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We consider the brain as an autonomous stochastic system, whose fundamental frequencies are locked to
an external periodic stimulation. Taking into account that phase synchronization between brain response
and stimulating signal is affected by noise, we propose a novel method for experimental estimation of
brain noise by analyzing neurophysiological activity during perception of flickering visual stimuli. Using
Keywords: magnetoencephalography (MEG) we evaluate steady-state visual evoked fields (SSVEF) in the occipital
Brain cortex when subjects observe a square image with modulated brightness. Then, we calculate the prob-
Cognitive neuroscience ability distribution of the SSVEF phase fluctuations and compute its kurtosis. The higher kurtosis, the

Flickering better the phase synchronization. Since kurtosis characterizes the distribution’s sharpness, we associate
Frequency locking inverse kurtosis with brain noise which broadens this distribution. We found that the majority of subjects
MEG . exhibited leptokurtic kurtosis (K> 3) with tails approaching zero more slowly than Gaussian. The results
m;(si:lauon of this work may be useful for the development of efficient and accurate brain-computer interfaces to be

Phase locking
Frequency tags

adapted to individual features of every subject in accordance with his/her brain noise.

© 2019 The Author(s). Published by Elsevier Ltd.
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1. Introduction

All natural systems are noisy and the brain is not an exception.
Inherent brain noise as known to play an important role in the
nervous system. It is needed for good functionality of the brain in
all levels of its organization, from neuron cells to the neural net-
work, e.g., for signal detection and decision-making by preventing
deadlocks, underlying important mechanisms of its functionality
and self-organization [1-3]. Inherent brain noise is known to play
an important role in brain dynamics related to perception activity
[4-6] and other brain functions [7-10]. Different manifestations of
brain noise were extensively studied in terms of simple stochastic
processes, like the Wiener process [11-13] from the viewpoint of
statistical properties [5,6,14].

The sources of brain noise can lie in random fluctuations of
physiological parameters and attention. While the former arises
in the neuronal network due to quasi-random release of neu-
rotransmitters by synapses, random synaptic input from other
neurons, random switching of ion channels, etc. [15,16], the lat-
ter is associated with random fluctuations of subject’s attention
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across trials, resulting in the variability of neuronal responses to
identical stimulation [17-20]. The variability of the attentional
state decreases as the strength of attention increases, i.e., attention
suppresses inherent brain noise [21,22].

Many physicists and neurophysiologists highlighted positive
effects of brain noise in image recognition and decision making,
such as coherence resonance [7,23-27] and deadlocks preven-
tion [1-3,28]. The former effect consists in the enhancing brain
response to a weak stimulus, so that it becomes distinguishable,
even when the stimulating signal is below the perception thresh-
old [7,23], while the latter takes place in a multistable system,
including a brain, where noise induces multistate intermittency,
thus preventing deadlocks [2,7,28-33].

The existing experimental approaches for brain noise esti-
mation are based on theoretical models of bistable perception
[2,3]. One of the methods [2]| implies the variation of a control
parameter near the onset of bistability and the measurement of
the hysteresis when the parameter increases and decreases. In the
psychological experiment [2], the Necker cube with time-varied
contrast of their inner edges was presented to a subject, who
had to fix the moment of time when he/she interpreted the cube
as left- or right-oriented. The hysteresis in the registered times
when the contrast was increased and when it was decreased, was
associated with the subject’s brain noise. In another approach [3],
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static Necker cubes with different contrasts of the inner edges
were randomly presented to a subject, who had to classify the
cubes as left- or right-oriented. The probability analysis of this
classification allowed the estimation of the subject’s brain noise.
Although these methods are very powerful and provide a relatively
high statistical accuracy, they are model-dependent. The devel-
opment of new, model-independent experimental approaches for
quantitative measurements of brain’s stochastic properties could
open new opportunities for studying brain functionality and even
for diagnostics of some pathologies.

In this work, we consider the possibility for estimating brain
noise by analyzing brain response to flickering visual stimuli.
It should be noted that flickering images have attracted much
attention at the beginning of the 20th century after the discovery
of cinematography and television, with regard to the phenomenon
flicker fusion. The flicker fusion appears when visual stimuli are
consecutively presented with a relatively high frequency, so that
the observer perceives the series of static images as a continuous
movement. The biological origin of this stroboscopic effect lies in
the retina memory properties to retain an image for 20-200 ms
after its removal. The critical flicker frequency, i.e., the minimal
frequency at which images appear continuously, depends on many
external factors, such as brightness, color, size, background lumi-
nance, etc [34]. Neurophysiological data obtained in humans and
monkeys show that flickering with frequency above the critical
flicker fusion threshold can nevertheless cause cortical and sub-
cortical visual reactions. This means that temporal integration not
only occurs at the retina level, but also appears in the brain [35].
Although there were discussions in the past about the involvement
of brain regions in flickering and therefore in perception binding,
many researchers unanimously considered at least the involvement
of occipital lobe [36-39].

When studying the brain response to flickering stimuli, many
researchers deal with visual evoked potentials (VEP) or visual
evoked fields (VEF). These are electrical or magnetic neural re-
sponses recorded from the surface of the scalp using electroen-
cephalography (EEG) or magnetoencephalography (MEG), respec-
tively. These responses are locked to repeated presentations of a
visual stimulus. If the stimulus frequency is fast enough to pre-
vent the evoked neural activity from returning to a base line
state, the elicited response is continuous and called steady-state
visual evoked potential (SSVEP) or steady-state visual evoked field
(SSVEF). Regan [40] showed that SSVEP is almost sinusoidal at the
double flicker frequency if the stimulus is pattern-reversal (image)
and at the first harmonic if the stimulus is not structured (flash
when eyes are closed).

As any sinusoidal wave, SSVEP/F is characterized by its ampli-
tude and phase. The amplitude can be measured from the power
spectrum, while the phase is partially locked to the flicker signal
and fluctuates around its mean value. SSVEP/F offers certain ad-
vantages over the transient VEP/F for studying sensory and cog-
nitive processes because the signal can be easily extracted from
background noise and quantified [40]. Therefore, it is surprising
that only a few studies attempted to relate SSVEP parameters to
cognitive processes [41-43].

The majority of perception studies using flickering images were
based on EEG data. Only a few papers were devoted to the
MEG research, despite its higher spatial resolution. The existing
MEG studies are mainly focused on binocular rivalry [36,44,45],
the binding problem [46,47], and the reaction time [46,48]. For
example, in the binocular rivalry experiments [44,45], the au-
thors measured SSVEFs at different frequencies when two im-
ages with distinct frequencies were presented to each eye. The
frequency-tagged MEG signals were also used for studying per-
ception of ambiguous images [49] and cortical auditory processing
[50].

Recently, the interest to visual flickering has significantly in-
creased due to the development of SSVEP-based brain-computer
interfaces (BCIs). Starting from the Vidal’s work in 1973 [51], the
SSVEP-based BCIs explore flickering targets with unique stim-
ulation frequencies [52], phases [53], or combinations of both
[54]. The EEG signals recorded in the occipital cortex exhibited
characteristics of the gazed target, while the SSVEP amplitude was
expected to be modulated by attention [55].

In this paper, we propose a new experimental approach for
brain noise estimation, which is based on frequency locking of
the brain response to a periodically modulated visual stimulus.
As known from the theory of coupled oscillators [30], the fre-
quency locking appears in a stochastic or a chaotic system sub-
jected to a periodic external force. Depending on both the forcing
strength and noise, the frequency locking can be either permanent
or intermittent. In the intermittency regime, the time intervals of
frequency locking are interrupted by unlocked periods when the
phase is shifted to 27rn radians (n = 1, £2, ...). In the frequency-
locking regions, the phase of oscillations is not completely locked,
but fluctuates around its mean value due to noise. The stronger the
noise, the larger the fluctuations. Here, we suggest the fluctuation
amplitude to be used as an indicator of internal brain noise.

2. Experiment
2.1. Experimental setup

Brain magnetic fields were recorded in a magnetically shielded
room with a whole-head Vectorview MEG system (Elekta AB,
Stockholm, Sweden) with 306 channels (102 magnetometers and
204 planar gradiometers). The system was placed inside a mag-
netically shielded room (Vacuum Schmelze GmbH, Hanau, Ger-
many) at the Laboratory of Cognitive and Computational Neuro-
science, Center for Biomedical Technology, Technical University of
Madrid, Spain. Fastrak digitizers (Polhemus, Colchester, Vermont)
were used to obtain the three-dimensional head shape. Three fidu-
cial points (nasion, left and right preauricular) and more than 300
points on the scalp were acquired for each subject. A vertical elec-
trooculogram was placed to capture blinks and other undesirable
eye movements. Data were sampled at 1000 Hz with an online
anti-alias bandpass filter between 0.1 Hz and 330 Hz.

2.2. Subjects

Eight healthy subjects (aged 23-64 years, 5 males and 3 fe-
males) with normal or corrected-to-normal vision participated in
the experimental study. All subjects provided a written informed
consent before the commencement of the experiment. The experi-
mental studies were performed in accordance with the Declaration
of Helsinki.

2.3. Visual stimuli

The visual stimulus was a gray square image on a black back-
ground generated by a personal computer on a computer monitor
with a 60-Hz frame rate and projected by a digital light process-
ing projector onto a translucent screen located 150 cm from the
subjects. The pixels’ brightness was modulated with either 6.67 Hz
(60/9) or 8.57 Hz (60/7) frequency by a sinusoidal or a rectangu-
lar signal. The modulation depth was 100% with respect to the
medium grayscale level of the pixels’ brightness (128 in an 8-
bit format), i.e., the image brightness was varied from completely
black (0) to completely white (255). These particular modulation
frequencies were chosen in preliminary experiments with other
possible flicker frequencies, integer fractions of the 60 Hz frame
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Fig. 1. Schematic of the experiment and coherent brain response. The subject ob-
served a flickering image by both eyes focused on the dot on the screen.

rate (i.e, 60/2, 60/3, 60/4, 60/5, 60/6, ...), as frequencies which pro-
duce the best tagging response in the brain at the same frequen-
cies and their higher harmonics.

The experimental design is shown in Fig. 1. The strongest signal
was registered in the occipital cortex.

2.4. Experimental procedure

A subject was sat in a comfortable reclining chair with his/her
legs straight and arms resting on an armrest in front of them. The
participant was asked to take his/her shoes off before the exper-
iment. The experiment began with recording a two-minute activ-
ity while the subject was focusing on a red dot in the middle of a
static (non-flickering) square image. This MEG trial acted as a back-
ground reference for further measurements. After a 30 s rest, the
squares flickering with frequencies 6.67 Hz and 8.57 Hz were pre-
sented for 2 min each with a 30 s rest in between. Pre-processing
was performed using band-pass filtering to single out frequencies
of interest in order to account for phase coding.

3. Results

We found that brain areas affected by the flickering are indi-
vidual for every subjects and depend on the flicker frequency. The
best frequency tags were found at the flickering frequencies and
their higher harmonics in the occipital cortex of all subjects. In
further analysis we only will use MEG data from all 42 channels
in this area.

3.1. Time series analysis

Fig. 2 shows SSVEF as responses to stimulus modulation by
flickering signals of sinusoidal and rectangular shapes. One can see
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Fig. 2. SSVEF under 6.67 Hz stimulation of sinusoidal (upper panel) and rectangular
(lower panel) shapes.

that in both cases, SSVEF is modulated at the double frequency of
the stimulation. This means that the brain responds to a change
in the image brightness, that is probably related to changing
attention.

We found that the sinusoidal modulation induces better SSVEF
signals than the rectangular modulation. Therefore, the further
analysis will only be performed for the sinusoidal flickering.

In coupled stochastic or chaotic systems, noise as known
[30] to result in desynchronization, that can be revealed from
fluctuations of the phase difference between coupled variables.
Since in our work, the higher brain response was observed at
the second harmonics of the flicker frequencies, we measured the
phase difference between SSVEF and the second harmonic of the
flicker sinusoidal signal, as [56]

&= (th—t3)2f, (1)

where t? and t§ are the times of nth maxima of the SSVEF
brain response and the second harmonic of the flicker signal,
respectively, and f; is the flicker frequency.
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Fig. 4. Fourier spectra of SSVEF for the stationary image (B) and for the image under sinusoidal modulation at 6.67 Hz (f1) and 8.57 Hz (f2). The vertical red and green lines

indicate tags at flicker frequencies and their second harmonics, respectively.

In Fig. 3 we plot the time series of the SSVEF phase fluctua-
tions @ in units of periods (cycles) of the second harmonic of the
flicker frequency. This figure illustrates intermittent frequency lock-
ing, where the frequency is locked during certain periods of time,
interrupted by unlocked intervals where & drops on one or more
cycles. The windows where the frequency is locked were used for
the statistical analysis of the phase fluctuations.

3.2. Power spectrum analysis

In the frequency domain, we used the Fourier transform analy-
sis. Since we used 2 min trials, the spectral resolution was 1/120 =
8.3 x 10~3 Hz.

The Fourier spectra of SSVEF in the occipital area are shown in
Fig. 4 for the stationary image (without flickering) (panel B) and
with modulation at frequencies 6.67 Hz (panel f1) and 8.57 Hz
(panel £2). One can see that in all spectra background noise is 1/f
noise (or pink noise), typical in biological systems [59]. The broad
peaks corresponding to alpha and delta waves are also seen around
10 Hz and 1 Hz, respectively. When the modulation is applied,
the brain responds at the modulation frequency, as well as at its
higher harmonics.

The exact tags at the flicker frequencies are shown in Fig. 5.

It is noteworthy that the power of the second harmonic com-
ponent is higher than the power of the first harmonic com-
ponent. This means that the brain reacts on a change in the
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Fig. 5. High-resolution SSVEF power spectrum demonstrating the exact tags at
6.67 Hz (blue curve) and 8.57 Hz (red curve).

stimulus, rather than on the flicker frequency. The same is seen
from the time series in Fig. 2.

The dominance of the second harmonic was also observed in
the flicker experiments with binocular rivalry, which consisted in
presentation of two incompatible images, one to each eye, flickered
at distinct frequencies, f; and f,. The regions responsible for “bind-
ing” these two incompatible images into one altered perceived im-
age show activity at the harmonics of both the tagged frequencies
as well as the sum frequency. Interestingly, it was found [47] that
the second harmonic component at 2(f; + f5) was stronger than
the first harmonic at (f; + f;). The perception binding might be
supported by two types of gamma oscillations in the brain, in-
duced and evoked [57]. In addition, the higher power at the second
harmonic of the flicker frequency was also highlighted by Di Russo
et al. [58], who studied visual evoked potentials (VEPs) in the EEG
data when stimuli were presented at a constant rate.

3.3. Kurtosis

Brain noise was estimated from the probability distribution of
the SSVEF phase fluctuations &. The time intervals corresponding
to the unlocked frequency were excluded from consideration, and
the time series were corrected by adding or subtracting one or
more periods. The phase histograms were calculated for each
subject using the SSVEF time series during the 2 min stimulus
presentation, similar to those shown in Fig. 6.

The sharpness of the distributions shown in Fig. 6 is
characterized by kurtosis defined as
E(® — (P))*

where (®) is the average phase difference, o is the standard de-
viation, and E is the function of the expected value. It should be
noted that in some definitions of kurtosis, 3 is subtracted from the
computed value in order to get a kurtosis value of 0 for normal
distribution. However, in the scope of this paper, the kurtosis for
normal distribution is 3.

450 I ! . ! !

400

350

300

250

Counts

200

150

100

50

-0.4 -0.2 0 02 04 0.6 0.8
il

Counts

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
P

Fig. 6. Probability distribution of SSVEF phase fluctuations for 6.67 Hz modulation
for subjects 6 (upper panel) and 4 (lower panel) exhibiting weak and strong brain
noise, respectively.

Here, we assume that brain noise leads in the broadening
of the phase probability distribution, and therefore it can be
associated with inverse kurtosis. The stronger the noise, the wider
the probability distribution. The kurtosis values for all subjects are
present in Fig. 7 for 6.67 Hz (f1) and 8.57 Hz (f2) flicker fre-
quencies. While for 6.67 Hz modulation the exact frequency tags
were found in all subjects, the 8.57 Hz frequency were locked in
four subjects only. Since noise is stronger at higher frequencies
(see Fig. 4), Since kurtosis for 8.57 Hz is smaller than for 6.67 Hz
stimulation, we suppose that brain noise is stronger for 8.57 Hz.

One can see that in our experiments kurtosis varied from 3.1 to
6 for 6.67 Hz and from 2.6 to 4 for 8.57 Hz modulation among sub-
jects. Since the kurtosis of the normal distribution is 3, the major-
ity of subjects exhibited leptokurtic kurtosis (K> 3), when tails ap-
proach zero more slowly than Gaussian. Only one subject (subject
5 for 8.57 Hz) had platykurtic kurtosis (K <3) and three subjects
(subject 4 for 6.67 Hz and subjects 7 and 1 for 8.57 Hz) exhibited
almost normal distributions (K~ 3).
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Fig. 7. Kurtosis values for all subjects for 6.67 Hz (blue curve) and 8.57 Hz (red curve) flicker frequencies.

4. Conclusion

In this paper, we have proposed a novel method for experimen-
tal estimation of brain noise. A quasi-steady phase fluctuation of
the brain response to the flickering visual stimulation was used to
evaluate brain noise. In the MEG experiments with eight healthy
subjects, the strongest brain response was observed at the sec-
ond harmonic of the 6.67 Hz flicker frequency in the occipital area.
The inverse kurtosis of the probability distribution of SSVEF phase
fluctuations was associated with brain noise. We suppose that this
noise is mainly related to neural noise arising from random neuro-
physiological activity of the neural network, while attention noise
leads to intermittent frequency unlocking. The latter noise requires
further investigation.

Since neural network is unique for each individual, the results
of this work may be useful for the development of effective brain-
computer interfaces which can be adopted according to subject’s
brain noise.
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