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Abstract

Background: Gamma and beta oscillations of electroencephalography (EEG) are involved in multiple perceptual information processing.
Neurofeedback training (NFB) is a non-invasive neuromodulation approach that provides an endogenous paradigm to investigate the
causal relationship between brain oscillations and cognitive abilities. In this study we investigated the effectiveness and specificity of
gamma and combined gamma-beta NFB training for improving visual perception in healthy adults. Methods: A total of 48 healthy
participants were recruited and randomly assigned into three groups. Four participants withdrew during the study, leaving 44 participants
for final analysis : a sham group (n = 14), a gamma NFB training group (n = 16) targeting parieto-occipital (PO) gamma rhythms, and a
gamma-beta training group (n = 14) targeting both PO gamma and central beta thythms. All participants underwent six NFB sessions,
each containing nine blocks. Baseline tasks for resting state and visual perception measurements were conducted before and after NFB
training. Results: Both training groups showed significant improvements in reaction time and accuracy. Importantly, EEG data obtained
during the training process and baseline tests showed that relative PO gamma rhythms were increased in both groups, while relative
central beta rhythms were enhanced only in the gamma-beta group. EZ-diffusion model analysis revealed that these improvements
were primarily driven by increased drift rates and reduced non-decision times, suggesting enhanced efficiency in perceptual evidence
accumulation. Conclusions: The current results validate the effectiveness of NFB training and demonstrate clear spectral and regional
specificity, revealing different functional contributions of the two oscillations during visual perception. In the context of a randomized,
sham-controlled design, these results provide preliminary causal evidence for the involvement of gamma- and beta-band activity in visual
processing. Clinical Trial Registration: No: ChiCTR2600124537. https://www.chictr.org.cn/showproj.html?proj=292703.
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1. Introduction

Neural oscillations within electroencephalography
(EEQ) are a characteristic manifestation of brain activity
and play a crucial role across multiple stages of visual per-
ception. Recent studies have provided strong evidence that
brain rhythms encode, transmit, and integrate visual infor-
mation through synchronized oscillatory activities of neu-
ronal populations [1,2]. Extensive studies have indicated
that beta oscillations are closely associated with arousal
states, including vigilance, attention, excitement, and cog-
nitive processes [3,4]. Gamma oscillations are mostly in-
volved with the local cortical processing of information,
such as sensory and perceptual information [5].

Perceptual processing mainly involves two stages: the
receiving and processing of sensory inputs, and the sub-
sequent integration of sensory information. The former
occurs mainly in the primary visual and auditory cortices
for feature encoding, and predominantly involves gamma

and high-gamma oscillations. The latter occurs in higher-
order cortical regions that integrate diverse sensory inputs
[6,7,8,9,10], and primarily involves relatively slower os-
cillations. Therefore, gamma and beta rhythms may con-
tribute differently to the visual perception process, but their
causal roles remain to be investigated.

To transition from correlation to causality, it is essen-
tial to experimentally manipulate neural rhythms and as-
sess the subsequent behavioral consequences [11,12]. Non-
invasive exogenous brain stimulation techniques, includ-
ing transcranial electrical stimulation (tES) and transcranial
magnetic stimulation (TMS), provide an avenue for such
manipulation. However, such methods rely on exogenous
currents that passively entrain brain activity [13,14,15].
These exogenous modulatory methods typically have lim-
ited spectral selectivity, often affect relatively large cor-
tical territories, and may induce non-specific side-effects
or discomfort [15,16,17,18,19]. In contrast, neurofeed-
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back (NFB) provides a unique advantage by enabling en-
dogenous neuromodulation [3,20,21,22]. By training par-
ticipants to voluntarily self-modulate specific frequency
bands and then subsequently examining changes in perfor-
mance, NFB allows researchers to disentangle the direct
functional contribution of specific oscillations to behavior
[23,24,25,26,27]. Consequently, NFB is ideally suited to
test the hypothesis that enhancing gamma or beta activity
causally improves distinct stages of visual perception.

NFB training enables endogenous regulation of neural
activity via closed-loop operant conditioning [3,21]. Un-
like exogenous stimulation methods that passively entrain
brain rhythms, NFB leverages the brain’s intrinsic plastic-
ity to achieve frequency and region modulation [21,28].
NFB is therefore a critical methodological tool that has been
widely used to modulate various behavior-related func-
tional networks [29,30,31,32], and provides an alternative
self-administered therapy [33,34,35]. Furthermore, it al-
lows causal inference between brain activity and behavior,
and can verify the causal contributions of specific neural
rhythms to visual perception [29].

In recent preliminary studies, gamma and beta NFB
training showed efficacy for enhancing visual perception.
Gamma-enhancement NFB training was found to improve
perceptual binding capabilities [36], with participants in the
training group exhibiting faster perceptual processing speed
compared to the control group [24]. NFB that targets beta
has been reported to significantly improve visual informa-
tion processing [37]. Moreover, increasing the bioelectri-
cal activity within the electroencephalography (EEG) beta
band has been associated with enhanced oriented visual per-
ception during task execution [38]. The effects of beta-
strengthening NFB protocols on visuomotor performance
have also been investigated in athletes. The results showed
reduced visual reaction time in both simple and complex
tasks, suggesting an improvement in the speed and effi-
ciency of visual processing [39]. These findings demon-
strate that NFB can, in principle, be used to modulate oscil-
latory activity in functionally meaningful ways.

However, such positive results do not by themselves
establish that the behavioral benefits are spectrally and re-
gionally specific to the trained rhythm and cortical site.
Conventional single-frequency, single-electrode protocols
implicitly assume that NFB selectively modifies the tar-
geted band while leaving non-target bands unchanged, and
that the feedback electrode mainly reflects activity from
the underlying cortical region [40,41,42,43]. Empirical
work challenges both assumptions, since increases in the
trained band are frequently accompanied by concomitant
changes in other frequency bands (“band non-specificity”),
and scalp EEG at a single electrode reflects a linear mixture
of multiple spatially distributed sources due to volume con-
duction. Therefore, existing single-band, single-site stud-
ies cannot unambiguously attribute behavioral changes to
a spectrally and regionally circumscribed neural substrate.

The results of a rare study that combined scalp and intracra-
nial recordings during gamma-NFB in epilepsy patients
further suggest that training can modulate gamma power
across both local and more distributed sites [44]. This rein-
forces the notion that NFB acts at the network level rather
than on an isolated cortical patch. However, without verify-
ing spectral specificity, it is difficult to distinguish precise
neuromodulation from generalized non-specific effects.

As outlined above, perceptual processing depends on
the coordination between local feature encoding in early
sensory cortices, predominantly supported by gamma and
high-gamma oscillations, and subsequent large-scale inte-
gration across higher-order regions. The latter is more
strongly associated with slower rhythms in the beta range
[45]. The lack of information regarding potential inter-
actions (e.g., cross-frequency coupling) limits our under-
standing of how NFB reconfigures the holistic functional
architecture of the visual system. Consequently, an NFB
approach that jointly considers gamma and beta activity is
better positioned to probe not only the causal contribution
of each rhythm to distinct stages of visual perception, but
also their potential synergistic interactions within the visual
processing hierarchy.

To address these issues, the current study compared
gamma and gamma-beta NFB training for improving vi-
sual perception ability by analyzing behavioral and neuro-
physiological effects. Our aim was to systematically inves-
tigate the specificity of gamma rhythm modulation and po-
tential cross-frequency synergistic mechanisms, thus pro-
viding a new framework to understand the functional speci-
ficity of neural oscillations and optimize cognitive enhance-
ment strategies.

2. Materials and Methods
2.1 Participants

An a priori power analysis was conducted using
G*Power 3.1.9.7 (Heinrich Heine University Diisseldorf,
Diisseldorf, Germany) to estimate the required sample size.
The calculation was based on a repeated-measures analy-
sis of variance (ANOVA) with a within—between interaction
for three groups and two measurement time points. Assum-
ing a medium effect size (Cohen’s f = 0.25), o = 0.05, sta-
tistical power (1 — B) = 0.80, a correlation of 0.50 between
repeated measurements, and a nonsphericity correction of
€ = 1.0, the analysis indicated a minimum required sample
size of 42 participants (approximately 14 per group).

A total of 48 healthy adult participants were recruited
for this study from the local university community. All
participants were undergraduate or graduate students, with
normal or corrected-to-normal vision and no color-vision
deficiencies. Participants were randomly assigned to one
of three groups, during the study, two participants in the
sham group and two participants in the gamma-beta group
withdrew for personal reasons related to the time commit-
ment required for the study and did not complete the post-
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training visual perception assessment. Consequently, 44
participants (22 females; 21.04 + 2.16 years [mean =+ stan-
dard deviation (SD)]) completed the full experimental pro-
tocol and were included in the final analysis: sham (n =
14; 7 females; age: 21.20 + 2.81 years), gamma group (n
= 16; 8 females; age: 21.13 + 1.89 years), and gamma—
beta group (n = 14; 7 females; age: 20.79 + 1.81 years).
None of the participants reported neurological or psychi-
atric disorders, ongoing medication use, or prior involve-
ment in cognitive or behavioral interventions. The partici-
pant recruitment, randomization, allocation, follow-up, and
final analysis procedures are summarized in the CONSORT
2025 flow diagram (Supplementary Fig. 1).

2.2 Experiments

The study employed a double-blind design. Par-
ticipants were randomly assigned to the sham, gamma,
or gamma-beta groups using a computer-generated ran-
domization sequence. This was performed by an experi-
menter who was not involved in data collection or analysis.
The participants and researchers who conducted the NFB
and behavioral testing were blinded to group assignment
throughout the study, in accordance with the double-blind
design.

As shown in Fig. la, all participants underwent a vi-
sual perception task before and after the NFB training pro-
cess. This was conducted over 6 consecutive days. Each
NFB session contained one block for measuring the rest-
ing baseline and 9 blocks for active enhancement of the tar-
get thythms. The experiment was presented on a 24-inch
Philips 241V8LB/27 LCD monitor (Philips, Amsterdam,
the Netherlands) set to a resolution of 1920 x 1080 pixels
and a refresh rate of 100 Hz. Participants were seated 70 cm
from the monitor under comfortable viewing conditions.

2.2.1 The Visual Perception Task

As shown in Fig. 1b, a total of 100 animal images
and 100 non-animal images were collected from the China
Image Set (CIS). CIS is a normative database consisting of
551 high-quality colored stimulus photos with a standard-
ized resolution of 500 x 500 pixels, specifically developed
for Chinese speakers [46]. Based on the visual complex-
ity score of CIS, which uses a 5-point Likert scale to reflect
the complexity of visual textures and lines, 100 images with
closely matched visual complexity were selected from both
animal and non-animal pictures. These images were pro-
cessed using two-dimensional Fourier transformation and
phase randomization, and then converted back as stimulus
materials. This method preserved the global spatial fre-
quency profiles of the images while disrupting their con-
tent, thereby altering the visual content without affecting
the physical luminance and amplitude. The task comprised
200 trials in total. As shown in Fig. 1b, in each trial, a dis-
torted image was presented for 200 ms. Participants were
instructed to respond as quickly as possible within 1000 ms
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by pressing the letter ‘F’ or ‘J* (counterbalanced across par-
ticipants) to indicate whether the image depicted an animal.
A blank screen (600-700 ms) followed each response.

For the visual perception task, continuous EEG data
were recorded using a SynAmps 2 system (Compumedics
NeuroScan, Charlotte, NC, USA) at a sampling rate of 1000
Hz with 24-bit resolution. A total of 64 active silver/silver
chloride (Ag/AgCl) electrodes were placed according to the
international 10-20 system, with all scalp electrodes refer-
enced to the Cz electrode during data collection. Specif-
ically, the impedance of all electrodes was kept below 10
kQ. Offline EEG data processing was performed using the
EEGLAB toolbox (v 2022.0; Swartz Center for Computa-
tional Neuroscience, University of California San Diego,
LaJolla, CA, USA) and custom MATLAB scripts (R2023b;
MathWorks Inc, Natick, MA, USA). The data were re-
sampled to 500 Hz, and the notch filter at 50 Hz was ap-
plied to eliminate line noise. A zero-phase bandpass filter
(0.1-80 Hz, infinite impulse response (IIR)) was applied
using the MATLAB filtfilt function. Noise-contaminated
electrodes were selected by visual inspection and interpo-
lated via spherical spline interpolation, with the data re-
referenced to the average of all scalp electrodes. Indepen-
dent Component Analysis (ICA) was applied to detect and
remove artifacts related to eye blinks, saccades, and mus-
cle activity using the plugin ICLabel. Finally, data were
epoched from —200-800 ms after target onset for subse-
quent analysis. Epochs with muscle activity exceeding +
80 nV were excluded.

2.2.2 Neurofeedback Sessions

Participants were randomly assigned to one of three
NFB protocols. In the sham condition, feedback reflected
the relative power spectrum within a randomly selected
4-Hz window (4—48 Hz) at Cz, unrelated to the targeted
bands. In the gamma condition, participants were trained
to increase gamma-band (30—48 Hz) activity at Ol and O2
channels. In the gamma-beta condition, participants were
trained to increase gamma-band (3048 Hz) at Ol and O2
channels and beta-band (13-30 Hz) at the Cz channel. Dur-
ing the NFB training process, EEG was referenced to bi-
lateral mastoid electrodes (M1, M2), with the impedance
of all electrodes maintained below 10 kQ and a sampling
frequency of 1000 Hz.

Each participant was required to undergo six consecu-
tive days of training. The daily training session comprised a
2-minute resting baseline recording, followed by 9 training
blocks. Each block lasted 3 minutes, with 30-second rest-
ing intervals between blocks. At the onset of each block,
the visual feedback interface was reset to its initial size and
orientation.

For each session, participants initially sat quietly in
front of the screen, and 2-minute eyes-open resting base-
line EEG data were recorded while the bar graphs on both
sides of the screen remained static and the feedback window
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(a) Day 1 Day 2 to Day 7 Day 8
Day 2 | Day 3 | Day 4 | Day 5 | Day 6 | Day 7 - -
| visual perception task visual perception task
NFB | NFB | NFB | NFB | NFB | NFB
resting baseline | block 1 block 2 | block3 | block4 | block5 | block6 | block7 | block 8 | block 9
2 minutes 3 minutes each block
(b) (C) time: 0 epoch : 5
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response
1000ms
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200ms
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200ms
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0

Fig. 1. Overview of the experimental procedure. (a) Overall experimental design. (b) Paradigm for the visual perception task. The

images in the lower right corner are example stimuli used in the visual perception task. (c) Visual feedback for neurofeedback (NFB)

training.

underwent random transformations. The continuous rest-
ing EEG data were segmented into 119 epochs, each with
a duration of 2 seconds and a 1-second overlap window.
For each epoch, the power spectrum S(f) and the propor-
tion of electromyography (EMG) contamination were cal-
culated as follows:

Power Do SUf) = S in. S(F)
EMG = > >
Y. S() = i S(f)

The resulting 119 EMG ratios were converted to z-
scores. All epochs with z-scores >2 were subsequently ex-
cluded to remove those with excessive EMG contamina-
tion. The remaining segments were used to calculate the
relative gamma and beta power, which served as the base-
line for subsequent feedback.

NFB training was conducted with visual feedback,
guiding participants through the manipulation of rotating
and scaling squares displayed on the screen. Participants
sat about one meter from a monitor displaying the feed-
back interface, which included a rotating orange block over
a stationary gray square and two bar graphs. As shown in
Fig. lc, the left bar indicated the real-time training metric,

while the right bar displayed the EMG noise level. The left-
side bar displayed the real-time training indicator, with the
maximum and minimum values corresponding to 120% and
80% of the baseline, respectively. The right-side bar visual-
ized EMG activity ranging from 80% to 120% of baseline.
When the EMG activity exceeded 120% of baseline levels,
video playback was paused.

During gamma NFB training, the relative gamma
power was computed in real-time by applying a Fast Fourier
Transform (FFT) with a Hamming window to a 2-second
data segment with a 1-second overlap, resulting in a feed-
back update rate of once per second. There were 9 levels
for rotation from maximum (0°) to minimum (—90°). The
NFB threshold was set at +20% of the baseline power. The
rotation of the orange square served as the primary visual
feedback dimension, with 9 discrete levels spanning from
0° (fully upright, maximum reward state) to —90° (maxi-
mum punishment state). When the training indicator ex-
ceeded 120% of baseline, the orange square rotated clock-
wise by one step as visual feedback (reward). Conversely,
when the indicator fell below 80% of baseline, the orange
square rotated one step counterclockwise linearly as visual
feedback (punishment). If the indicator remained within
the £20% baseline range, the orange square remained sta-
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Table 1. Baseline demographic characteristics and behavioral measures of the three groups.

Variable Sham (n=14) Gamma (n=16) Gamma-beta (n= 14) Statistics p
Age (years) 21.20+2.81 21.13+1.89 20.79 +£1.81 F(2,41)=0.140 0.870
Gender (F/M) 7/7 8/8 7/7 ¥(2)=0 1
Baseline ACC 0.78 £0.07 0.82 +£0.06 0.77 £0.04 H(2)=3.515 0.173
Baseline RT (ms) 650+ 75 700 £ 95 640 + 85 H(2) =3.941 0.139

Values are presented as Mean + SD. F, female; M, male; ACC, accuracy; RT, reaction time; SD, standard deviation.

tionary. Rotation was clamped at the upper (0°) and lower
(—=90°) bounds. The size of squares was used as the second
degree of freedom, with 9 levels for zoom-in from max-
imum (100% of screen size) to minimum (20% of screen
size). For the gamma-beta group, the size of squares was
used to depict beta powers, and the thresholds were also
set at £20% of the baseline beta power. Critically, transi-
tions between feedback levels were not instantaneous. In-
stead, changes in rotation angle and scale were rendered
as smooth 500-ms interpolations using Unity (2021.3 LTS;
Unity Technologies, San Francisco, CA, USA). Specifi-
cally, the rotation angle was interpolated using Mathf.Lerp,
whereas the scale was interpolated using Vector3.Lerp. For
both functions, the interpolation parameter t was defined as
the elapsed transition time divided by 0.5 s and was con-
strained to the range of 0—1. Thus, ¢ increased linearly from
0 to 1 over each 500-ms transition. This ensured perceptu-
ally continuous feedback while preserving the underlying
discrete control logic updated once per second.

During each session, participants were instructed to
use “mental strategies” (e.g., visual imagery, focused atten-
tion) to maximize the alignment of squares (and the size of
squares for the gamma-beta group), while minimizing phys-
ical movements (e.g., jaw clenching, excessive blinking) to
prevent artifacts.

3. Results

Baseline demographic characteristics and behavioral
measures are summarized in Table 1. No significant
between-group differences were observed in age, gender,
baseline accuracy and reaction time (RT) of pretest, indicat-
ing that the three groups were comparable before training.

3.1 Analysis of the NFB Training Process

The entire training protocol comprised a total of 54
blocks. Changes in gamma and beta power within the
parieto-occipital (PO) region (PO3, POz, PO4, PO5, PO6,
01, Oz, 02) and central region (FC1, FCz, FC2, Cl1, Cz,
C2) across the training period for all 44 participants in
the three groups were compared using repeated-measures
ANOVA, with groups and time as factors. When the
assumption of sphericity was violated, the Greenhouse-
Geisser correction was applied, and the corrected degrees
of freedom and p-values were reported. Both the gamma
and gamma-beta groups exhibited significant gamma-
band power upregulation within the PO region (repeated-
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measures ANOVA; gamma group: F(37.1, 556.5) = 1.641,
p =0.011; n? = 0.099 gamma-beta group: F(39.8, 516.8)
= 1.542, p = 0.024, n?> = 0.106), whereas the sham group
showed no marked increase in gamma-band power (F(36.0,
468.5) = 1.340, p = 0.094, n*> = 0.093). In contrast, gamma-
band power in the central region did not show a notable
increase in any of the groups, remaining stable throughout
training. Only the gamma-beta group exhibited a signif-
icant increase in neural oscillation of beta-band power in
the central region (F(38.6, 501.6) = 2.251, p < 0.001, n? =
0.148), with no significant changes observed in the other
groups (F <1.3, p > 0.05). Furthermore, none of the three
groups showed any significant change in beta-band power
in the PO region.

3.2 Analysis of the Pre- and Post-Training Process

The eyes-open resting-state power changes for pre-
and post-training EEG recordings are presented in Fig. 2.
Statistical analysis revealed no significant differences in
baseline power were observed among the three groups for
either frequency band in any region (all p > 0.05). And sig-
nificant pre-to-post increases in gamma band power in the
PO region were observed in both gamma and gamma-beta
groups, whereas no significant change was observed in the
sham group (Fig. 2a; repeated-measures ANOVA, F(2, 41)
=23.208, p < 0.001, n>= 0.531). Only the gamma-beta
training group showed a significant increase in beta power
in the central cortical region (F(2, 41) = 7.066, p = 0.002,
n? = 0.256). In contrast, no significant changes were ob-
served for gamma power in the central region (Fig. 2b, F(2,
41)=1.338, p=0.274, %> = 0.061) or beta power in the PO
region (Fig. 2¢, F(2, 41) = 1.781, p = 0.179, n*> = 0.080).

The results for accuracy in the visual perception task
assessed pre- and post-training, as well as the respective
changes, are presented in Fig. 3. There were no signifi-
cant differences in baseline (pre-training) accuracy among
the three groups (as shown in Table 1). Both gamma and
gamma-beta groups exhibited a significant improvement in
accuracy compared to the sham group, as shown in Fig.
3a,b. Statistical comparisons for accuracy improvement
among the three groups are shown in Fig. 3b. Both training
groups demonstrated significantly greater improvements in
accuracy than the sham group (Kruskal-Wallis test, H(2) =
14.300, p = 0.001, n?>= 0.3). Post-hoc analyses revealed
both the Gamma and gamma-beta groups significantly out-
performed the Sham group (both p < 0.01), whereas no sig-
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Fig. 2. Changes in resting relative powers before and after NFB training for the three groups, including gamma and beta bands in

the parieto-occipital (PO) and central region. (a) PO Gamma, (b) Central Gamma, (c) PO Beta, and (d) Central Beta. Relative power

was calculated as the absolute power within gamma or beta band divided by the total spectral power. Gray and black bars represent pre-

and post-training, respectively. Error bars indicate the standard error of the mean. * p < 0.05, *** p <0.001.

nificant difference in improvement was observed between
the two training groups.

The reaction time (RT) during the visual perception
task measured in pre- and post-training, as well as the
changes, are presented in Fig. 4. There were no signif-
icant differences in baseline (pre-training) RT among the
three groups (as shown in Table 1). Both the gamma and
gamma-beta groups exhibited greater reductions in RT from
pre- to post-training than the sham group, as shown in Fig.
4a. Statistical analysis of RT reductions across the three
groups is presented in Fig. 4b. Statistically significant

inter-group differences were observed for the extent of RT
reduction (Kruskal-Wallis test, H(2) = 6.081, p = 0.048,
n? = 0.100). Furthermore, post-hoc comparisons revealed
both the gamma and gamma-beta groups showed signifi-
cantly greater RT reductions than the sham group (both p
< 0.05), whereas no significant difference in improvement
was observed between the two training groups.

To summarize, participants from both training groups
showed markedly enhanced behavioral performance in the
visual perception task.
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Fig. 3. Changes in visual perception accuracy before and after NFB training. (a) Mean accuracy (+SE) for each group. SE, Standard

error. (b) Changes in accuracy (A Accuracy = post — pre) across groups. Error bars indicate the standard error of the mean. ** p <0.01.
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Fig. 4. Changes in visual perception reaction time before and after NFB training. (a) Mean reaction time (ms; £SE) for each group.

b) Changes in reaction time (A RT = post — pre) across groups. Error bars indicate the standard error of the mean. * p <0.05. Negative
g p p group p g

A RT values indicate shorter reaction times after NFB training.

To further clarify whether the behavioral improve-
ments reflected changes in perceptual evidence processing
or shifts in decision strategy, we applied the EZ-diffusion
model to the RT—accuracy data of visual perception task for
each participant and session. The underlying accuracy and
RT changes (Pc and mean reaction time (MRT)) used for the
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EZ-diffusion analysis were consistent with the behavioral
results reported above. And the model provided estimates
of drift rate (v), boundary separation (a), and non-decision
time (to).

A one-way ANOVA on the change in drift rate (Av)
revealed a significant group effect, F(2, 41) = 8.107, p
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Fig. 5. ERP waveforms of the post-NFB visual perception task of each group. ERP, Event-related potential.

= 0.001, n> = 0.288. Both the gamma and gamma-beta
groups showed significantly increases (Gamma: Av=0.063
+ 0.009; gamma—beta: Av = 0.077 £ 0.010; Sham: Av =
0.026 £ 0.008) in drift rate than the sham group (p = 0.015
and p = 0.001, respectively), whereas the difference be-
tween the two active NFB groups was not significant. In
contrast, changes in boundary separation (Aa) did not differ
reliably between groups, F(2, 41) = 1.359, p = 0.269, n> =
0.064, and none of the groups showed a significant pre—
post change in a (all p > 0.27). This suggests that the NFB
protocols did not primarily alter decision caution or the re-
sponse threshold. Non-decision time (Aty) showed a signif-
icant group effect, F(2, 41) = 6.159, p = 0.005, n? = 0.235.
Both NFB groups exhibited larger reductions (Gamma: At
=—-64.2 = 10.1 ms; gamma-beta: Aty =—-52.5 + 11.9 ms;
Sham: Aty =-10.4 + 11.9 ms) in t( than the sham group (p
= 0.004 for gamma vs. sham, p = 0.036 for gamma-beta
vs. sham), whereas the difference between the two active
groups was not significant.

Event-related potential (ERP) analyses of the visual
perception task administered pre- and post-training were
conducted for five components: P1 (80-130 ms, O1, Oz,
02), N1 (150-200 ms, PO3, POz, PO4, POS, PO6, O1, Oz,
02), P2 (180-250 ms, PO3, POz, PO4, POS, PO6, O1, Oz,
02), N2 (250-350 ms, FC1, FCz, FC2, Cl1, Cz, C2), and
P3 (300-500 ms, P1, Pz, P2, PO3, POz, PO4). Mean am-
plitudes were computed within each time window by aver-
aging across the corresponding electrode set. No significant
pre- to post-training changes were observed for any compo-
nent (all F(2, 41) <3, all p>0.05). Post-training ERP wave-
forms confirmed the successful elicitation of task-related
ERP components (Fig. 5). However, due to the consider-
able variability within groups, no significant differences in
ERP components were observed between groups.

Analysis of the event-related time-frequency repre-
sentation (ERTFR) of the visual perception task using con-
tinuous wavelet transform (CWT) is presented in Fig. 6,
revealing region-specific spectral perturbations. For each

participant, ERTFR power values were averaged across
electrodes within the PO and central region, respectively.
The grand-average ERTFR maps, collapsed across all par-
ticipants, groups, and sessions, revealed region-specific
spectral perturbation patterns. Notable patterns include
beta suppression (13-30 Hz) at 300-500 ms in both the
PO and central regions, as well as alpha desynchroniza-
tion (8—13 Hz) after 550 ms, and theta increase (4—8 Hz)
after 500 ms. The gamma rhythm showed an enhance-
ment around 100 ms only in the central region, whereas the
beta band displayed significant increases at approximately
100 ms in both regions. Based on the task-related spec-
tral patterns observed in the grand-average maps, two time-
frequency regions of interest (TF-ROIs) within the central
region were defined prior to any between-group statistical
testing: region 1 (beta, 13—30 Hz, 300-500 ms) and re-
gion 2 (alpha, 8-13 Hz, 500-700 ms). For each partici-
pant, mean power was extracted within each TF-ROI for
both pre- and post-training sessions, and pre-to-post dif-
ference scores (Apower) were computed. Between-group
differences in Apower were then assessed using Kruskal—
Wallis tests, with false discovery rate (FDR) correction ap-
plied across the two TF-ROI comparisons. Significant in-
tergroup differences were observed exclusively within the
central cortical region (Kruskal-Wallis test, Region 1: H(2)
=17.400, p = 0.025, 1> = 0.132; Region 2: H(2) = 6.630, p =
0.036, 1> = 0.113). Subsequent pairwise post-hoc compar-
isons revealed no significant differences between any pair
of groups after correction for multiple comparisons.

To examine the neural-behavioral linkage, we ex-
tracted subject-wise changes in ERTFR power within the
same central-region ROIs and time—frequency windows
(region 1: beta 13-30 Hz, 300-500 ms; region 2: al-
pha: 8-13 Hz, 500-700 ms). For each participant, pre—
post differences in mean power (Abeta, Aalpha) as well
as relative changes (Abeta rel, Aalpha rel, normalized by
the pre-training magnitude) were computed and correlated
with corresponding changes in reaction time and accuracy
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Fig. 6. Event-related time-frequency representation (ERTFR) of the visual perception task. Boxplots were generated using the
notched boxplot function in MATLAB. Center lines indicate medians; box limits indicate the 25th and 75th percentiles; whiskers extend

to the most extreme data points not considered outliers; crosses denote outliers. Notches represent the approximate 95% confidence

interval of the median. In cases of small sample size or skewed distributions, this confidence interval may extend beyond the interquartile

range, which can cause the notches to visually narrow or extend towards the box limits, as observed for some groups.

(ART, AAccuracy (AACC), and their relative changes) in
the gamma and gamma-beta groups. Across the gamma
and gamma-beta groups, individual pre—post changes in
central beta and alpha power showed no robust correlations
with improvements in reaction time or accuracy. For ab-
solute changes, all neural-behavior correlations were small
and non-significant (Abeta vs. ART: r = —-0.01, p = 0.95;
Aalpha vs. ART: r=0.01, p = 0.95; Abeta vs. AACC: r =
—0.34, p = 0.06; Aalpha vs. AACC: r =-0.35, p = 0.06).
Using relative changes, we observed at most a modest as-
sociation between alpha modulation and RT improvement
at the uncorrected level (r = 0.40, p = 0.028). However, this
association did not remain significant after non-parametric
correlation analysis or FDR correction for multiple compar-
isons and was therefore not interpreted as a robust effect.

4. Discussion

In this study, we systematically investigated the ef-
fects of gamma and gamma-beta NFB training on visual
perception abilities in healthy adults. During the train-
ing process, both groups demonstrated selective enhance-
ment of gamma (gamma group) or combined gamma/beta
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(gamma-beta group) oscillations. Moreover, the pre- and
post-training resting-state EEGs replicated these observa-
tions, demonstrating clear region-specific enhancement of
targeted frequency bands. At the behavioral level, both
gamma and gamma-beta NFB groups showed improved re-
action time and accuracy on the visual perception task rela-
tive to baseline, whereas the sham group showed no such
changes. Although the gamma group exhibited numeri-
cally larger reductions in reaction time and the gamma-beta
group showed descriptively greater gains in accuracy, these
between-group differences did not reach statistical signifi-
cance after correction for multiple comparisons. Accord-
ingly, we refrain from making strong claims about a qual-
itative dissociation in behavioral profiles between the two
active NFB protocols. Instead, we interpret the observed
patterns as tentative trends that require replication in larger
samples. Overall, the present findings provide converging
evidence that gamma- and beta-rhythm NFB can modulate
both oscillatory activity and visual detection performance
in a frequency- and region-sensitive manner.

Our findings provide compelling evidence for
spectral- and regional-specific effects of NFB training.
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Specifically, gamma-band power increased significantly in
the PO regions for both gamma and gamma-beta groups,
while central beta activity increased exclusively in the
gamma-beta group. Furthermore, these results are consis-
tent with previous studies demonstrating gamma rhythm
modulation within visual cortical areas [24,27], and with
beta-rhythm improving visual information processing and
reducing visual reaction times in task performance [37,39].
Importantly, the spatial dissociation between posterior
gamma and central beta changes suggests the two protocols
may engage partly distinct functional networks, even
though their behavioral consequences were only partially
differentiated at the group level.

The behavioral improvements did not differ signifi-
cantly between the two active groups. However, the de-
scriptive pattern of faster responses in the gamma group,
and higher accuracy in the gamma-beta group, is broadly
consistent with the notion that gamma and beta rhythms
may serve complementary, partly distinct roles in the cogni-
tive processes underlying visual perception. Complement-
ing the standard RT and accuracy analyses, the EZ-diffusion
modeling provided a more fine-grained view of the under-
lying decision processes. In line with the overall behav-
ioral pattern, neurofeedback primarily modulated drift rate
and non-decision time, whereas boundary separation re-
mained relatively stable across groups. Although the sim-
plifying assumptions of the EZ model and the modest sam-
ple size warrant caution, these results tentatively suggest
that gamma- and beta-rhythm neurofeedback enhance per-
ceptual evidence accumulation and speed non-decision pro-
cesses rather than merely shifting decision thresholds. Prior
work has linked beta rhythms to general cortical activation
and arousal states such as alertness, attention, excitation,
and cognitive engagement [47,48]. However, beyond gen-
eral arousal, recent theoretical frameworks suggest more
specific mechanistic roles. Gamma rhythm primarily con-
tributes to localized neural processing, where it promotes
synchronous neural firing which is essential for rapid infor-
mation processing [49,50]. Gamma oscillations are funda-
mentally linked to local cortical computation and the “bind-
ing problem”. According to the Communication through
Coherence (CTC) hypothesis, gamma synchronization en-
sures that neuronal groups fire within a precise temporal
window, maximizing their impact on downstream targets
[1,51]. In our study, the enhanced posterior gamma power
likely facilitated the rapid binding of visual features into co-
herent percepts, thereby accelerating the accumulation of
sensory evidence required for the detection decision. This
aligns with our observation of numerically shorter response
times in the gamma group. In contrast, beta-band activity—
particularly over central and frontal regions—is increas-
ingly associated with top-down predictive processing and
the “maintenance of the status quo” [52,53]. In the con-
text of our animal detection task, enhanced beta power may
support the maintenance of the cognitive rule or “search
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template” in working memory and facilitate the stabiliza-
tion of sensory representations against noise [52,53,54,55].
By strengthening these top-down priors, beta enhancement
effectively lowers the neural noise floor, supporting more
reliable and accurate decision-making rather than merely
faster processing [54,55]. However, we emphasize that our
behavioral data does not allow us to definitively dissoci-
ate these mechanisms between the two NFB protocols. In-
stead, they are best viewed as plausible mechanistic inter-
pretations grounded in the broader literature.

We also considered the possibility of synergistic in-
teractions between gamma and beta rhythms, but did not
find evidence for supra-additive neural effects (i.e., neural
changes in the gamma-beta group exceeding the summed
changes of single-band training). However, the manner
in which the gamma-beta protocol produced robust neural
modulation of both posterior gamma and central beta bands,
together with its numerically improved accuracy, is com-
patible with a functional complementarity account. When
both gamma and beta rhythms were simultaneously trained,
bottom-up enhancement of sensory encoding (gamma) may
operate in concert with top-down stabilization and con-
trol (beta), potentially yielding a more balanced speed—
accuracy profile than either rhythm alone [56]. Given the
lack of statistically significant behavioral differences be-
tween the two active groups, this interpretation should be
regarded as speculative and invites further work designed
to more directly probe gamma-beta interactions.

Despite the robust behavioral improvements, no sig-
nificant training effect was observed in ERP components.
This is likely attributable to reduced statistical power due
to the high intra-group variability in ERP waveforms. Nev-
ertheless, our null finding is consistent with previous liter-
ature, indicating the ERP amplitudes and latencies may be
less sensitive to subtle neural modulation achieved by short-
term NFB training [57]. However, the ERTFR analyses re-
vealed that NFB training induced meaningful changes, and
in particular increased beta suppression and alpha desyn-
chronization in the central cortical region. This high-
lights the sensitivity of time-frequency analyses compared
to ERPs in detecting training-induced neural plasticity. Fur-
thermore, the significant ERTFR effects indicate that beta
and alpha rhythms, even if not the explicit targets of all
groups, are responsive to training and may underlie im-
proved perceptual performance via top-down attention or
cognitive control mechanisms.

To further probe the mechanistic link between the ob-
served neural modulation and behavioral gains, we exam-
ined subject-wise correlations between changes in central
ERTFR power and improvements in reaction time or accu-
racy. Contrary to the robust group-level effects, we found
no strong linear correlations between the magnitude of in-
dividual neural changes and behavioral outcomes. Taken
together, these findings suggest that, while neurofeedback
robustly modulated oscillatory dynamics and improved vi-
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sual detection performance at the group level, the present
dataset does not provide strong evidence for a tight linear
coupling between the magnitude of ERTFR changes and in-
dividual behavioral gains. This pattern is compatible with
the idea that oscillatory plasticity constitutes a necessary but
not solely sufficient condition for behavioral improvement,
and that additional factors—such as strategy use, baseline
efficiency, or non-neural sources of variability—may also
play an important role in shaping individual outcomes.

Several limitations of the present study should be ac-
knowledged. First, the sample size was modest, which
may have limited the detection of smaller effects and re-
duced the generalizability of the findings. Second, we did
not include follow-up sessions, thus preventing assessment
of the long-term retention of NFB-induced changes in os-
cillatory activity and behavior. Third, individual differ-
ences in NFB learning strategies and regulation efficacy
were not explicitly modeled, which may account for part of
the observed variability across participants [35]. Relatedly,
our neural-behavioral correlation analyses were necessarily
exploratory and underpowered, and the absence of strong
subject-wise coupling should therefore be interpreted with
caution. Finally, while we employed EZ-diffusion model-
ing to decompose the decision components, this simplified
approach relies on summary statistics (mean RT and vari-
ance) rather than full distribution fitting. The number of tri-
als and task structure in our study were optimized for NFB
rather than for complex cognitive modeling, thereby con-
straining the application of full hierarchical Bayesian drift
diffusion model (DDM) approaches. Future studies should
employ designs with larger trial counts to address this. Fur-
thermore, given the modest sample sizes (n = 14-16 per
group), effect-size estimates and individual-difference anal-
yses should be interpreted cautiously, and the mechanistic
interpretations we offer are intended as tentative rather than
definitive.

We explicitly acknowledge this limitation and note
the importance of future studies incorporating experimental
manipulations specifically tailored to DDM/signal detec-
tion theory (SDT) (e.g., graded stimulus difficulty, asym-
metric prior probabilities, or payoff structures). These
should allow a more precise characterization of how
gamma- and beta-thythm NFB influence perceptual evi-
dence processing, decision thresholds, and response ten-
dencies within the visual system.

5. Conclusions

This study demonstrates that neurofeedback (NFB)
can effectively enhance visual perception through the
rhythm-specific modulation of cortical oscillations. While
both gamma and gamma-beta training improved de-
tection performance alongside increased parieto-occipital
gamma activity—consistent with gamma’s role in sensory
encoding—the dual-band protocol uniquely recruited a top-
down mechanism characterized by central beta upregula-
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tion and modified post-stimulus suppression. The observed
spectral and regional specificity, where gamma modula-
tions were restricted to posterior sites and beta effects
emerged only centrally in the dual-band group, underscores
the dissociable functional roles of these rhythms in bottom-
up and top-down visual processing.

Using a rigorous double-blind, sham-controlled
framework, our findings highlight NFB as a viable tool
for probing the causal contributions of neural rhythms
to perception. However, the modest sample size and
the observed discrepancy between group-level effects
and individual neural-behavioral coupling necessitate
a cautious interpretation of these specific mechanisms.
Future research utilizing larger cohorts and designs tailored
for hierarchical cognitive modeling remains essential to
clarify how multi-band neurofeedback reshapes oscillatory
dynamics and to determine the extent to which such
plasticity can be reliably harnessed for targeted cognitive
enhancement.
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