha NF training has been linked to improvements in memory and attention tasks, suggesting a direct correlation between increased alpha oscillations and enhanced cognitive performance (Nawaz et al., 2022; Li et al., 2023; Kimura et al., 2024).

Furthermore, brain oscillations also play a significant role in perceptual learning. Brain oscillations at specific frequencies in the alpha band are associated with learning and consolidation (Freyer et al., 2013; Muller-Gass et al., 2017). In addition, occipital transcranial alternating current stimulation (tACS) at 10 Hz, but not at 20 or 40 Hz, increased both learning rate and performance improvement during an orientation discrimination task (He et al., 2022). Moreover, a previous study has suggested that increasing the strength of alpha waves in the sensory cortex via neurofeedback (NF) before training for tactile perception can effectively facilitate perceptual learning (Brickwedde et al., 2019). However, the effect of alpha NF on perceptual tasks, especially regarding improvements in visual perception, is not yet fully established. No research has investigated whether NF could help restore vision.

Therefore, we conducted an experiment to verify whether enhancing the alpha power in the visual cortex with NF before visual training can improve the efficiency of visual training and restore vision in myopic participants throughout a short training period. All participants were enrolled in behavioral GB training, being randomly assigned to either the NF or control group. Based on previous research, we hypothesize that NF can boost and accelerate the effects of perceptual learning in myopic adults when combined with a short perceptual training regime. To investigate the effects of NF on visual learning, VA and CS were assessed for each participant before and after training.



2 Materials and methods


2.1 Participants

Twenty participants (age 20–49 years old, mean age: 27.35) with myopia were recruited for this study. The participants' binocular VA ranged from 0.125 to 0.9. They were randomly assigned to the NF (12 participants including eight males and four females; mean age: 26.17; mean VA: 0.51) or control (8 participants including 3 males and 5 females; mean age: 29.13; mean VA: 0.56) group. Informed consent was obtained from all participants prior to the study. All experimental procedures were approved by the Shiba Palace Clinic Ethics Review Committee. In addition, all procedures were in accordance with the Helsinki Declaration of 1964 and its later amendments.



2.2 Procedure

Before the experiment, each participant's individual alpha peak frequency (IAPF) was detected to tailor the NF training to their specific neural activity.

The participants completed four sessions over 2 weeks, two sessions per week (Figure 1). Each session consisted of a pre-test, a training phase consisting of two sets of NF training and GP visual training, and a post-test. Furthermore, each session was held on a separate day to ensure recovery and prevent fatigue, allowing for consolidation of possible learning effects.
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FIGURE 1
 Flowchart of the experimental design and procedure.




2.3 Pre and post-test

Participants underwent a pre-test including a VA test and a CS test to establish baseline measures. VA was determined using Landolt rings with orientations of 0°, 45°, 90°, 135, 180°, 225°, or 315°. The participants responded to the direction of the Landolt ring on the screen at a distance of 5 m. Methods and VA indices conformed to standard Japanese protocols. Initially, a stimulus with a decimal VA of 0.1 = 10 visual angle breaks in a Landolt ring is presented and the direction judged. After a correct answer, a ring one level smaller is presented; in case of an incorrect answer, a ring of the same size is presented again. After an incorrect response, if the participant's correct answer is still more than 50% of the total number of answers answered so far, a ring one step smaller was presented. Conversely, if the number of correct answers is <50%, a ring one step larger was presented, and the decimal VA was calculated based on the smallest visual angle at which participants could get >50% of correct answers.

CS was measured using a GP with a spatial frequency of 3° and 6°, respectively. GP was presented with an orientation of 0°, 45°, 90°, or 135°. As with the vs. test, participants responded to the direction of the GPs on the screen at a distance of 5 m. Participants underwent VA and CS tests again in the post-test phase to measure any effects from training.



2.4 NF training

NF training was conducted in one block of five trials to increase the alpha power before each GP vision training. Each trial consisted of a 30 s baseline measurement and 60 s NF training.

The baseline was determined using the absolute value of the Hilbert transform. Baselines were measured for 30 s, and moving averages were calculated every 0.5 s. Data > 3 standard deviations (SD) of the baseline were removed and the mean and SD of the baseline calculated. After baseline determination, the visual feedback displayed on a computer screen was a bar colored with a MATLAB copper color map. The feedback was administered for 60 s and updated every 100 ms. The bar expanded and contracted over a range of ±2 SD from the baseline, depending on the alpha power. The baseline was represented by a bar without length, a strong alpha power above baseline is indicated by a bright orange bar pointing upward, and weak alpha power below baseline is indicated by a dark orange bar pointing downward. Participants were asked to extend the bar on the screen as far up as possible. Data > ±5 SD from the baseline were removed; in such a case, the bar would disappear.

Participants in the control group did not undergo NF training; instead, they watched videos for a time equivalent to the NF training time.



2.5 GP training

Before GP training, participants were asked to adjust the GP contrast to the lowest contrast that could detect GP at a distance of 150 cm from the screen. Participants' adjusted contrast was used as the initial contrast for GP presentation at the beginning of GP training.

For GP training, we used a two-interval forced choice (2IFC) task to measure contrast detection thresholds for a single target (isolated stimuli) (Benhaim-Sitbon et al., 2023). As shown in Figure 1, GP training consisted of two blocks, each with 50 trials. Each trial comprised a fixation point presentation (500 ms), stimulus presentation phase 1 (200 ms), interval (500 ms), stimulus presentation phase 2 (200 ms), and response time (Figure 2). The stimulus was presented randomly in either phase 1 or 2. Participants were asked to choose the phase presenting the stimulus from the two phases at a distance of 150 cm from the screen. After getting ready, the participant presses any button on the numeric keypad to start a training block. The participant had to determine which of the two stimulus presentation phases contains the stimulus by pressing a numeric keypad button (num 1 for the first one, num 2 for the second one). There was no time limit for responses; the trial lasted until the participant responded. During stimulus presentation phases 1 and 2, an auditory tone was presented as a cue indicating when a stimulus might appear. After the participant responded, a green fixation point was displayed as feedback for the correct answer. For incorrect answers, a red fixation point and a beep sound were presented simultaneously. A 2:1 staircase procedure was used, i.e., the contrast level of the target increased 25% after each mistake and decreased by 25% after two consecutive correct responses. This staircase converged at a level of 70.7% correct (Levitt, 1971).


[image: Figure 2]
FIGURE 2
 GP training paradigm. Participants must decide in which presentation phase (the first or second) the central Gabor target has been presented.


The stimulus orientation used in GP training was 0° in the first week and 90° in the second week (Figure 2). Considering effectiveness in enhancing contrast sensitivity and overall visual acuity, the spatial frequency of the stimulus used in GP training was 3 cycles per degree (cpd) in the first session and 6 cpd in the second session of each week (Tan and Fong, 2008; Deveau and Seitz, 2014).



2.6 Electroencephalographic recordings

Electroencephalogram (EEG) was recorded during NF training using a modified In-Ear EEG (VIE ZONE, VIE, Inc.). We recorded from an earphone-type electrode placed in the left ear canal and a solid gel electrode placed at Oz according to the international 10–20 system. The ground and reference electrodes were placed on the back of the left and right sides of the neck, respectively. The EEG data sampling rate was 600 Hz. Ultimately, the EEG ultimately was re-referenced by subtracting the signal from the left ear electrode from the signal from the Oz electrode.

For identifying IAPF, participants were required to maintain closed and open eyes for 20 s each, repeating this twice. The IAPF was considered as the alpha peak within the 8–13 Hz range. In NF training, the bandpass filter was set to IAPF – 1 Hz to IAPF + 1 Hz for each participant.



2.7 Statistical analysis

For the CS data of each GP frequency recorded in the first and last measurement, we normalized individual CS threshold in the last measurement after the training by the corresponding threshold in the first measurement obtained before the training; therefore, we can calculate the normalized improvement as:

[image: image]

The normalized improvement in CS in both groups was compared using an unpaired t-test. Similarly, we also calculated the normalized improvement in VA, and the normalized improvement in VA in both groups was compared using an unpaired t-test.

Moreover, to evaluate the impact of training on VA improvement, we similarly normalized individual VA which measured at the beginning and end of each training day by the corresponding initial VA in the first measurement obtained before the training. A one-factor repeated measures multivariate ANOVA was used to test whether the VA at each measurement point changed significantly from baseline. If significant effects were identified, a post-hoc test for multiple comparisons by Bonferroni was conducted within each repeated-measure ANOVA. The threshold for significance was set at p < 0.05.

To evaluate the effect of training aimed at increasing alpha power by NF, interactions were evaluated as for VA and power increase (single-tailed one-sample t-test with z-score 0 as reference) for the standardized power in each NF set (2 NF sets per day) based on the mean and variance of alpha power before NF.

In addition, to examine the effect of alpha power on the cross-day consolidation effect on VA, a single regression model was constructed to explain the initial VA of the next training day (difference from the previous post-training VA) using the mean alpha power of the previous NF session as a predictor (for all subjects in both groups).




3 Results

We investigated changes in CS at each GP frequency after training. Using CS data gathered during the pre-test and post-test phases, we compared normalized improvement in CS and VA in the NF and control groups, respectively.

For the normalized improvement in CS, the unpaired t-test showed significant group difference at 3 cpd CS (Figure 3). The improvement for 3 cpd CS in the NF group was significantly greater than in the control group [t(18) = −2.31, p < 0.05]. However, no significant group difference at 6 cpd CS was observed [t(18) = −1.58, n.s]. In addition, to verify the CS improvement, we compared the original CS threshold from the first and last measurements of the two groups respectively (Supplementary Figure S1). For 3 cpd CS, a paired t-test showed significant improvement in the NF group [t(11) = −2.43, p < 0.05], while no significant improvement in the control group (t(11) = −2.13, n.s). However, no significant improvement was observed in either group compared with the first measurement in the 6 cpd CS.


[image: Figure 3]
FIGURE 3
 Normalized improvement in CS at 3 cpd (A) and 6 cpd (B) in both groups. *p < 0.05.


To examine the effect of training sessions on VA, we compared the VA of each data point in each group (Figure 4). The repeated measures ANOVA showed significant improvement in VA in both groups with increasing training time [NF: F(7, 77) = 4.26, p < 0.01; control: F(7, 77) = 3.03, p < 0.05]. Although the unpaired t-test showed no significant difference for normalized improvement between the two groups [t(18) = 0.25, n.s], the VA of the NF group was higher to that of the control group at every pretest. Regarding the main effect of the measurement point, the results of multiple comparisons indicated that a significant improvement in VA within the NF group at each measurement from the posttest conducted on the day 2 through to the last measurement (MSe= 0.0716, p < 0.05, alpha' = 0.0018). In the control group, significant improvement in VA was only observed in the post-tests on the day 2 and day 4 (MSe = 0.0644, p < 0.05, alpha'= 0.0018).


[image: Figure 4]
FIGURE 4
 Normalized improvement in VA at all data points (pre and posttest of 4 days) in both groups. Error bars represent standard error of the mean (SEM). *p < 0.05.


To examine the effect of NF on alpha power, we compared the alpha power in each NF training set for each group (Figure 5). For the alpha power, a repeated measures ANOVA showed no significant interaction [F(7, 119) = 1.2, p > 0.05]. However, in the NF group, compared with the alpha power of the first set on day 1, all sessions from day 2 onward showed a significant or a marginally significant increase in alpha power. Similar to the VA results, the alpha power of the NF group recorded in each NF training session was higher to that of the control group; a marginally significant difference emerged in the first NF training sets on day 3 [t(18) = 1.7, p < 0.1] and 4 [t(18) = 1.52, p < 0.1].


[image: Figure 5]
FIGURE 5
 Alpha power at all NF sets over 4 days in both groups. Error bars represent SEM. +p < 0.1, *p < 0.05, and **p < 0.01.


In the VA analysis, the NF group showed a significant improvement in vision in the pretest on days 3 and 4 compared with baseline. To investigate the relationship between this effect and alpha power, the alpha power from the previous session and the VA change from the posttest of the previous day to the pretest of the current day were analyzed for all participants. No significant correlation was observed on days 2 and 3, but on day 4, the alpha power from the previous session (day 3) predicted the change in VA (β = 0.29, p < 0.01; Figure 6).


[image: Figure 6]
FIGURE 6
 Correlation between alpha power in the previous session and the VA change from the posttest in the previous session to the pretest in the current session.




4 Discussion

In this study, we introduced a novel approach to vision restoration, demonstrating that pretraining alpha rhythm enhancement via NF can significantly improve perceptual learning in myopic individuals. Participants were divided into NF and control groups, which differed as to whether GP training was preceded by NF training for enhancing alpha power. We observed a significant difference in 3cpd CS improvement between groups. The improvement for 3 cpd CS in the NF group was significantly greater than in the control group. Compared before training, the results of 3 cpd CS after training showed significant improvement in NF group, while no significant improvement in control group. However, the improvement and the group difference were not observed in 6cpd CS. In addition, although no significant differences for VA improvement were observed between the groups, only the NF group showed improvement in VA in the pretest on days 3 and 4. The correlation analysis showed that the alpha power observed during NF training on day 3 was significantly associated with vision recovery in the pretest on day 4.

The present study, focused on NF enhancement of alpha rhythm to improve VA and perceptual learning in myopic individuals, is supported by previous research. For instance, multisensory perceptual learning and sensory substitution can significantly impact neural plasticity, as evidenced by work with sensory substitution devices for the blind, where visual information is transformed into other sensory modalities such as sound or touch (Proulx et al., 2014). Furthermore, our study aligns with findings on the flexibility of the electrophysiological properties of sensory neurons in the adult cortex. Prior research has demonstrated that these properties can change in response to sensory input alterations, thereby affecting perceptual performance (Zohary et al., 1994). This aligns with our observation of improved VA and perceptual learning through NF-induced alpha rhythm enhancement, suggesting a direct link between targeted neural modulation and enhanced sensory performance.

Our research on NF-induced alpha rhythm enhancement in improving visual processing aligns with the growing body of neuroscience research, which indicates that brain wave patterns, particularly alpha rhythms, are closely linked to cognitive and perceptual functions (Herrmann et al., 2013; Sigala et al., 2014). A previous study indicated that pre-stimulus alpha oscillations play a significant role in visual perception through their interaction with gamma-band oscillations (Zazio et al., 2020). Notably, aligning learning tasks with an individual's natural brainwave rhythms was reported to significantly boost learning efficiency (Michael et al., 2023). By syncing participants' brain activity to their individual alpha wave frequencies, participants could learn cognitive tasks at least three times faster than without. This aligns with our findings that modulating alpha rhythms through NF improved visual learning. Moreover, our research extends existing knowledge by demonstrating the therapeutic potential of manipulating alpha oscillations. While previous studies focused on the natural oscillatory role of alpha rhythms in attention and perception (Snyder and Foxe, 2010; Brickwedde et al., 2019; Peylo et al., 2021), our work showcases the practical application of these rhythms in enhancing sensory functions, particularly in vision.

In our research, the control group showed significant improvement in VA only at two measurement points, all of which were found in the post measurement immediately after the training sessions, suggesting that the effects of GP training without NF were only temporary and did not persist to the next training day. Conversely, the NF group exhibited significant improvement in every measurement after the training on the day 2, including the pretests of the last two training days. This result suggests that enhancement of alpha power by NF has a consolidation effect on training outcomes, enabling the maintenance of improvements until the next training day. Moreover, we also uncovered that the power of alpha rhythms on day 3 showed a significant correlation with VA in the pretest at day 4. This suggests that the alpha state can predict subsequent perceptual performance. A previous study clarified the influence of brain states on individual differences in somatosensory learning. Based on EEG recordings before and during learning, it became clear that prelearning parietal alpha oscillations and stimulus-induced contralateral central alpha changes during learning can predict learning outcomes (Freyer et al., 2013). This is consistent with our results. Furthermore, a previous study found that alpha waves increase in the frontal and posterior lobe after completing a sequence learning task. These posttask changes may represent traces of motor learning and correlate with use-dependent plasticity (Moisello et al., 2013). Accordingly, it is possible that the increase in alpha power observed in our study helped participants retain traces of perceptual learning, to maintain the learning effects of the previous session until the next session; that is, the increase in alpha power had a consolidation effect on perceptual learning. However, we did not observe a significant association between alpha power and increased VA after the first two learning sessions, indicating that ≥3 learning sessions are required to achieve this consolidation effect.

The study findings offer promising implications for non-invasive myopia treatment. Although tACS are effective in regulating oscillatory activity in the human brain (He et al., 2022), the large extracranial electrical current applied in tACS is short-circuited by the skin, making it challenging to model and predict the exact intracranial current densities and electric fields (Herrmann et al., 2013). Despite the weak current tACS intensity, it is nonetheless an external electrical stimulation. NF presents an accessible, cost-effective alternative that leverages the body's neural plasticity, potentially benefiting a wider range of individuals, including those unsuitable for surgery. This approach aligns with modern trends in personalized medicine, emphasizing patient-friendly, tailored treatments. Furthermore, the use of wearable EEG technology, demonstrated in our study, offers a noninvasive, user-friendly approach to various neurological and sensory challenges in the clinic.

Compared with previous studies of visual training (Table 1), our visual training required fewer sessions and training time (Supplementary Figure S3), which may be due to the use of NF to enhance alpha power during training. However, our study has some limitations, such as the small sample size and short-term training, common challenges in neuroscience research. In future research, longer term studies with larger, more diverse participants, including different age groups and varying degrees of myopia, would be beneficial for understanding the long-term effects of NF-induced alpha rhythm enhancement in VA and perceptual learning. Nevertheless, the present results suggest that enhancement of alpha power by NF plays a role in maintaining training effects, which allows us to anticipate potential long-term effects. Furthermore, our findings provide innovative insights and approaches to vision science, raising the possibility of approaches to sensory enhancement and rehabilitation.


TABLE 1 Overview of visual training studies using GB.

[image: Table 1]



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving humans were approved by the Shiba Palace Clinic Ethics Review Committee. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

MC: Data curation, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review & editing. SS: Investigation, Resources, Software, Validation, Writing – original draft. TK: Funding acquisition, Writing – review & editing. TI: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was financially supported by Vie, Inc. (https://www.viestyle.co.jp/en/) and ROHTO Pharmaceutical Co., Ltd (https://www.rohto.co.jp/global/). The funders played no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.



Acknowledgments

We would like to thank Professor Kaoru Amano of the University of Tokyo for his guidance in this research. And we would like to thank Enago (www.enago.jp) for English language editing.



Conflict of interest

MC was employed by Vie, Inc. TK was employed by ROHTO Pharmaceutical Co., Ltd. TI and SS were employed by the companies NTT Data Institute of Management Consulting, Inc. and Vie, Inc. The authors would like to declare that a patent associated with this research is pending and that products related to this research will be developed in the future. This does not alter our adherence to Frontiers' policies on sharing data and materials.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnrgo.2024.1399578/full#supplementary-material



Abbreviations

CS, contrast sensitivity; VA, visual acuity; GP, Gabor patch; NF, Neurofeedback; tACS, transcranial alternating current stimulation; IAPF, individual alpha peak frequency; cpd, cycles per degree; ANOVA, analysis of variance.



References

 Benhaim-Sitbon, L., Lev, M., and Polat, U. (2023). Abnormal basic visual processing functions in binocular fusion disorders. Sci. Rep. 13:19301. doi: 10.1038/s41598-023-46291-w

 Brickwedde, M., Krüger, M. C., and Dinse, H. R. (2019). Somatosensory alpha oscillations gate perceptual learning efficiency. Nat. Commun. 10:263. doi: 10.1038/s41467-018-08012-0

 Camilleri, R., Pavan, A., Ghin, F., Battaglini, L., and Campana, G. (2014a). Improvement of uncorrected visual acuity and contrast sensitivity with perceptual learning and transcranial random noise stimulation in individuals with mild myopia. Front. Psychol. 5:1234. doi: 10.3389/fpsyg.2014.01234

 Camilleri, R., Pavan, A., Ghin, F., and Campana, G. (2014b). Improving myopia via perceptual learning: is training with lateral masking the only (or the most) efficacious technique? Atten. Percept. Psychophys. 76, 2485–2494. doi: 10.3758/s13414-014-0738-8

 Casco, C., Guzzon, D., Moise, M., Vecchies, A., Testa, T., Pavan, A., et al. (2014). Specificity and generalization of perceptual learning in low myopia. Restor. Neurol. Neurosci. 32, 639–653. doi: 10.3233/RNN-140389

 Deveau, J., and Seitz, A. R. (2014). Applying perceptual learning to achieve practical changes in vision. Front. Psychol. 5:1166. doi: 10.3389/fpsyg.2014.01166

 Durrie, D., and McMinn, P. S. (2007). Computer-based primary visual cortex training for treatment of low myopia and early presbyopia. Trans. Am. Ophthalmol. Soc. 105, 132–8. discussion 138

 Freyer, F., Becker, R., Dinse, H. R., and Ritter, P. (2013). State-dependent perceptual learning. J Neurosci. 33, 2900–2907. doi: 10.1523/JNEUROSCI.4039-12.2013

 He, Q., Yang, X. Y., Gong, B., Bi, K., and Fang, F. (2022). Boosting visual perceptual learning by transcranial alternating current stimulation over the visual cortex at alpha frequency. Brain Stim. 15, 546–553. doi: 10.1016/j.brs.2022.02.018

 Herrmann, C. S., Rach, S., Neuling, T., and Strüber, D. (2013). Transcranial alternating current stimulation: a review of the underlying mechanisms and modulation of cognitive processes. Front. Hum. Neurosci. 7:279. doi: 10.3389/fnhum.2013.00279

 Kimura, I., Noyama, H., Onagawa, R., Takemi, M., and Osu, R. (2024). Efficacy of neurofeedback training for improving attentional performance in healthy adults: a systematic review and meta-analysis. Imaging Neurosci. 2, 1–23. doi: 10.1162/imag_a_00053

 Lev, M., Ludwig, K., Gilaie-Dotan, S., Voss, S., Sterzer, P., Hesselmann, G., et al. (2014). Training improves visual processing speed and generalizes to untrained functions. Sci. Rep. 4:7251. doi: 10.1038/srep07251

 Levi, D. M., and Li, R. W. (2009). Perceptual learning as a potential treatment for amblyopia: a mini-review. Vision Res. 49, 2535–2549. doi: 10.1016/j.visres.2009.02.010

 Levitt, H. C. C. H. (1971). Transformed up-down methods in psychoacoustics. J. Acoust. Soc. Am. 49:467. doi: 10.1121/1.1912375

 Li, B. Z., Nan, W., Pun, S. H., Vai, M. I., and Rosa, A. (2023). Modulating individual alpha frequency through short-term neurofeedback for cognitive enhancement in healthy young adults. Brain Sci. 13:926. doi: 10.3390/brainsci13060926

 Li, R. W., and Levi, D. M. (2004). Characterizing the mechanisms of improvement for position discrimination in adult amblyopia. J. Vis. 4, 476–487. doi: 10.1167/4.6.7

 Li, R. W., Young, K. G., Hoenig, P., and Levi, D. M. (2005). Perceptual learning improves visual performance in juvenile amblyopia. Invest Ophthalmol. Vis. Sci. 46, 3161–3168. doi: 10.1167/iovs.05-0286

 Lunghi, C., Sframeli, A. T., Lepri, A., Lepri, M., Lisi, D., Sale, A., et al. (2019). A new counterintuitive training for adult amblyopia. Ann. Clin. Transl. Neurol. 6, 274–284. doi: 10.1002/acn3.698

 Michael, E., Covarrubias, L. S., Leong, V., and Kourtzi, Z. (2023). Learning at your brain's rhythm: individualized entrainment boosts learning for perceptual decisions. Cereb. Cortex. 33, 5382–5394. doi: 10.1093/cercor/bhac426

 Moisello, C., Meziane, H. B., Kelly, S., Perfetti, B., Kvint, S., Voutsinas, N., et al. (2013). Neural activations during visual sequence learning leave a trace in post-training spontaneous EEG. PLoS ONE 8:e65882. doi: 10.1371/journal.pone.0065882

 Moret, B., Camilleri, R., Pavan, A., Lo Giudice, G., Veronese, A., Rizzo, R., et al. (2018). Differential effects of high-frequency transcranial random noise stimulation (hf-tRNS) on contrast sensitivity and visual acuity when combined with a short perceptual training in adults with amblyopia. Neuropsychologia 114, 125–133. doi: 10.1016/j.neuropsychologia.2018.04.017

 Muller-Gass, A., Duncan, M., and Campbell, K. (2017). Brain states predict individual differences in perceptual learning. Pers. Individ. Dif. 118, 29–38. doi: 10.1016/j.paid.2017.03.066

 Nawaz, R., Nisar, H., and Yap, V. V. (2022). The effect of alpha neurofeedback training on cognitive performance in healthy adults. Mathematics. 10:1095. doi: 10.3390/math10071095

 Peylo, C., Hilla, Y., and Sauseng, P. (2021). Cause or consequence? Alpha oscillations in visuospatial attention. Trends Neurosci. 44, 705–713. doi: 10.1016/j.tins.2021.05.004

 Polat, U. (2008). Restoration of underdeveloped cortical functions: evidence from treatment of adult amblyopia. Restor. Neurol. Neurosci. 26, 413–424.

 Polat, U. (2009). Making perceptual learning practical to improve visual functions. Vision Res. 49, 2566–2573. doi: 10.1016/j.visres.2009.06.005

 Polat, U., Ma-Naim, T., Belkin, M., and Sagi, D. (2004). Improving vision in adult amblyopia by perceptual learning. Proc. Natl. Acad. Sci. U. S. A. 101, 6692–6697. doi: 10.1073/pnas.0401200101

 Polat, U., Ma-Naim, T., and Spierer, A. (2009). Treatment of children with amblyopia by perceptual learning. Vision Res. 49, 2599–2603. doi: 10.1016/j.visres.2009.07.008

 Polat, U., Schor, C., Tong, J. L., Zomet, A., Lev, M., Yehezkel, O., et al. (2012). Training the brain to overcome the effect of aging on the human eye. Sci. Rep. 2:278. doi: 10.1038/srep00278

 Proulx, M. J., Brown, D. J., Pasqualotto, A., and Meijer, P. (2014). Multisensory perceptual learning and sensory substitution. Neurosci. Biobehav. Rev. 41, 16–25. doi: 10.1016/j.neubiorev.2012.11.017

 Sagi, D. (2011). Perceptual learning in vision research. Vision Res. 51, 1552–1566. doi: 10.1016/j.visres.2010.10.019

 Sigala, R., Haufe, S., Roy, D., Dinse, H. R., and Ritter, P. (2014). The role of alpha-rhythm states in perceptual learning: insights from experiments and computational models. Front. Comput. Neurosci. 8:36. doi: 10.3389/fncom.2014.00036

 Sitaram, R., Ros, T., Stoecke, L., Haller, S., Scharnowski, F., Lewis-Peacock, J., et al. (2017). Closed-loop brain training: the science of neurofeedback. Nat. Rev. Neurosci. 18, 86–100. doi: 10.1038/nrn.2016.164

 Snyder, A. C., and Foxe, J. J. (2010). Anticipatory attentional suppression of visual features indexed by oscillatory alpha-band power increases: a high-density electrical mapping study. J. Neurosci. 30, 4024–4032. doi: 10.1523/JNEUROSCI.5684-09.2010

 Sterkin, A., Levy, Y., Pokroy, R., Lev, M., Levian, L., Doron, R., et al. (2018). Vision improvement in pilots with presbyopia following perceptual learning. Vision Res. 152, 61–73. doi: 10.1016/j.visres.2017.09.003

 Tan, D. T., and Fong, A. (2008). Efficacy of neural vision therapy to enhance contrast sensitivity function and visual acuity in low myopia. J. Cataract. Refract. Surg. 34, 570–577. doi: 10.1016/j.jcrs.2007.11.052

 Tsushima, Y., Sawahata, Y., and Komine, K. (2020). Task-dependent fMRI decoder with the power to extend Gabor patch results to natural images. Sci. Rep. 10:1382. doi: 10.1038/s41598-020-58241-x

 Yalcin, E., and Balci, O. (2014). Efficacy of perceptual vision therapy in enhancing visual acuity and contrast sensitivity function in adult hypermetropic anisometropic amblyopia. Clin. Ophthalmol. 8, 49–53. doi: 10.2147/OPTH.S48300

 Zazio, A., Schreiber, M., Miniussi, C., and Bortoletto, M. (2020). Modelling the effects of ongoing alpha activity on visual perception: the oscillation-based probability of response. Neurosci. Biobehav. Rev. 112, 242–253. doi: 10.1016/j.neubiorev.2020.01.037

 Zhou, Y., Huang, C., Xu, P., Tao, L., Qiu, Z., Li, X., et al. (2006). Perceptual learning improves contrast sensitivity and visual acuity in adults with anisometropic amblyopia. Vision Res. 46, 739–750. doi: 10.1016/j.visres.2005.07.031

 Zohary, E., Celebrini, S., Britten, K. H., and Newsome, W. T. (1994). Neuronal plasticity that underlies improvement in perceptual performance. Science 263, 1289–1292. doi: 10.1126/science.8122114

Copyright
 © 2024 Chang, Suzuki, Kurose and Ibaraki. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Pretraining alpha rhythm enhancement by neurofeedback facilitates short-term perceptual learning and improves visual acuity by facilitated consolidation



		1 Introduction



		2 Materials and methods



		2.1 Participants



		2.2 Procedure



		2.3 Pre and post-test



		2.4 NF training



		2.5 GP training



		2.6 Electroencephalographic recordings



		2.7 Statistical analysis







		3 Results



		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		Abbreviations



		References























OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Neuroergonomics







OPS/images/fnrgo-05-1399578-g005.gif





OPS/images/fnrgo-05-1399578-g006.gif
R'2044,Pm 000134






OPS/images/fnrgo-05-1399578-g003.gif





OPS/images/fnrgo-05-1399578-g004.gif
|
i
|
i






OPS/images/fnrgo-05-1399578-t001.jpg
References

Participants (Visual
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of Participants; Age)

Training
(Training period;
Number of sessions;

Outcome
(Improvement
VA within subject: pre

duration / 1 session)

Vs post)

Age: 20-49, mean 26.89

Sterkin etal. (2018) Myopia Unknown Both Improvement VA: 0.13 LogMAR
Initial VA: 0.00 0.22 LogMAR (41 % 12.7 sessions, 2-way ANOVA Main effect of
N=32 (mean = SD) training Fq 31 = 169, p < 0.001 /
Age: mean 47.8,SD+ 3 Atleast 3 sessions a week) t-test before and after training
12 min/1 session p=10.005
Camilleri et al. (2014b) Myopia/Astigmatism 8 weeks (24 sessions) NA Improvement VA: 0.16 LogMAR
Initial VA: —0.75 —2 D/less than —0.5D 45 min/1 session 2-way ANOVA Main effect of
N=10 training F(17) = 7.95, p < 0.05/
Age: 22-27, mean 24.22 t-test before and after training
p=0.057
Moret et al. (2018) Amblyopia 2 weeks Y Improvement VA: 0.193 LogMAR
Initial VA: More than 0.1 LogMAR (8 sessions, Four consecutive 2-way ANOVA Main effect of
N=20 days in a week x 2) training F(15 = 19.088,p =
Age: 27-58, mean 44 45 min/1 session 0.0001 / t-test before and after
training p = 0.048
Polat (2009) Presbyopia 10 weeks Y Improvement VA: 0.19 LogMAR
Initial VA: 0.385 LogMAR (20 sessions, 2 sessions a (an average of 54%)
N=13 week) Pre and posttraining t-test
Age: mean 50, SD=£ 1.1 30 min/1 session p=0.035
Canmilleri et al. (2014a) Myopia/Astigmatism 2 months NA Improvement VA: 0.15 LogMAR
Initial VA: —0.75 —2 D/less than —0.5D | (8 sessions, Four consecutive Friedman’s ANOVA before and
N=16 days ina week x 2and 6 after training x% = 10.57 p < 0.005
Age: 19-27, mean 24.12 weeks with different cpd for
each subject)
45 min/1 session
Casco et al. (2014) Myopia 6 weeks Y Improvement VA: 1.3 LogMAR
Initial VA: 0.75 1.75D (12 sessions, 2 sessions a 2-way ANOVA Main effect of
N=7 week) training F( ¢ = 12.34,p = 0.013/
Age: 20-25 30 min/1 session f-test before and after training
p(2») =0.001
Zhou etal. (2006)) Myopia Unknown NA Improvement VA: 4.6 dB / 0.58
Initial VA: 2.4 23.8 LogMAR (9-19 sessions, LogMAR
N=23 Average 12.7 sessions) te) =4.38, p < 0.01; SE, 1.0dB;
Age: 14-27, mean 19.3 45 min/1 session range, 1.9-10.0 dB; median, 3.8 dB
/1 =093, p <001
Yalcin and Balci (2014) Amblyopia 4 months Y Improvement VA: 2.6 LogMAR
Initial VA: Average 0.42 LogMAR (45 sessions, 3 sessions a 7=-3.24, p=0.001
N=99 week)
Age: 9-50, mean 20.3 30 min/1 session
Polat et al. (2004) Amblyopia 2- 4 weeks [45+ Y Improvement VA: 0.18 LogMAR
Initial VA: 0.41 & 0.14 LogMAR 15 sessions (mean = SD)] SE0.1
N=44 30 min/1 session
Age: mean 35, SD 13
Lunghi et al. (2019) Amblyopia 4 weeks NA Improvement VA: 0.15 & 0.02
Initial VA: 0.1 0.78 LogMAR (6 sessions) LogMAR
N=10 2 h/1 session to) =7.7, P < 0.001
Age: 27-40, mean 32.9
Durrie and McMinn (2007) Myopia/ Presbyopia 2 —3 months b'é Improvement VA: 2.2 LogMAR
Initial VA: 0.20 0.60 LogMAR (30 sessions, 2 - 3 sessions a Unknown
N=11 week)
Age: 19-39, mean 31.4 30 min/1 session
Current study Myopia 2 weeks NA Improvement VA: 0.16 LogMAR
Initial VA: 0.05~0.9 LogMAR (4 sessions, 2 sessions a week) tay =4.05, p < 0.01
N=11 30 min/1 session

NA, Not available: Y, Yes.
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