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40-Hz Binaural beats enhance

training to mitigate the attentional
blink

Bernhard Ross(®%2™ & Marc Danzell Lopez'-3

This study investigated whether binaural beat stimulation could accelerate the training outcome in

an attentional blink (AB) task. The AB refers to the lapse in detecting a target T2 in rapid serial visual
presentation (RSVP) after the identification of a preceding target T1. Binaural beats (BB) are assumed to
entrain neural oscillations and support cognitive function. Participants were assigned into two groups
and presented with BB sounds while performing the AB task on three subsequent days in a cross-over
design. Group A was presented with 40-Hz BB during the first day and 16 Hz during the second day,
while the order of beat frequencies was reversed in Group B. No sound was presented on the third day.
MEG recordings confirmed a strong entrainment of gamma oscillations during 40-Hz BB stimulation
and smaller gamma entrainment with 16-Hz BB. The rhythm of the visual stimulation elicited 10-Hz
oscillations in occipital MEG sensors which were of similar magnitude for both BB frequencies. The

AB performance did not increase within a session. However, participants improved between sessions,
with overall improvement equal in both groups. Group A improved more after the first day than the
second day. In contrast, group B gained more from the 40 Hz stimulation on the second day than from
16-Hz stimulation on the first day. Taken together, 40-Hz BB stimulation during training accelerates the
training outcome. The improvement becomes evident not immediately, but after consolidation during
sleep. Therefore, auditory beats stimulation is a promising method of non-invasive brain stimulation for
enhancing training and learning which is well-suited to rehabilitation training.

Perceptual and motor skills can improve to a certain degree through training. However, successful training
requires time and effort. Notably, the outcome of rehabilitation training could benefit from new methods for
improving the efficacy of learning. One proposed method to accelerate learning employs non-invasive brain
stimulation, paired with a training task’. The current study used the attentional blink paradigm to investigate
whether auditory stimulation with binaural beats during the training improves the performance in detecting a
target within a rapidly presented sequence of visual stimuli.

Non-invasive brain stimulation using transcranial magnetic stimulation (TMS) and transcranial direct cur-
rent stimulation (tDCS) has been shown to improve learning and training outcomes>®. However, the underlying
mechanisms are not well understood. It has been suggested that the electric or magnetic stimulation modulates
the neural membrane potential* and causes inhibitory or excitatory effects depending on stimulus parameters®.
Also, the stimulation may increase synaptic efficacy through stimulus-induced long-term potentiation® and thus
facilitates neural plasticity underlying learning. A recent approach to non-invasive brain stimulation employs the
concept that rhythmic magnetic or electric stimulation could entrain neural oscillations in a specific frequency
band, such as gamma oscillations”®.

As an alternative to electrical stimulation, rhythmic sensory stimulation could entrain neural oscillations.
EEG and MEG studies showed synchronization of brain activity at the frequency of stimulation and its harmonics
in and beyond the corresponding sensory brain areas with visual flicker®!?, somatosensory tactile stimulation!!?
and auditory rhythm'>!4. Specifically, binaural beats (BB) have been proposed as a particularly beneficial stimulus
sound because they involve a complex interaction between brain processes. Binaural beats occur when both ears
are presented with pure tones of slightly different frequencies'. The frequency difference causes a periodic change
in the interaural phase difference. Neurons in the brainstem are sensitive to such interaural phase differences
and generate the BB'®. Binaural integration at the cortical level leads to the perception of a sound with a single
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pitch corresponding to the mean of both tones with modulation of the amplitude at a rate equal to the difference
between the two tonal frequencies!”.

Brain oscillations entrained by the BB have been recorded with EEG and MEG similar to the responses elic-
ited by amplitude-modulated sounds at theta frequencies'®'® and predominantly at gamma frequencies around
40 Hz!>1%%, although the beat salience is weaker at 40 Hz compared to low-frequency beats'”. Entrainment of
gamma oscillations is of specific interest because of the role of gamma oscillations for attention?', feature bind-
ing***, memory*, and learning®. Beneficial effects of BB stimulation have been reported for memory®*-%, atten-
tion®, creativity®!, anxiety control*’, modulation of mood states*”*, and pain perception®*.

We studied the effect of concurrent binaural beat stimulation on training to remediate the attentional blink
(AB) effect. The AB refers to the lapse in perception of a target T2 in a rapid serial visual presentation (RSVP) task
during a short time interval following the identification of a target T13>*°. The AB effect has been explained as
limits in the temporal dynamics of focusing attention®”, competition within the limits of a visual short term mem-
ory®® or limited capacity for later decision making®. Those limitations may be structural, and therefore, the effects
of training to overcome the AB effect may be marginal. However, the effects of intense training over multiple days
have been reported***!. Seemingly, a period of sleep between sessions plays an essential role in the effect of train-
ing the AB*2. The hypothesis that auditory beats interact with the visual AB stimuli requires synergetic interaction
between auditory and visual perception. Supporting evidence for non-conflicting cross-modal interaction came
from a study that showed that auditory processing was improved when participants were involved simultaneously
in a visual and auditory AB task®.

The specific aim of this study was to investigate whether a 40-Hz gamma-band BB stimulation had a stronger
effect on training the AB performance than a BB stimulation outside the gamma band. While previous studies
compared groups of participants, exposed with different BB frequencies*, we employed a crossover protocol
providing better statistical power to show treatment effects. Participants in the current study received a mod-
erate amount of training the AB paradigm within three sessions on subsequent days. During the first two days,
participants were exposed to BB stimulation at different frequencies suitable to strongly or weakly entrain neural
gamma oscillations. The research question was whether the stimulation with different BB frequencies would affect
the time courses of AB performance improvement. Half of the participants were presented with 40-Hz BB during
training on the first day and 16-Hz on the second day, while the order of BB frequency was switched for the other
half of the participants. No sound stimulation was provided on the third day. This design allowed for analyz-
ing performance changes on the AB task between groups but also the effect of BB treatment as a within-group
variable.

Methods

Participants. Twenty-nine young, healthy volunteers, recruited through the Rotman Research Institute
volunteer database and the local community, completed the study. One participant was excluded as an outlier
because they failed to perform the task; another was excluded for technical reasons. The participants were ran-
domly assigned to two treatment groups. Seven women and seven men with the mean age of 21.8 years (range,
18 to 28yrs, std = 3.3 yrs) were assigned to group A (n=14). Group B (n=13) consisted of eight women and
five men with a mean age of 21.9 years (range, 18 to 32yrs, std =3.6yrs). All participants had normal or correct-
ed-to-normal vision and normal hearing. They were self reportedly healthy without a history of neurological or
psychiatric disorders and free of medications. All participants were naive to the type of visual experiment used
and did not have experience with binaural beat stimulation. Participants provided their informed consent for
participating after receiving full information about the nature of the study. The study protocol was prepared in
accordance with the principles of ethical research as of the declaration of Helsinki* and was approved by the
Research Ethics Board at Baycrest Centre for Geriatric Care (REB 17-22).

RSVP stimulus sequence. The stimulus sequence was a rapid serial visual presentation (RSVP) of the 26
capital letters of the alphabet in random order without repetition of a letter. The stimuli were Helvetica font letters
of 10 mm height in the centre of a 15” LCD screen, placed at 60 cm viewing distance from the participant. The
letters were presented for 33 ms followed by a blank-screen inter-stimulus interval of 67 ms, which resulted in the
presentation rate of ten letters per second. The RSVP sequence (Fig. 1) started with a fixation cross 300 ms before
the sequence of black letters was presented on a light gray background. The T1 target was a random letter which
appeared in red colour between the 8" and 16" position in the sequence. The T2 target was the letter X without
colour emphasis. In half of the trials, the six-letter sequence directly following T1 contained T2. The other half of
the trials did not contain T2. In total, the sequences contained 14 to 22 letters following the initial fixation cross
and were of durations between 1.7 s and 2.5s. After the RSVP sequence, participants were asked to type the T1
letter and respond to whether they detected the T2 target using the arrow keys on a computer keyboard. There
was no time limitation for the response and the next sequence started 1.0s after the T2 response. The stimulus
presentation was controlled by Presentation software (Neurobehavioral Systems, Berkeley, CA).

Binaural beats. Pure tones of 420 Hz and 460 Hz presented to the left and right ear, respectively, were per-
ceived as a 40-Hz BB with a 440 Hz fundamental tone. Pure tones of 431.85 Hz and 448.15 Hz were used to pro-
duce the 16-Hz BB with the same fundamental tone. Sound files of 15 min duration were created with Matlab and
presented continuously in the background during the RSVP experiment. The sound intensity was set to 60 dB
sound-pressure level, equivalent to 48 dB normal hearing level. The sound intensity was controlled by a clinical
audiometer (GSI 61, Grason-Stadler, Eden Prairie, MN), and the sounds were presented with insert phones (EAR
3 A, Etymotic Research, Elk Grove Village, IL). The experiments were performed in a soundproof booth.
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Figure 1. Rapid serial visual presentation (RSVP) for the attentional blink (AB) experiment.

Study design. All participants performed the RSVP paradigm on a series of three days according to their
convenience. Most participants completed the study within three consecutive days; the longest interval between
the first and last session was seven days. At each session, the participants performed four experimental blocks.
Each experimental block consisted of ten trials for each of the six lag positions between T1 and T2 resulting in a
total of 60 RSVP trials per block. Each block began with a brief instruction and six practice trials. The first block
in each session was a control task without the red coloured T1 target, in which participants detected the letter X,
later used as the target T2. During the three subsequent blocks, participants identified the target T1 and detected
T2. About 10 to 12 minutes of time was required for each block. Participants were instructed to take a short break
between the blocks to mitigate the possible effects of fatigue. A session was completed within less than one hour.
The participants were randomly assigned to two groups which differed according to the order of the BB stimu-
lation. Group A listened to 40 Hz beats on the first day and to 16 Hz beats on the second day. Group B listened
first to 16 Hz beats, and the 40 Hz beats in the second session. No BB stimuli were presented on the third day for
either group.

MEG recordings. In a control group of n =5 healthy young adults, we recorded brain responses with MEG
to investigate the entrainment of oscillatory responses by the auditory and visual stimuli. In two sessions of
about one hour MEG recording each, the participants were presented with the RSVP sequences and listened
to the BB sounds at 16.3 Hz and 40 Hz, respectively. In a third one-hour MEG session, the participants listened
to the BB sounds only. The RSVP stimuli were twenty alphabetical letters, presented in random order with an
inter-stimulus interval of 100 ms without the AB task. The BB sounds were presented in short bursts of 3.0s dura-
tion strictly phase-locked to the visual stimuli. In contrast, the BB sound had been continuously presented for the
behavioural AB task, and the phase relation between auditory and visual stimuli varied between trials. The strict
phase-locking between the stimuli during the MEG recording allowed for analyzing putative interactions between
the visual and auditory stimuli. For each participant, we recorded a total of 980 trials with RSVP stimulation
and BB of 16.3 Hz and 40 Hz, respectively, and 480 trials each with sole BB stimulation at 16.3 Hz and 40 Hz. The
MEG was recorded with a 151 channel axial gradiometer-type whole head MEG system (CTF MEG, Coquitlam,
BC, Canada) at the Rotman Research Institute. Details about the MEG recording and data pre-processing can
be found in our previous reports'>. The MEG data analysis aimed at comparing the entrainment of auditory
responses at 16.3 Hz and 40 Hz and exploring whether 10-Hz oscillations, elicited by the rhythm of the visual
stimuli, were different when the participants were concurrently presented with BB sounds at 16.3 Hz or 40 Hz. The
data analysis was performed in the MEG sensor domain of the magnetic field signals. Outcome measure of the
analysis was the inter-trial phase coherence*®*” obtained from FFT spectrum analyses for the BB responses and
time-frequency analysis based on Morelet wavelets*® for the RSVP responses. The phase coherence indicates the
degree of synchronization regardless of the absolute signal amplitude and thus allows of fair comparison between
spectral components at different frequencies.

Analysis of behavioural data. Accuracy measures for the AB task were calculated separately for each lag
(one to six) as the difference between the hit rate and false-alarm rate of T2 detection considering only responses
following correct identification of T1. Measuring the AB effect and its training-related modulation requires com-
paring the accuracy at a short lag versus accuracy at a long lag*. Previous studies using similar RSVP stimulation
as in our study showed a most pronounced AB effect at the lag of two or three (180 to 270 ms)*>*** and specific
effects of training were found for the target at a lag of two®'~>*. Therefore, we observed the T2 | T1 accuracy at a
lag of two and compared this measure with the accuracy in the control condition, assuming that the accuracy
in the control condition reflects the asymptotic T2 | T1 accuracy for a long lag. The data were analyzed with
ANOVA and t-tests using the ez-anova package of R*. The data were tested for sphericity using Mauchly’s test and
Greenhouse-Geisser correction was applied when necessary. The P-values of posthoc comparisons were corrected
for multiple comparisons using the Holm-Bonferroni method.
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Figure 2. Binaural beat entrained brain oscillations. (A) Frequency spectra of auditory cortex responses to beat
stimulation between 3 Hz and 60 Hz!*. The beat frequencies of 40 Hz and 16.3 Hz were chosen for experimental
conditions with strong and weaker entrainment of 40-Hz oscillations, respectively. (B) Spectra of MEG brain
responses to 40 Hz and 16.3 Hz binaural beat stimulation. The spectra were obtained as the group mean of

the maximally responding sensor above the right temporal lobe with auditory beat stimulation alone and in
combination with the visual RSVP stimulation are overlaid. The topographic map of the MEG responses at

40 Hz in an individual participant reveals dipolar magnetic field patterns above bilateral temporal lobes, the
location of auditory cortices.

Results

Entrainment of brain responses. One crucial design factor for the study was the choice of BB frequen-
cies to provide a stark contrast between strong and weaker entrainment of gamma oscillations. The choice of BB
frequencies was informed by previous MEG research. Previously, we studied how the auditory cortex responds
to beat stimuli at various rates between 3 Hz and 60 Hz'*. The brain responded preferentially with oscillations at
40 Hz (Fig. 2A). Notably, a stimulus at subharmonics of 40 Hz, i.e., at 20 Hz, 13.3 Hz, 10 Hz, etc., elicited a prom-
inent response at 40 Hz. Thus, interpreting a contrast between beat stimulation at alpha (10 Hz), beta (20 Hz)
and gamma (40 Hz) could be challenging because all beat frequencies would elicit brain responses at 40 Hz.
Specifically, a beat stimulation at 20 Hz would not elicit a noticeable response at 20 Hz but a strong response at
40 Hz. Therefore, we chose the beat frequencies of 40 Hz and 16.3 Hz, the geometric mean of 20Hz and 13.3 Hz,
for a strong and weaker 40-Hz response, respectively. Figure 2A demonstrates that the auditory cortex activity
barely synchronizes to the stimulus at 16.3 Hz and does not generate oscillations in the 40-Hz gamma frequency
range.

The phase-coherence spectra of MEG recorded binaural beat responses in Fig. 2B predominantly show syn-
chronous activity at 40 Hz and a weaker contribution at the first harmonic at 80 Hz when the beat frequency was
40 Hz. In contrast, the 16.3 Hz beat elicited a much smaller response at the beat frequency and even smaller con-
tributions in the gamma band at 32.6 Hz and 48.9 Hz, two and three times the beat frequency. The MEG record-
ings confirmed that the experimental conditions constituted a contrast between strong and weaker entrainment
of gamma oscillations when the beat frequencies were 40 Hz and 16.3 Hz, respectively. Figure 2B also illustrates
that concurrent visual stimulation at the 10-Hz rate did not significantly affect the magnitudes of the auditory
response. The topographic map of the 40-Hz response (Fig. 2B) shows dipolar patterns above bilateral temporal
lobes, the origin of the auditory cortex, suggesting predominant contributions from auditory cortex activity. In
contrast to the magnetic field topography of a response elicited by an amplitude-modulated sound, the binaural
beat response was of almost opposite polarity in left and right auditory cortices consistent with earlier reports
about binaural beat and AM responses?.

The time-frequency map of phase synchronous responses to the visual stimulation shows transient responses
to the onset of the visual cue, the onset of the letter sequence, and the ending of the stimulus sequence and most
prominently continuous 10-Hz oscillations during presentation of the letter sequence (Fig. 3A). Moreover, the
time-frequency map indicates entrained oscillations at 20 Hz but less expressed in the gamma band at 30 Hz
and 40 Hz. The topographic map (Fig. 3B) shows a dipolar pattern of the 10-Hz oscillations above the occipital
brain. Time series of 10-Hz and 20-Hz activity show steady oscillations during the visual stimulation (Fig. 3C).
The frequency spectrum, obtained during the 0.5s to 2.5s time interval of periodic visual stimulation, shows
the prominent peak at the 10-Hz stimulation rate and smaller peaks at harmonic frequencies (Fig. 3D). Both the
time series and the frequency spectra are overlaid for the responses with concurrent 40-Hz and 16 Hz binaural
beat stimulation and did not exhibit differences between the beat frequencies. The time-frequency map of the
event-related changes in signal power (ERS/ERD) shows a strong power increase during the visual stimulation,
accompanied by a power decrease in the upper alpha band (Fig. 3E). The time series for 10-Hz ERD and 14-Hz
ERS and the ERS/ERD spectra obtained with concurrent auditory stimulation at 40 Hz and 16 Hz were overlaid
in Fig. 3E,G and showed closely similar characteristics.
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Figure 3. Entrainment of alpha oscillations through the rapid visual stimulation. (A) Time-frequency map of
the real part of phase coherence indicates strong synchronization of 10 Hz oscillations with the rhythm of the
visual stimuli (top) as well as weaker synchronizations at multiples of 10 Hz during the time interval of RSVP
stimulation. The time-frequency map was obtained as group mean across the maximally responding occipital
sensors in n=5 individuals. (B) The topographic map of 10 Hz oscillations shows a dipolar pattern above the
occipital lobe in an individual participant. (C) Group mean time series of oscillations at 10 Hz and 20 Hz. The
responses obtained during beat stimulation at 40 Hz and 16.3 Hz overlay almost perfectly. (D) Spectrum of
oscillations phase-locked with the stimulation rate of 10 Hz and its harmonics. (E) Time-frequency maps of
event-related synchronization (ERS, power increase relative to baseline) and desynchronization (ERD). The
visual stimuli induce a power increase at 10 Hz of similar magnitude for the concurrent beat stimulation at
16.3Hz and 40 Hz. The 10-Hz power increase is accompanied by a stimulus related power decrease in the upper
alpha band. (F) Frequency spectrum of induced power changes, showing power increase at 10 Hz and decrease
at 14 Hz. (G) Time series of ERS and ERD at 10 Hz and 14 Hz.

In brief summary, the MEG recordings demonstrated entrainment of multiple types of brain oscillations. The
visual stimulation entrained 10-Hz oscillations above occipital areas, while the concurrent binaural beat stimulus
elicited strong gamma responses at the 40-Hz beat rate and substantially weaker gamma oscillations when the
beat rate was 16.3 Hz.

Attentional blink performance. The group mean accuracy measures for T2 | T1 detection, visualized for
the three sessions in Fig. 4, revealed the characteristic AB effect of impaired accuracy for detecting the target T2
during the 500-ms interval following T1. The accuracy was measured as the percentage of detected T2 targets
conditional to the correct identification of the preceding T1 target minus the percentage of false alarms. The
ANOVA for the detection accuracy revealed an effect of the T2 position (F(5,130)=65.4, P < 0.0001, 12> =0.72),
an effect of sessions (F(2,52)=100, P < 0.0001, n>=0.79), and an interaction between sessions and the T2 posi-
tion (F(10,260)=3.06, P =0.0011) because the performance increase was depending on the T2 position. The
group-mean accuracy was lowest at the lag of two. Pairwise comparisons between the accuracy at lag of two with
all other lags found a Holm-Bonferroni corrected P-value of 0.03 for lag of three and p < 0.0001 for all other lags
(t(130)=8.65, 2.47, 8.0, 11.26, 15.64 for lag of 1, 3, 4, 5, and 6, respectively). Accuracy increased between first
and second day (t(52)=8.92, P < 0.0001) and between the second and third day (t(52)=7.74, P < 0.0001). Also,
the performance in the control condition, which required only detecting T2 without identifying T1, increased
between sessions (F(2,52)=26.9, P < 0.0001, n*=0.51). However, showing a general improvement in accuracy
across all lags is not sufficient to conclude a modulation of the AB effect®. Therefore, for subsequent analyses,
the AB effect was measured as the difference between accuracies for the T2 | T1 detection in the AB task and the
control condition as
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Figure 4. Grand mean attentional Blink effect, indicated by the percentage of correctly detected T2 letters
conditional the correct detection of T1 at the three days. The error bars denote the 95% confidence limits of
the group mean. The horizontal lines depict the detection rate in the control experiment without detecting the
target T1. The shaded areas indicates for the first day the AB effect referenced to the accuracy in the control
condition.
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Figure 5. Attentional Blink effect indicated by the mean performance at the three days in both experimental
groups.

AB_effect = p(T2|T1)p 1a + 100% — p(T2)

control task *

The AB effect, according to this definition, is depicted by the shaded area in Fig. 4 for the group-mean data
on the first day.

The resulting group mean AB characteristics are shown in Fig. 5 separately for the two treatment groups.
It becomes clear that the improvement in the control task accounted for most of the training effects since the
distances between the graphs for the different days in Fig. 5 are smaller compared to Fig. 4. Nonetheless, Fig. 5
provides the first hint of differences in the trajectories of training effects between the groups. For example, partic-
ipants in group A seemed to improve after the first day with 40-Hz BB stimulation, whereas lesser improvement
occurred after the second day with 16-Hz BB. In contrast, participants in group B seem to improve little after
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Figure 6. AB effect during the three experimental blocks per day and three subsequent days. Group A
was exposed to 40 Hz binaural beats at the first day and 16 Hz at the second day. The order of binaural beat
stimulation was reversed in group B. No sound stimulation was applied at the third day.
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Figure 7. AB effect under BB stimulation at 40 Hz and 16 Hz. (A) Trajectories of AB performance across the
three sessions for both experimental groups. (B) AB performance along the treatment arms with 40-Hz and
16-Hz binaural beat stimulation. The graphs show the change in AB performance between a session with 40-Hz
or 16-Hz BB stimulation and the following session.

the first day of training under 16-Hz BB stimulation. Specifically, no difference was shown between the first and
second day for the AB at a lag of two. However, the performance seems to increase after the second day of training
with 40-Hz BB. We focused the further analysis on the AB at a lag of two, for which previous studies showed an
effect of training.

Figure 6 shows how the group mean accuracy for T2|T1 detection developed for all experimental blocks
within a session and between the three subsequent sessions. An ANOVA with between-group factor ‘treatment
group and within-group factors ‘session” and ‘block’ revealed a main effect of ‘session’ (F(2,48) = 8.0, P = 0.001,
m? = 0.03). Pairwise comparisons indicated an overall performance gain between the first and last session (t(48)
= 3.83,P =0.0011). However, the effects of ‘block’ or interactions between ‘block’ and ‘session’ or ‘group’ were not
significant (F < 2.0 for all). Thus, this step of the data analysis did not provide evidence for a training effect within
a session, with neither 40-Hz nor 16-Hz BB stimulation. Therefore, for further analysis, the accuracy measures
for individual blocks were lumped together for each session, and we analyzed how the AB performance changed
between sessions.

Figure 7A shows the trajectories of the group mean AB effects, averaged across the three repeated blocks for
each of the three sessions and for both groups. Both groups improved their performance between the first and last
sessions (group A: t(13 = 2.61, P = 0.022, group B: t(12) = 2.36, P = 0.036). The overall gain also became evident
through the significant paired t-test for the combined groups (t(26) = 3.58, P = 0.0014). Participants in group A
improved between the first and second sessions (t(13) = 3.05, P = 0.009), but not between the second and third
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sessions (t(13) = —0.63, P = 0.54). In contrast, participants in group B did not improve between the first and
second sessions (t(12) = 0.49, P = 0.63) but showed a tendency for improvement between the second and third
sessions (t(12) = 1.88, P = 0.085). Unpaired t-tests did not show group differences in the first session (t(25) =
0.21, P = 0.84) and the third session (t(25) = 0.81, P = 0.42) but a significant group difference at the time of the
second session (t(25) = 3.88, P = 0.0007). Thus, both groups who performed the same AB tasks and received
the same amounts of auditory stimulation were not different at the beginning and the end of the experiment.
However, the trajectories diverged at mid-point of the experiment according to different orders of stimulation
with different BB frequencies.

The final step of the data analysis compared the performance change along the different treatment arms, as
illustrated in Fig. 7B. Here, the accuracy measures in both groups were combined according to the frequency of
BB stimulation applied during that session. The combined accuracy measures were compared between the session
with BB stimulation at each frequency and the subsequent session. The two-way ANOVA with the within-group
factors ‘treatment’ (40-Hz BB vs. 16-Hz BB) and ‘session’ revealed a main effect of ‘session’ (F(1,26) = 12,8, P =
0.0014, n? = 0.33), no mean difference between treatments (F(1,26) = 0.11, P = 0.74) but a ‘treatment’ X ‘session’
interaction (F(1,26) = 5.2, P = 0.031). The performance gain was significant after 40-Hz BB stimulation (t(26) =
3.54, p = 0.0015) but not after 16-Hz BB stimulation (t(26) = 0.39, P = 0.70).

The ANOVA for the T1 performance showed an effect of ‘sessions’ (F(2,50) = 14.3, P < 0.0001). T1 accuracy
improved between the first and second sessions (t(26) = 2.19, P = 0.036) and between the second and third
sessions (t(26) = 3.24, P = 0.004). There was no effect of ‘lag’ (F(5,125) = 0.7); specifically, the T1 performance
was not affected at a lag of one when T2 immediately followed T1. Also, no effect of ‘group’ or a ‘group’ X ‘session’
interaction was found.

Discussion

Over the time course of practicing the AB task in three sessions, all participants improved their performance.
While no performance gain was observed within a session, the performance enhanced between sessions at subse-
quent days after a night of sleep. Behavioural performance was not different during sessions with 16 Hz or 40 Hz
BB stimulation. Most notably, the between-sessions performance gain was largest after a session with 40-Hz BB
stimulation. The results demonstrate that 40-Hz BB stimulation concurrent with a training task enhances the
efficacy of the training.

Previous findings of a most pronounced AB effect when the rhythm of the RSVP stimulation coincided with
alpha and lower beta frequencies® suggested that brain oscillations at alpha and beta frequencies may play a role
in the neural mechanism underlying the AB. It has been shown that stronger suppression of alpha oscillation
during anticipation of the T2 target decreased the T2|T1 accuracy in an AB task®®. Moreover, visual perception
was affected by the phase of alpha oscillations in relation to the time of the stimulus onset®’~>°. However, the
explanation that the rhythm of the RSVP stimulation may entrain alpha oscillations, which in turn interacts with
subsequent visual processing remains still to be confirmed through experimental studies®. One finding was that
rhythmic auditory stimulation at 10-Hz entrained alpha oscillations and reduced the AB effect®. Another striking
finding was that listening to music while performing the AB task improved the AB performance®'. An explanation
of such a paradoxical effect could be that listening to music attenuated alpha oscillations in visual areas®? and
thus counteracted the alpha entrainment caused by the rhythmic visual stimulation. These findings support the
hypothesis that entrained alpha oscillations underlay the AB. Our MEG recordings demonstrated strong entrain-
ment of 10-Hz oscillations, which was also expressed by a substantial increase in the 10-Hz power compared to
baseline. However, the signal power in the upper alpha band decreased during visual stimulus presentation. Thus,
the stimuli induced alpha ERD and ERS simultaneously. Both types of event-related alpha power change have
been interpreted as active processes®. However, further research is required before conclusively explaining the
role of alpha oscillations for the AB effect.

In our current study, participants were exposed to continuous tones, which other than musical stimuli, did
not contain temporal transients, and thus unlikely reset the level of alpha oscillations. On the other hand, the
rhythm of the BB stimulation could have interacted with the rhythm of the RSVP stimulation. It has been shown
that cross-modal brain areas respond to rhythmic visual and auditory stimulations with oscillations at inter-
modulation frequencies®. Such cross-modal interactions could have affected visual perception® and attention®,
and such effects would be frequency-specific, i.e., the cross-modal interactions would have been different for
16-Hz and 40-Hz BB stimulation. We compared the visually entrained MEG alpha oscillations when participants
were concurrently presented with 40-Hz or 16-Hz beats and did not find significant effects on the 10-Hz oscilla-
tions and its harmonics. Moreover, we compared the auditory beat responses with and without concurrent visual
stimulation and did not find evidence for interactions. Although entrained auditory and visual responses were
strongly expressed in the response spectra, we did not find inter-modulation products. Cross-modal interactions
potentially could have immediately affected the AB performance and could have resulted in differences in the AB
effect during sessions with 16-Hz and 40-Hz BB stimulation. The MEG results of absent or minimal interactions
between the primary sensory responses correspond to the behavioural results of no immediate effect of the BB
stimulation.

Instead of an immediate effect of the BB stimulation, AB performance changes occurred with a delay between
sessions. Such delayed effect is characteristic of perceptual learning requiring consolidation during sleep®’”. That
sleep after training improves the AB performance has been shown previously®'. Thus, we assume that the BB
stimulation interacted with a neural network underlying learning and training rather than immediately with
perception.

Systematic studies about which BB frequency would provide the most beneficial training effects have not been
conducted so far. In most studies, likewise, in our study, the BB frequency was selected according to a hypothesis
about the role of entrained neural oscillations. Our study was designed to induce a strong (40 Hz) or weaker
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(16 Hz) entrainment of gamma oscillations through BB stimulation. The focus on 40-Hz oscillations is in line
with several reports about the positive effects of gamma-frequency BB. For example, 40-Hz BB improved work-
ing memory recall”’, gamma-band BB impacted the control of visual feature binding®®, and 40-Hz BB supported
cognitive control of decision making®. Another study showed that 20-Hz BB improved long term memory while
5-Hz BB impaired memory compared to a white noise control condition?®. However, the 20-Hz BB may have
entrained oscillations in a 40-Hz gamma network.

One important finding in our study was that the AB performance improved between sessions but no gain was
observed within a session with either type of BB stimulation. Previous studies about training effects on RSVP
tasks involved massive training with hundreds of repetitions of the task, commonly over the time course of sev-
eral days, thus including intervals of sleep**’°. Whether a period of sleep is required for a performance gain had
been investigated in a study in which participants performed AB tasks in the morning and evening of the same
day®!. Only participants who took a nap between the sessions improved the detection performance for targets at
lag of two, while participants who continued their daily activities did not gain in performance. Our finding of a
performance gain between sessions, assuming periods of sleep in between, may be explained by a two-step effect
of learning. Perceptual learning depends on improvements at the levels of sensation and perception as well as
at the cognitive level of decision making. Recent human studies showed that improvements at the latter level of
decision making might predominantly determine the learning outcome’'. We speculate that the performance in
the AB task depends on a top-down model of decision making. When repeatedly performing the AB task during
the training, participants better understand and refine the rules underlying the model. However, the model will
be updated only after consolidation over a night of sleep, and the updated model can be used on the following day.
Thus, the effect of training becomes evident on the next day.

The observed effects of training on the AB task were robust enough to conclude significant differences between
the treatment groups and significant differences between treatments with a strong or weaker gamma-frequency
BB. However, the total effect of the training was small, and after the training, the participants were still far from
overcoming the AB effect completely. Such incremental performance gain is consistent with previous studies
showing larger effects only after massive training with hundreds of repetitions*>*!. The current finding that pres-
entation with 40-Hz BB resulted in larger gain than 16-Hz BB suggests that gamma-frequency BB could be of
specific interest for improving rehabilitation training. The performance increments in rehabilitation training,
e.g., after brain injury or a stroke, are commonly tiny. Sensory stimulation such as through auditory beats, could
accelerate the training.

A recent study of the effects of BB on performance in the AB showed complete elimination of the AB during
stimulation with 40-Hz BB but no difference between stimulation with a 10-Hz BB and a control condition with-
out beating sound*!. However, the elimination of the AB was observed only in a subgroup of participants with
a low spontaneous eye-blink rate. Another study of inter-subject variability in AB performance’? reported an
almost absent AB effect in individuals with low eye-blink rate even without BB stimulation. None of the partici-
pants in the current study performed at the ceiling.

A study of monaural beats found similar effects on anxiety, mood, and memory, as reported with binaural
beats”. Thus, AM sounds could serve as rhythmic auditory stimuli. One advantage of using AM sounds is that
presentation with a single loudspeaker would be feasible instead of wearing headphones. EEG and MEG studies
showed similar effects of AM and BB stimuli on the auditory cortex responses'®?*74, However, we know little
about entrainment of neural oscillations beyond the auditory cortex, which may differ for AM and BB sounds.
Coincidence detectors in the auditory brainstem detect the BB induced rhythmic changes in the interaural phase
difference and generate the BB response. This neural network is used for sound localization and may project to
different cortical areas than the afferent projections for the AM sound. Our MEG results showed a magnetic-field
topography distinctly different from an AM-sound response. An fMRI study found different pathways of activa-
tion for sound localization versus sound recognition’; specifically, sound localization involved bilateral inferior
frontal and parietal lobes. Future studies still have to show whether BB stimuli provide better entrainment of
neural oscillations beyond primary sensory areas than AM sounds would do.

Continuous stimulation with BB sounds could be more acceptable than AM sounds because the salience of BB
is low, specifically at 40 Hz. In contrast, the buzzing AM sound could be perceived as annoying by some listeners.
Also, low-intensity tones can induce the BB. The BB can become audible even when the sound intensity in one
ear is up to 20 dB below sensation threshold’®. Also, BB has been created from a wide-band noise’” and has been
embedded in music*. Using such BB sounds could enhance compliance with listening to the stimuli. However,
the efficacy of music, noise, or subliminal sounds for non-invasive brain stimulation has yet to be proven.

In summary, this study provided the first evidence for the beneficial effects of BB stimulation on the trajectory
of training to overcome the AB effect. Common with electric or magnetic non-invasive brain stimulation, the
underlying mechanism requires further research. However, rhythmic sensory stimulation could be considered as
an efficient alternative or complement to currently used non-invasive brain stimulation.

Data availability

The data recorded for this study will be made available upon request.

Received: 2 November 2019; Accepted: 3 April 2020;
Published online: 24 April 2020

References
1. Koganemaru, S., Fukuyama, H. & Mima, T. Two is more than one: How to combine brain stimulation rehabilitative training for
functional recovery? Front. Syst. Neurosci. 9, https://doi.org/10.3389/fnsys.2015.00154 (2015).
2. Bolognini, N., Pascual-Leone, A. & Fregni, F. Using non-invasive brain stimulation to augment motor training-induced plasticity. J.
NeuroEng. Rehabil. 6, https://doi.org/10.1186/1743-0003-6-8 (2009).

SCIENTIFIC REPORTS |

(2020) 10:7002 | https://doi.org/10.1038/s41598-020-63980-y


https://doi.org/10.1038/s41598-020-63980-y
https://doi.org/10.3389/fnsys.2015.00154
https://doi.org/10.1186/1743-0003-6-8

www.nature.com/scientificreports/

10.
11.
12.
13.
14.

15.
16.

17.
. Pratt, H. et al. A comparison of auditory evoked potentials to acoustic beats and to binaural beats. Hear. Res. 262, 34-44, https://doi.

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.

. Floel, A. TDCS-enhanced motor and cognitive function in neurological diseases. Neuroimage 85, 934-947, https://doi.org/10.1016/j.

neuroimage.2013.05.098 (2014).

. Wu, T, Jie, E, Seng, L. K., Li, X. & Wilder-Smith, E. P. V. Modeling of membrane potential dynamics induced by electromagnetic

stimulation. Int IEEE/EMBS Conf Neur Eng 2013, 243-246, https://doi.org/10.1109/NER.2013.6695917 (2013).

. Pashut, T. et al. Mechanisms of magnetic stimulation of central nervous system neurons. PLoS Comput. Biol. 7, https://doi.

org/10.1371/journal.pcbi.1002022 (2011).

. Sanders, P. ., Thompson, B., Corballis, P. M., Maslin, M. & Searchfield, G. D. A review of plasticity induced by auditory and visual

tetanic stimulation in humans. Eur. J. Neurosci. 48, 2084-2097, https://doi.org/10.1111/ejn.14080 (2018).

. Thut, G, Schyns, P. G. & Gross, . Entrainment of perceptually relevant brain oscillations by non-invasive rhythmic stimulation of

the human brain. Front. Psychol. 2, https://doi.org/10.3389/fpsyg.2011.00170 (2011).

. Vosskuhl, J., Striiber, D. & Herrmann, C. S. Non-invasive Brain Stimulation: A Paradigm Shift in Understanding Brain Oscillations.

Front. Hum. Neurosci. 12, https://doi.org/10.3389/fnhum.2018.00211 (2018).

. Walter, V. ]. & Walter, W. G. The central effects of rhythmic sensory stimulation. Electroencephalogr. Clin. Neurophysiol. 1, 57-86,

https://doi.org/10.1016/0013-4694(49)90164-9 (1949).

Herrmann, C. S. Human EEG responses to 1-100 Hz flicker: Resonance phenomena in visual cortex and their potential correlation
to cognitive phenomena. Exp. Brain Res. 137, 346-353, https://doi.org/10.1007/s002210100682 (2001).

Ross, B., Jamali, S., Miyazaki, T. & Fujioka, T. Synchronization of beta and gamma oscillations in the somatosensory evoked
neuromagnetic steady-state response. Exp. Neurol. 245, 40-51, https://doi.org/10.1016/j.expneurol.2012.08.019 (2013).

Tobimatsu, S., Zhang, Y. M. & Kato, M. Steady-state vibration somatosensory evoked potentials: Physiological characteristics and
tuning function. Clin. Neurophysiol. 110, 1953-1958 (1999).

Ross, B., Miyazaki, T., Thompson, J., Jamali, S. & Fujioka, T. Human cortical responses to slow and fast binaural beats reveal multiple
mechanisms of binaural hearing. J. Neurophysiol. 112, 1871-1884, https://doi.org/10.1152/jn.00224.2014 (2014).

Picton, T. W, John, M. S., Dimitrijevic, A. & Purcell, D. Human auditory steady-state responses. Int. J. Audiol. 42, 177-219, https://
doi.org/10.3109/14992020309101316 (2003).

Oster, G. Auditory beats in the brain. Sci. Am. 229, 94-102 (1973).

Yin, T. C. T. & Chan, J. C. K. Interaural time sensitivity in medial superior olive of cat. J. Neurophysiol. 64, 465-488, https://doi.
org/10.1152/jn.1990.64.2.465 (1990).

Grose, J. H., Buss, E. & Hall, J. W. Binaural beat salience. Hear. Res. 285, 40-45, https://doi.org/10.1016/j.heares.2012.01.012 (2012).

org/10.1016/j.heares.2010.01.013 (2010).

Karino, S. et al. Neuromagnetic responses to binaural beat in human cerebral cortex. J. Neurophysiol. 96, 1927-1938, https://doi.
org/10.1152/jn.00859.2005 (2006).

Draganova, R., Ross, B., Wollbrink, A. & Pantev, C. Cortical steady-state responses to central and peripheral auditory beats. Cereb.
Cortex 18, 1193-1200 (2008).

Lakatos, P., Karmos, G., Mehta, A. D., Ulbert, I. & Schroeder, C. E. Entrainment of neuronal oscillations as a mechanism of
attentional selection. Science 320, 110-113, https://doi.org/10.1126/science.1154735 (2008).

Engel, A. K. & Singer, W. Temporal binding and the neural correlates of sensory awareness. Trends Cogn. Sci. 5, 16-25, https://doi.
0rg/10.1016/51364-6613(00)01568-0 (2001).

Tallon-Baudry, C. & Bertrand, O. Oscillatory gamma activity in humans and its role in object representation. Trends Cogn. Sci. 3,
151-162 (1999).

Jensen, O., Kaiser, J. & Lachaux, J. P. Human gamma-frequency oscillations associated with attention and memory. Trends Neurosci.
30, 317-324, https://doi.org/10.1016/j.tins.2007.05.001 (2007).

Tort, A. B. L., Komorowski, R. W,, Manns, ]. R., Kopell, N. J. & Eichenbaum, H. Theta-gamma coupling increases during the learning
of item-context associations. Proc. Natl. Acad. Sci. USA 106, 20942-20947, https://doi.org/10.1073/pnas.0911331106 (2009).
Garcia-Argibay, M., Santed, M. A. & Reales, J. M. Binaural auditory beats affect long-term memory. Psychol. Res. 83, 1124-1136,
https://doi.org/10.1007/s00426-017-0959-2 (2019).

Jirakittayakorn, N. & Wongsawat, Y. Brain responses to 40-Hz binaural beat and effects on emotion and memory. Int. J. Psychophysiol.
120, 96-107, https://doi.org/10.1016/j.ijpsycho.2017.07.010 (2017).

Beauchene, C., Abaid, N., Moran, R, Diana, R. A. & Leonessa, A. The effect of binaural beats on visuospatial working memory and
cortical connectivity. PLoS ONE 11, https://doi.org/10.1371/journal.pone.0166630 (2016).

Kraus, J. & Porubanové, M. The effect of binaural beats on working memory capacity. Stud. Psychol. 57, 135-145, https://doi.
org/10.21909/sp.2015.02.689 (2015).

Kennel, S., Taylor, A. G., Lyon, D. & Bourguignon, C. Pilot Feasibility Study of Binaural Auditory Beats for Reducing Symptoms of
Inattention in Children and Adolescents with Attention-Deficit/Hyperactivity Disorder. J. Pediatr. Nurs. 25, 3-11, https://doi.
0rg/10.1016/j.pedn.2008.06.010 (2010).

Reedijk, S. A., Bolders, A. & Hommel, B. The impact of binaural beats on creativity. Front. Hum. Neurosci., https://doi.org/10.3389/
fnhum.2013.00786 (2013).

Le Scouarnec, R. P. et al. Use of binaural beat tapes for treatment of anxiety: A pilot study of tape preference and outcomes. Altern.
Ther. Health Med. 7, 58-63 (2001).

Chaieb, L., Wilpert, E. C., Reber, T. P. & Fell, J. Auditory beat stimulation and its effects on cognition and mood states. Front.
Psychiatry 6, https://doi.org/10.3389/fpsyt.2015.00070 (2015).

Garcia-Argibay, M., Santed, M. A. & Reales, J. M. Efficacy of binaural auditory beats in cognition, anxiety, and pain perception: a
meta-analysis. Psychol. Res. 83, 357-372, https://doi.org/10.1007/s00426-018-1066-8 (2019).

Raymond, J. E., Shapiro, K. L. & Arnell, K. M. Temporary Suppression of Visual Processing in an RSVP Task: An Attentional Blink?
J. Exp. Psychol. Hum. Percept. Perform. 18, 849-860, https://doi.org/10.1037/0096-1523.18.3.849 (1992).

Dux, P. E. & Rentmarois The attentional blink: A review of data and theory. Atten. Percept. Psychophys. 71, 1683-1700, https://doi.
org/10.3758/app.71.8.1683 (2009).

VanRullen, R., Carlson, T. & Cavanagh, P. The blinking spotlight of attention. Proc. Natl. Acad. Sci. USA 104, 19204-19209, https://
doi.org/10.1073/pnas.0707316104 (2007).

Marois, R. & Ivanoff, J. Capacity limits of information processing in the brain. Trends Cogn. Sci. 9, 296-305, https://doi.org/10.1016/j.
tics.2005.04.010 (2005).

Jolicceur, P. & DellAcqua, R. The Demonstration of Short-Term Consolidation. Cognit. Psychol. 36, 138-202, https://doi.org/10.1006/
cogp.1998.0684 (1998).

Braun, J., Joseph, J. S., Chun, M. M. & Nakayama, K. Vision and attention: The role of training. Nature 393, 424-425, https://doi.
org/10.1038/30875 (1998).

Choi, H., Chang, L. H., Shibata, K., Sasaki, Y. & Watanabe, T. Resetting capacity limitations revealed by long-lasting elimination of
attentional blink through training. Proc. Natl. Acad. Sci. USA 109, 12242-12247, https://doi.org/10.1073/pnas.1203972109 (2012).
Baeck, A., Rentmeesters, N. & Holtackers, S. & Op de Beeck, H. P. The effect of sleep in perceptual learning with complex objects.
Vision Res. 99, 180-185, https://doi.org/10.1016/j.visres.2013.10.003 (2014).

Haroush, K., Deouell, L. Y. & Hochstein, S. Hearing while blinking: Multisensory attentional blink revisited. J. Neurosci. 31, 922-927,
https://doi.org/10.1523/jneurosci.0420-10.2011 (2011).

SCIENTIFIC REPORTS |

(2020) 10:7002 | https://doi.org/10.1038/s41598-020-63980-y


https://doi.org/10.1038/s41598-020-63980-y
https://doi.org/10.1016/j.neuroimage.2013.05.098
https://doi.org/10.1016/j.neuroimage.2013.05.098
https://doi.org/10.1109/NER.2013.6695917
https://doi.org/10.1371/journal.pcbi.1002022
https://doi.org/10.1371/journal.pcbi.1002022
https://doi.org/10.1111/ejn.14080
https://doi.org/10.3389/fpsyg.2011.00170
https://doi.org/10.3389/fnhum.2018.00211
https://doi.org/10.1016/0013-4694(49)90164-9
https://doi.org/10.1007/s002210100682
https://doi.org/10.1016/j.expneurol.2012.08.019
https://doi.org/10.1152/jn.00224.2014
https://doi.org/10.3109/14992020309101316
https://doi.org/10.3109/14992020309101316
https://doi.org/10.1152/jn.1990.64.2.465
https://doi.org/10.1152/jn.1990.64.2.465
https://doi.org/10.1016/j.heares.2012.01.012
https://doi.org/10.1016/j.heares.2010.01.013
https://doi.org/10.1016/j.heares.2010.01.013
https://doi.org/10.1152/jn.00859.2005
https://doi.org/10.1152/jn.00859.2005
https://doi.org/10.1126/science.1154735
https://doi.org/10.1016/s1364-6613(00)01568-0
https://doi.org/10.1016/s1364-6613(00)01568-0
https://doi.org/10.1016/j.tins.2007.05.001
https://doi.org/10.1073/pnas.0911331106
https://doi.org/10.1007/s00426-017-0959-2
https://doi.org/10.1016/j.ijpsycho.2017.07.010
https://doi.org/10.1371/journal.pone.0166630
https://doi.org/10.21909/sp.2015.02.689
https://doi.org/10.21909/sp.2015.02.689
https://doi.org/10.1016/j.pedn.2008.06.010
https://doi.org/10.1016/j.pedn.2008.06.010
https://doi.org/10.3389/fnhum.2013.00786
https://doi.org/10.3389/fnhum.2013.00786
https://doi.org/10.3389/fpsyt.2015.00070
https://doi.org/10.1007/s00426-018-1066-8
https://doi.org/10.1037/0096-1523.18.3.849
https://doi.org/10.3758/app.71.8.1683
https://doi.org/10.3758/app.71.8.1683
https://doi.org/10.1073/pnas.0707316104
https://doi.org/10.1073/pnas.0707316104
https://doi.org/10.1016/j.tics.2005.04.010
https://doi.org/10.1016/j.tics.2005.04.010
https://doi.org/10.1006/cogp.1998.0684
https://doi.org/10.1006/cogp.1998.0684
https://doi.org/10.1038/30875
https://doi.org/10.1038/30875
https://doi.org/10.1073/pnas.1203972109
https://doi.org/10.1016/j.visres.2013.10.003
https://doi.org/10.1523/jneurosci.0420-10.2011

www.nature.com/scientificreports/

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

Reedijk, S. A., Bolders, A., Colzato, L. S. & Hommel, B. Eliminating the attentional blink through binaural beats: A case for tailored
cognitive enhancement. Front. Psychiatry 6, https://doi.org/10.3389/fpsyt.2015.00082 (2015).

World Medical Association declaration of Helsinki. Ethical principles for medical research involving human subjects. JAMA 310,
2191-2194, https://doi.org/10.1001/jama.2013.281053 (2013).

Lachaux, J. P, Rodriguez, E., Martinerie, J. & Varela, F. ]. Measuring phase synchrony in brain signals. Hum. Brain Mapp. 8, 194-208,
doi:10.1002/(sici)1097-0193(1999)8:4 < 194::aid-hbm4>3.0.c0;2-c (1999).

Wianda, E. & Ross, B. Detecting neuromagnetic synchrony in the presence of noise. J. Neurosci. Methods 262, 41-55, https://doi.
org/10.1016/j.jneumeth.2016.01.012 (2016).

Kronland-Martinet, R., Morlet, J. & Grossmann, A. Analysis of sound patterns through wavelet transforms. Int | Pattern Recogn 1,
273-302, https://doi.org/10.1142/S0218001487000205 (1987).

MacLean, M. H. & Arnell, K. M. A conceptual and methodological framework for measuring and modulating the attentional blink.
Atten. Percept. Psychophys. 74, 1080-1097, https://doi.org/10.3758/s13414-012-0338-4 (2012).

Shapiro, K. L., Arnell, K. M. & Raymond, J. E. The attentional blink. Trends Cogn. Sci. 1, 291-296, https://doi.org/10.1016/s1364-
6613(97)01094-2 (1997).

Cellini, N. et al. Sleep after practice reduces the attentional blink. Atten. Percept. Psychophys. 77, 1945-1954, https://doi.org/10.3758/
$13414-015-0912-7 (2015).

Garner, K. G., Tombu, M. N. & Dux, P. E. The influence of training on the attentional blink and psychological refractory period.
Atten. Percept. Psychophys. 76, 979-999, https://doi.org/10.3758/s13414-014-0638-y (2014).

Tang, M. E, Badcock, D. R. & Visser, T. A. W. Training and the attentional blink: Limits overcome or expectations raised? Psychon.
Bull. Rev. 21, 406-411, https://doi.org/10.3758/s13423-013-0491-3 (2014).

R Core Team. (R Foundation for Statistical Computing, Vienna, Austria, 2013).

Shapiro, K. L., Hanslmayr, S., Enns, J. T. & Lleras, A. Alpha, beta: The rhythm of the attentional blink. Psychon. Bull. Rev. 24,
1862-1869, https://doi.org/10.3758/s13423-017-1257-0 (2017).

MacLean, M. H. & Arnell, K. M. Greater attentional blink magnitude is associated with higher levels of anticipatory attention as
measured by alpha event-related desynchronization (ERD). Brain Res. 1387, 99-107, https://doi.org/10.1016/j.brainres.2011.02.069
(2011).

Hiilsdiinker, T., Striider, H. K. & Mierau, A. The pre-stimulus oscillatory alpha phase affects neural correlates of early visual
perception. Neurosci. Lett. 685, 90-95, https://doi.org/10.1016/j.neulet.2018.08.020 (2018).

Milton, A. & Pleydell-Pearce, C. W. The phase of pre-stimulus alpha oscillations influences the visual perception of stimulus timing.
Neuroimage 133, 53-61, https://doi.org/10.1016/j.neuroimage.2016.02.065 (2016).

Busch, N. A., Dubois, J. & VanRullen, R. The phase of ongoing EEG oscillations predicts visual perception. J. Neurosci. 29,
7869-7876, https://doi.org/10.1523/jneurosci.0113-09.2009 (2009).

Ronconi, L., Pincham, H. L., Cristoforetti, G., Facoetti, A. & Szucs, D. Shaping prestimulus neural activity with auditory rhythmic
stimulation improves the temporal allocation of attention. Neuroreport 27, 487-494, https://doi.org/10.1097/wnr.0000000000000565
(2016).

Olivers, C. N. L. & Nieuwenhuis, S. The beneficial effect of concurrent task-irrelevant mental activity on temporal attention. Psychol.
Sci. 16, 265-269, https://doi.org/10.1111/j.0956-7976.2005.01526.x (2005).

Jancke, L., Leipold, S. & Burkhard, A. The neural underpinnings of music listening under different attention conditions. Neuroreport
29, 594-604, https://doi.org/10.1097/wnr.0000000000001019 (2018).

Klimesch, W., Sauseng, P. & Hanslmayr, S. EEG alpha oscillations: The inhibition-timing hypothesis. Brain Research Reviews 53,
63-88, https://doi.org/10.1016/j.brainresrev.2006.06.003 (2007).

Regan, M. P, Regan, D. & He, P. An audio-visual convergence area in the human brain. Exp. Brain Res. 106, 485-487, https://doi.
org/10.1007/bf00231071 (1995).

Gordon, N., Hohwy, J., Davidson, M. J., van Boxtel, J. J. A. & Tsuchiya, N. From intermodulation components to visual perception
and cognition-a review. Neuroimage 199, 480-494, https://doi.org/10.1016/j.neuroimage.2019.06.008 (2019).

Norcia, A. M., Gregory Appelbaum, L., Ales, J. M., Cottereau, B. R. & Rossion, B. The steady-state visual evoked potential in vision
research: A review. J. Vision 15, 1-46, https://doi.org/10.1167/15.6.4 (2015).

Alain, C,, Zhu, K. D, He, Y. & Ross, B. Sleep-dependent neuroplastic changes during auditory perceptual learning. Neurobiol. Learn.
Mem. 118, 133-142, https://doi.org/10.1016/j.n1m.2014.12.001 (2015).

Colzato, L. S., Steenbergen, L. & Sellaro, R. The effect of gamma-enhancing binaural beats on the control of feature bindings. Exp.
Brain Res. 235, 2125-2131, https://doi.org/10.1007/s00221-017-4957-9 (2017).

Hommel, B, Sellaro, R., Fischer, R., Borg, S. & Colzato, L. S. High-frequency binaural beats increase cognitive flexibility: Evidence
from dual-task crosstalk. Front. Psychol. 7, https://doi.org/10.3389/fpsyg.2016.01287 (2016).

Enns, J. T, Kealong, P, Tichon, J. G. & Visser, T. A. W. Training and the attentional blink: Raising the ceiling does not remove the
limits. Atten. Percept. Psychophys. 79, 2257-2274, https://doi.org/10.3758/s13414-017-1391-9 (2017).

Diaz, J. A., Queirazza, F. & Philiastides, M. G. Perceptual learning alters post-sensory processing in human decision-making. Nat.
Hum. Behav. 1, https://doi.org/10.1038/s41562-016-0035 (2017).

Martens, S., Munneke, J., Smid, H. & Johnson, A. Quick minds don’t blink: Electrophysiological correlates of individual differences
in attentional selection. J. Cogn. Neurosci. 18, 1423-1438, https://doi.org/10.1162/jocn.2006.18.9.1423 (2006).

Chaieb, L., Wilpert, E. C., Hoppe, C., Axmacher, N. & Fell, ]. The impact of monaural beat stimulation on anxiety and cognition.
Front. Hum. Neurosci. 11, https://doi.org/10.3389/fnhum.2017.00251 (2017).

Schwarz, D. W. E. & Taylor, P. Human auditory steady state responses to binaural and monaural beats. Clin. Neurophysiol. 116,
658-668, https://doi.org/10.1016/j.clinph.2004.09.014 (2005).

Maeder, P. P. et al. Distinct pathways involved in sound recognition and localization: A human fMRI study. Neuroimage 14, 802-816,
https://doi.org/10.1006/nimg.2001.0888 (2001).

Groen, J. ]. Super- and subliminal binaural beats. Acta Otolaryngol. (Stockh). 57, 224-230 (1964).

Akeroyd, M. A. A binaural beat constructed from a noise (L). J. Acoust. Soc. Am. 128, 3301-3304, https://doi.org/10.1121/1.3505122
(2010).

Acknowledgements
The work was supported by grant MOP125925 from the Canadian Institutes for Health Research to BR.

Author contributions

B.R. and M.D.L. conceived and designed the study, M.D.L. configured the stimulation paradigms. M.D.L.
performed all experimental procedures, B.R. and M.D.L. analyzed the data, B.R. primarily wrote the manuscript.
M.D.L. contributed to writing the manuscript.

Competing interests
The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2020) 10:7002 | https://doi.org/10.1038/s41598-020-63980-y


https://doi.org/10.1038/s41598-020-63980-y
https://doi.org/10.3389/fpsyt.2015.00082
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1016/j.jneumeth.2016.01.012
https://doi.org/10.1016/j.jneumeth.2016.01.012
https://doi.org/10.1142/S0218001487000205
https://doi.org/10.3758/s13414-012-0338-4
https://doi.org/10.1016/s1364-6613(97)01094-2
https://doi.org/10.1016/s1364-6613(97)01094-2
https://doi.org/10.3758/s13414-015-0912-7
https://doi.org/10.3758/s13414-015-0912-7
https://doi.org/10.3758/s13414-014-0638-y
https://doi.org/10.3758/s13423-013-0491-3
https://doi.org/10.3758/s13423-017-1257-0
https://doi.org/10.1016/j.brainres.2011.02.069
https://doi.org/10.1016/j.neulet.2018.08.020
https://doi.org/10.1016/j.neuroimage.2016.02.065
https://doi.org/10.1523/jneurosci.0113-09.2009
https://doi.org/10.1097/wnr.0000000000000565
https://doi.org/10.1111/j.0956-7976.2005.01526.x
https://doi.org/10.1097/wnr.0000000000001019
https://doi.org/10.1016/j.brainresrev.2006.06.003
https://doi.org/10.1007/bf00231071
https://doi.org/10.1007/bf00231071
https://doi.org/10.1016/j.neuroimage.2019.06.008
https://doi.org/10.1167/15.6.4
https://doi.org/10.1016/j.nlm.2014.12.001
https://doi.org/10.1007/s00221-017-4957-9
https://doi.org/10.3389/fpsyg.2016.01287
https://doi.org/10.3758/s13414-017-1391-9
https://doi.org/10.1038/s41562-016-0035
https://doi.org/10.1162/jocn.2006.18.9.1423
https://doi.org/10.3389/fnhum.2017.00251
https://doi.org/10.1016/j.clinph.2004.09.014
https://doi.org/10.1006/nimg.2001.0888
https://doi.org/10.1121/1.3505122

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to B.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:7002 | https://doi.org/10.1038/541598-020-63980-y


https://doi.org/10.1038/s41598-020-63980-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	40-Hz Binaural beats enhance training to mitigate the attentional blink

	Methods

	Participants. 
	RSVP stimulus sequence. 
	Binaural beats. 
	Study design. 
	MEG recordings. 
	Analysis of behavioural data. 

	Results

	Entrainment of brain responses. 
	Attentional blink performance. 

	Discussion

	Acknowledgements

	Figure 1 Rapid serial visual presentation (RSVP) for the attentional blink (AB) experiment.
	Figure 2 Binaural beat entrained brain oscillations.
	Figure 3 Entrainment of alpha oscillations through the rapid visual stimulation.
	Figure 4 Grand mean attentional Blink effect, indicated by the percentage of correctly detected T2 letters conditional the correct detection of T1 at the three days.
	Figure 5 Attentional Blink effect indicated by the mean performance at the three days in both experimental groups.
	Figure 6 AB effect during the three experimental blocks per day and three subsequent days.
	Figure 7 AB effect under BB stimulation at 40 Hz and 16 Hz.




