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1 Introduction
BrainAble's main objective is to improve the quality of life of people with disabilities by
providing user‐friendly BCI‐based technology that will help them to develop autonomy and
social inclusion. The use of audiovisual material in the context of BCI research raises
interesting questions about cognitive stimulation and rehabilitation.
The prototype presented here focuses on brain entrainment via auditory stimulation and is
complementary to D4.3, which described a number of VR systems and their effect on the
user. Here we take a closer look at a specific auditory stimulus called binaural beat that
stimulates arousal, focus and awareness, all fundamental components of consciousness.
Along the lines of the perturbational approach to the study of consciousness described by
[9], we propose the investigation of the usability and efficiency of binaural beats on patients
with varying deficits of consciousness (coma, minimally conscious and locked‐in syndrome).
Binaural beats are a simple but powerful technique that allows entraining brain activity at
specific frequencies that follow the frequency of the original binaural beat stimulus.
Although there have been several scientific reports describing the merits of binaural beat
stimulation e.g. for treating anxiety or improving cognitive skills (Cf. Paragraph 2.2), this
technique is still not widely used in a clinical setting. In this prototype and pilot study with
healthy controls, we take a first step towards a systematic study of binaural beats that paves
the way for further experiments on the auditory stimulation of patients with consciousness
deficits. The study of Binaural beat stimulation in the SMR frequency range is also of
particular interest for potential improvement in SMR‐based BCI training.

2 Binaural beat stimulation
2.1

Binaural beat and brain entrainment

Binaural beats are auditory brainstem responses originating in the superior olivary nucleus
of each brain hemisphere (Figure 1). They are generated by stimulating each ear with two
separate tones below 1 kHz that differ in frequency [11].

Figure 1: Binaural Pathway: the superior olivary complex

The human auditory system is extremely sensitive to the time delay (called Interaural Time
Difference or ITD) observed between two ears in response to sound stimuli. ITD plays a
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fundamental role in the detection of the direction of sound sources and ITD cues are derived
from interaural phase differences for frequencies below 1 kHz (below 1 kHz, the sound wave
length is longer than the diameter of the human skull and diffracts) [2 ,16]. Thus, tones with
a slight frequency difference delivered separately to the left and right ear can be perceived
as being lateralized. Under normal circumstances, phase difference provides directional
information. When stereo headphones are used, a perceptual integration takes place and a
“third” beating frequency is heard. In that context, the binaural beat effect appears as the
two out‐of‐phase waveforms at each ear are integrated within the superior olivary nuclei.
The beating information is routed to the reticular formation and conducted to the cortex.
This simple mechanism can be used to entrain the brain’s rhythmic activity following a
Frequency Following Response (FFR) [5 ,18].

Figure 2: Two slightly detuned tones at each ear generate a binaural beat at a frequency that is the
difference between the frequencies of the original stimuli.

2.2

Previous Clinical studies

Entrainment Binaural beats have been used to entrain the brain activity in specific
frequency range such as alpha (corresponding to a relaxation state), beta (alertness) and
have been shown to affect vigilance and mood [6 ,1].
Plasticity Studies have shown some effect of binaural beat training on the plasticity of the
brain for the trained frequencies. Some symmetric hemispheric balancing was found [10 ,3].
Hormone secretion Beta‐endorphin and dopamine secretion have been shown to be
modulated by binaural beat training [13 ,21].
Learning and memory The presence of theta activity in the brain has been associated with
learning [17] and theta stimulation has been shown to affect learning and cognitive tasks [4
,20].

D4.4_v1.1, VR and media based tools (confidential)

page 6 of 13

Sleeping
[19].

There are some reports of using alpha binaural stimulation for lucid dreaming

Addiction
Alpha theta brainwave entrainment has been used in the treatment of
addictions notably alcoholism [15 ,13 ,22].
Anxiety Binaural beats have been shown to decrease acute preoperative anxiety [12] and
reduce general anxiety [21 ,8].

2.3

Binaural beat as a tool for the study of deficits of consciousness

Binaural beats provide potential consciousness‐altering information to the brain’s reticular
activating system that interprets and react to this information by stimulating the thalamus
and cortex. It provides a simple way to potentially alter arousal, focus and awareness, which
are fundamental components of consciousness [14 ,7].

3 Prototype and pilot experiment
To study the effect of brainwave entrainment under binaural beat stimulation, we designed
a first prototype validated by a preliminary pilot experiment where we recorded the EEG
activity of one healthy subject while listening to a well‐defined set of binaural beat stimuli
(Figure 3).

Figure 3: The experimental setup using gUSBamp, Gammabox hardware by G.tec
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3.1
3.1.1

Methods
Stimulus Presentation Software

The auditory stimuli were generated using the stimulus presentation software Gnaural 1. We
designed a stimulus with a beating frequency of 10 Hz and a base frequency of 440 Hz
(corresponding to a brainwave in the Alpha range). The global volume was chosen by the
user so that if felt comfortable and could perceive the binaural beat effect. The pink noise
volume was set at ¼ of the binaural stimulus. The frequency for the binaural stimulus was
set at 440 for the right ear, and 450 for the left ear.

Figure 4: : Gnaural: the binaural beat stimulus presentation software allows defining the base and
beating frequency as well as the volumes of beat stimulus and pink noise.

3.1.2

EEG recording system

EEG signals were acquired with G.tec equipment including gUSBamp amplifier and
GammaBox preamplifier (Figure 3). The 16 recording electrodes were placed at standard
locations following the international 10‐20 system (Figure 5). Signals were acquired at a
sampling rate of 256 Hz and pre‐amplified in the range [0.5 60] Hz. A notch filter was used to
reduce 50 Hz artefacts.

Figure 5: 16 electrodes setup according to the 10-20 standard

1http://gnaural.sourceforge.net/
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3.1.3

Protocol

The subjects were comfortably seated on a chair, with inner‐ear stereo earphones on
(Sennheiser CX 300‐ii, Sennheiser electronic GmbH & Co) and were asked to close their eyes
during the whole duration of the experiment (20 minutes). EEG was recorded before (5 min)
, during (10 min) and after (5 min) binaural beat stimulation (Figure 6) while the pink noise
background was kept constant.

Figure 6: The stimulus presentation protocol consists of 5 min of pre-stimulus baseline recording
followed by 10 min of stimulation and 5 min of rest/post-stimulus recording. The level of pink noise
was kept constant during the whole session.

4 Results
Spectral analysis EEG data for each channel was imported into MATLAB (Mathworks) with
EEGLAB2 toolbox. Major visible artefacts were rejected by hand and the EEG data was then
analyzed to extract the spectral power in the delta, theta, alpha and beta bands for each
channel.
Signals corresponding to each EEG channel were divided in two main parts corresponding to
the pre‐stimulus (only pink noise) and the stimulus (pink noise + binaural beat) experimental
blocks. We selected the whole pre‐stimulus block (300 s long) and an equally long interval
centered in the stimulus block.
For each of these two blocks we computed the power spectral density (PSD) (using the
Welch’s method) with overlapping windows of length 2 s and an overlap of 50%. For each
window we computed the average absolute bandpower. We obtained, for each EEG
channel, 300 values of absolute band power, 150 for the pre‐stimulus block and 150 for the
stimulus block. We averaged these values across the 16 channels.
We found a significant difference between averaged alpha and delta activities before and
during stimulus (Table 1).
Table 1: Average difference over all electrodes of bandpower in theta, alpha and beta are statistically
significant.

Bandpower

Mean pre

Mean post

t-test

Thetha

0.146

0.158

t(300)=-2.34, p<0.05

Alpha
Beta

0.410
0.112

0.454
0.95

t(300)=-4.86, p<0.05
t(300)=7.35, p<0.05

2http://sccn.ucsd.edu/eeglab/
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Figure 7: Change in band power (averaged across electrodes) before and during stimulation.

A detail t‐test analysis for each EEG channel showed a statistically significant increase of
alpha power for 9 channels (Table 2, Figures 8 and 9).
Table 2: Significant difference in Alpha bandpower for specific electrodes

channel

Mean pre

Mean post

t-test

Fp1

0.3072

0.3672

t(300)=-4.53, p<0.01

F3

0.2829

0.3638

t(300)=-6.88, p<0.01

C3

0.4088

0.4692

t(300)=-4.4, p<0.01

C5

0.3615

0.4296

t(300)=-5.63, p<0.01

FCz

0.3646

0.4236

t(300)=-4.50, p<0.01

FPz

0.3185

0.3716

t(300)=-3.99, p<0.01

F4

0.3503

0.3900

t(300)=-3.06, p<0.01

O2

0.4588

0.5540

t(300)=-7.38, p<0.01

Cz

0.4418

0.4892

t(300)=-3.59, p<0.01
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Figure 8: Change in Alpha power for each electrode before and during stimulation.

Figure 9: Map of alpha power difference before and during stimulus

Coherence analysis We computed the average change in coherence for each channel in the
alpha band before and during stimulus with analysis windows of 2 s (Figure 10). The analysis
showed an inter‐hemispheric increase in coherence in the fronto‐temporal areas.

(a) Location of EEG channels
(b) Coherence matrix for 16 EEG channels
Figure 10: Change in coherence before and during stimuli accross channels. A larger value of the
coherence matrix corresponds to a larger increase in coherence for a specific pair of electrode
(p<0.05).
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5 Conclusion
We designed and implemented a binaural beat stimulation and evaluation prototype and
proposed a preliminary study of the system. The first tests showed that simple auditory
binaural beat stimulation in the alpha frequency range (10 kHz) could indeed be used to
entrain brainwave activity in the same frequency range as the input stimulus. Moreover, we
found that alpha binaural beat stimulation increased the coherence in fronto‐lateral areas of
the brain at the same frequency. It appears that binaural beat stimulation is a simple yet
powerful technique to voluntarily modulate and possibly train brain activity in specific
frequency ranges. These first results are encouraging, and this will prove an interesting
paradigm to e.g. improve SMR training in the context of SMR‐BCI applications. In the future
we will also more specifically investigate the use of binaural beat as a tool to study and
stimulate patients with deficits of consciousness whose auditory abilities are intact.

6 References
[1] Jackson Beatty, Arana Greenberg, Phillip Deibler, and James O’Hanlon. Operant control
of occipital theta rhythm affects performance in a radar monitoring task. Science,
183(4127):871–873, 1974.
[2] Jens Blauert. Spatial Hearing ‐ Revised Edition: The Psychophysics of Human Sound
Localization. The MIT Press, 1996.
[3] Julie Marie Gottselig, Daniel Brandeis, Gilberte Hofer‐Tinguely, Alexander A Borbély, and
Peter Achermann. Human central auditory plasticity associated with tone sequence
learning. Learn Mem, 11(2):162–71, 2004.
[4] Amy L Griffin, Yukiko Asaka, Ryan D Darling, and Stephen D Berry. Theta‐contingent trial
presentation accelerates learning rate and enhances hippocampal plasticity during
trace eyeblink conditioning. Behav Neurosci, 118(2):403–11, Apr 2004.
[5] R F Hink, K Kodera, O Yamada, K Kaga, and J Suzuki. Binaural interaction of a beating
frequency‐following response. Audiology, 19(1):36–43, 1980.
[6] J D Lane, S J Kasian, J E Owens, and G R Marsh. Binaural auditory beats affect vigilance
performance and mood. Physiol Behav, 63(2):249–52, Jan 1998.
[7] Steven Laureys. The neural correlate of (un)awareness: lessons from the vegetative
state. Trends Cogn Sci, 9(12):556–9, Dec 2005.
[8] R P Le Scouarnec, R M Poirier, J E Owens, J Gauthier, A G Taylor, and P A Foresman. Use
of binaural beat tapes for treatment of anxiety: a pilot study of tape preference and
outcomes. Altern Ther Health Med, 7(1):58–63, Jan 2001.
[9] Marcello Massimini, Melanie Boly, Adenauer Casali, Mario Rosanova, and Giulio Tononi.
A perturbational approach for evaluating the brain’s capacity for consciousness. Prog
Brain Res, 177:201–14, 2009.
[10] H Menning, L E Roberts, and C Pantev. Plastic changes in the auditory cortex induced by
intensive frequency discrimination training. Neuroreport, 11(4):817–22, Mar 2000.
[11] G Oster. Auditory beats in the brain. Sci Am, 229(4):94–102, Oct 1973.

D4.4_v1.1, VR and media based tools (confidential)

page 12 of 13

[12] R Padmanabhan, A J Hildreth, and D Laws. A prospective, randomised, controlled study
examining binaural beat audio and pre‐operative anxiety in patients undergoing
general anaesthesia for day case surgery. Anaesthesia, 60(9):874–7, Sep 2005.
[13] E G Peniston and P J Kulkosky. Alpha‐theta brainwave training and beta‐endorphin
levels in alcoholics. Alcohol Clin Exp Res, 13(2):271–9, Apr 1989.
[14] F Plum and J B Posner. The diagnosis of stupor and coma. Contemp Neurol Ser, 10:1–
286, 1972.
[15] E Saxby and E G Peniston. Alpha‐theta brainwave neurofeedback training: an effective
treatment for male and female alcoholics with depressive symptoms. J Clin Psychol,
51(5):685–93, Sep 1995.
[16] Jan Schnupp, Israel Nelken, and Andrew King. Auditory neuroscience: Making sense of
sound. The MIT Press, 1 edition, 2010.
[17] Matthew A Seager, Lynn D Johnson, Elizabeth S Chabot, Yukiko Asaka, and Stephen D
Berry. Oscillatory brain states and learning: Impact of hippocampal theta‐contingent
training. Proc Natl Acad Sci U S A, 99(3):1616–20, Feb 2002.
[18] J C Smith, J T Marsh, and W S Brown. Far‐field recorded frequency‐following responses:
evidence for the locus of brainstem sources. Electroencephalogr Clin Neurophysiol,
39(5):465–72, Nov 1975.
[19] Victor I Spoormaker and Jan van den Bout. Lucid dreaming treatment for nightmares: a
pilot study. Psychother Psychosom, 75(6):389–94, 2006.
[20] David Vernon, Tobias Egner, Nick Cooper, Theresa Compton, Claire Neilands, Amna
Sheri, and John Gruzelier. The effect of training distinct neurofeedback protocols on
aspects of cognitive performance. Int J Psychophysiol, 47(1):75–85, Jan 2003.
[21] Helané Wahbeh, Carlo Calabrese, and Heather Zwickey. Binaural beat technology in
humans: a pilot study to assess psychologic and physiologic effects. J Altern
Complement Med, 13(1):25–32, 2007.
[22] C G Watson, J Herder, and F T Passini. Alpha biofeedback therapy in alcoholics: an 18‐
month follow‐up. J Clin Psychol, 34(3):765–9, Jul 1978.

D4.4_v1.1, VR and media based tools (confidential)

page 13 of 13

