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The aim of the study was to evaluate the possibility of using a phenomenological mathematical model of the thalamocortical unit cell 
to	describe	the	frequency-time	responses	of	the	real	thalamocortical	system	(namely,	various	alpha	rhythm	modulations)	and	reproduce	the	
signal dynamics in the process of neurobiocontrol.

Materials and Methods.	 The	 experimental	 part	 of	 this	 study	 (the	 resonant	 neurobiocontrol	 with	 double	 feedback	 based	 on	 the	
BioFeedBack2	software-hardware	complex)	was	carried	out	according	to	the	hybrid	protocol:	background	—	before/after:	2-minute	record	
of	 the	 baseline	 vertex	EEG	 (the	 active	 electrode	—	Cz	 grounding	 and	 the	 reference	 electrodes	 held	 on	 the	 earlobes);	 frequency	 scan	
during	210	s:	exposure	to	pulsed	infrared	radiation	with	an	increasing	rate	of	from	8	to	14	Hz	(frequency	step	—	0.1	Hz,	time	step	—	3	s)	
and	a	music-like	sound	signal,	the	tone	and	volume	of	which	determined	by	the	peak	amplitude	in	the	spectrum	of	the	current	EEG	in	the	
range	of	8–14	Hz.	The	characteristic	feedback	time	is	10	ms,	the	frequency	accuracy	is	0.2–0.4	Hz.	Periodic	noise	pulses,	presented	with	
a	frequency	related	to	the	baseline	heart	rate,	have	been	added	to	the	sound	signal.

For	the	calculations,	a	previously	developed	phenomenological	model	of	the	thalamocortical	unit	cell	was	used.	The	model	incorporates	
interacting	modules	simulating	the	major	neuronal	modules	of	the	brain,	i.e.,	the	thalamus,	the	cortex	and	the	thalamic	reticular	nuclei.

Results and Discussion. Using the proposed phenomenological mathematical model of the thalamocortical unit cell, we obtained 
frequency-time	responses	of	 the	model	signal,	which	reproduces	 the	 frequency	pattern	of	 the	real	EEG	signal.	The	model	simulates	 the	
situation	when	 the	baseline	alpha	 rhythm	changes	 in	 response	 to	 an	external	 factor	with	 the	 known	 thalamocortical	 parameters.	 In	 the	
future,	 this	 information	will	 improve	 the	current	 feedback	procedures	of	biocontrol	aimed	at	enhancing	 the	cognitive	power	of	 the	brain.	
Appropriate	training	will	allow	controlling	the	alpha	rhythm	frequency	(neurobiolcontrol)	in	such	a	way	that,	by	the	objective	psychophysical	
criteria,	the	subjects	will	have	their	cognitive	activity	enhanced,	and,	by	the	subjective	assessment,	their	well-being	will	improve.

Conclusion. In this study, a neuro-informational approach to personalized brain rhythm management is demonstrated. It is now 
possible to reproduce individual features of a complex information processing system using the proposed phenomenological model of the 
thalamocortical unit cell.
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Modeling the Dynamics of Brain Rhythms under Neurobiocontrol

Introduction

A	major	 task	of	 today	 is	a	personalized	approach	 to	
research, medical diagnostics, and provision of medical 
care [1, 2]. In this respect, it is necessary to improve the 
simulators of complex systems capable of demonstrating 
mutual connections, direct and inverse, between the 
diagnostic	 information	 (e.g.,	 EEG	 or	 ECG	 signals)	
and	 the	 patient’s	 psychophysical	 markers	 (objective,	
obtained	by	measurements,	and	subjective,	obtained	by	
questionnaires).	The	 “brain–computer	 interface”	 [3]	and	

“neurobiocontrol”	 technologies	 are	 aimed	 at	 achieving	
precisely	 this	 goal.	 These	 technologies	 are	 based	
on	 modulating	 the	 brain	 activity	 by	 using	 feedback	
signals from brain biopotentials, in particular from the 
patient’s	 own	 rhythmic	 processes,	 namely	 the	 EEG	
(in	 other	 words,	 neurobiocontrol)	 [4,	 5].	 To	 simulate	
complex systems for signal processing in humans, 
phenomenological models are used. 

The aim of the study was to evaluate the possibility 
of using a phenomenological mathematical model of the 
thalamocortical	 unit	 cell	 to	 describe	 the	 frequency-time	
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responses of the real thalamocortical system (namely, 
various alpha rhythm modulations) and reproduce the 
signal dynamics in the process of neurobiocontrol.

We also aimed to identify how the signal is 
transformed after processing in the thalamocortical 
system	and	what	happens	when	a	frequency-modulated	
signal	with	a	linearly	increasing	frequency	is	fed	into	the	
system.

Materials and Methods
Neuronal modules in the phenomenological 

model of the thalamocortical system.	 The	
results of experimental neurophysiological studies 
indicate that interconnected neuronal modules (the 
cortex, the reticular nuclei of the thalamus, and 
the	 specific	 thalamus)	 play	 an	 important	 role	 in	 the	
information	 processing.	 The	 interacting	 links	 of	 the	
thalamocortical chain determine the architecture of the 
phenomenological model of the thalamocortical unit cell.

In reality, a single neuronal module includes pyramidal 
neurons,	inhibitory	cortex	interneurons,	specific	thalamic	
nuclei neurons, and inhibitory neurons of the thalamic 
reticular	 nucleus,	 which	 are	 all	 interconnected.	 The	
inter-module interaction is schematically shown in 
Figure	 1	 [6].	The	 thalamus	 is	 a	 complex	 polyfunctional	
formation that includes relay nuclei, where the afferent 
signals from the sensory organs are transmitted to the 
respective areas of the cerebral cortex. In other words, 
in	 specific	 (sensory	 or	 relay)	 nuclei	 of	 the	 thalamus,	
sensory information from axons of the ascending 
afferent pathways undergoes synaptic switching to 
the	next,	final	neurons	 that	have	 their	processes	 in	 the	

respective	 sensory	 projection	 areas	 of	 the	 cerebral	
cortex. For example, the lateral geniculate body of the 
brain	represents	a	specific	nucleus	of	the	visual	sensory	
system, which has direct connections with the occipital 
(visual)	projection	areas	of	the	cerebral	cortex	[6].

Under normal physiological conditions, thalamo-
cortical system functions as follows: 1) the external 
signal	 first	 activates	 neurons	 in	 the	 specific	 (relay)	
thalamic nucleus; 2) along the thalamocortical pathway, 
the excitation reaches the cortex, where the cortical 
pyramidal neurons are connected with inhibitory 
interneurons, which can in some way modulate their 
activity; 3) the further spread of excitation occurs along 
the	descending	corticothalamic	pathways	to	the	specific	
and reticular nuclei of the thalamus; 4) the latter is 
connected to the relay nucleus of the thalamus via the 
inhibitory pathways and, therefore, can interrupt the 
excitation	arriving	 from	 the	specific	 thalamic	nucleus	 to	
the cortex. 

The	 reticular	 nucleus	 of	 the	 thalamus	 is	 a	 kind	 of	
gateway for sensory information entering the cortex. It 
has no direct access to the cortex, but it does receive 
input signals from the cortex and thalamic nuclei and, 
apparently, functions as an intrathalamic control center.

The	 inhibitory	 action	 of	 the	 thalamic	 reticular	 nuclei	
suppresses	 the	 “strobe-like”	 activity,	 during	 which,	 for	
example, characteristics of the input sensory signal 
in	 the	 cortex	 are	 identified;	 then	 followed	 a	 period	 of	
inactivity. As a result, after the input signal passes 
through the thalamocortical system, a discontinuous 
strobed representation of this sensory signal is stored in 
the cortex.

The	 present	 study	 addressed	 the	 focused	 model	
of the thalamocortical function without considering 
structures	 of	 the	 internal	 modules,	 i.e.,	 the	 specific	
thalamic	 nucleus;	 the	 inhibitory	 reticular	 nonspecific	
thalamic nucleus, or the cortex areas associated with the 
thalamic nuclei [7].

For the calculations, a previously developed 
phenomenological model of the elemental 
thalamocortical	 unit	 cell	 was	 used	 [7].	 This	 model	
incorporates the interacting modules that simulate 
such neuronal modules of the brain as the thalamus, 
cortex	 and	 reticular	 nuclei	 of	 the	 thalamus.	 This	
phenomenological model (schematized in Figure 1) 
is	 represented	 by	 a	 system	 of	 differential	 equations	
reflecting	 the	 external	 signal	 processing	 between	 the	
thalamus, cortex and reticular thalamic nuclei: 
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where U1, U2, U3 — the averaged neuronal activity 

Figure 1. Scheme of functional connections between the 
subsystems in the thalamocortical unit cell [6]
The	 arrow	 at	 the	 bottom	 indicates	 the	 sensory	 input	 into	 the	
thalamus
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in selected areas of the thalamus, cortex, and 
reticular thalamic nuclei, respectively; ti — the 
characteristic time of activity attenuation in the 
respective neuronal ensembles; ki — the pulsed 
activity amplitude in the respective neuronal 
ensembles; Ti — the averaged values of the 
excitation thresholds for the respective neuronal 
ensembles; Uex — the input signal entering the 
thalamus; ki j —	the	coefficients	of	 interconnection	
between subsystems in the thalamocortical unit 
cell; Fi [ ] — step-shaped functions, the steepness 
of which characterizes the scatter of threshold 
values around their mean in the ensemble 
of interest (another name: the power supply 
functions);	inside	the	square	brackets	is	the	analog	
of the membrane postsynaptic potential in the 
respective neuronal ensembles; i=1, 2, 3.

Since all external inputs in the cortex are 
associated with thalamic structures, this model is 
used to process the signals and their spectra in 
the	case	of	 frequency	modulation	of	 the	 thalamic	
signal by an external signal with a linearly 
increasing	frequency.

The	 input	 sensory	 signal	 is	 a	 frequency-
modulated signal: in the psychophysiological 
experiment,	 it	 is	 equivalent	 to	 an	 infrared	 high-
frequency	 modulated	 signal	 with	 respect	 to	 the	
EEG	signal	own	frequency.	The	signal	from	the	variable	
cortex	is	similar	to	the	integrated	bioelectric	EEG	signal.

Neurobiocontrol protocol.	 This	 dual	 feedback	
resonant	neurobiocontrol	is	based	on	the	BioFeedBack2	
software-hardware setup and run according to the 
following	 hybrid	 protocol:	 background	 —	 before/after:	
2-minute	 record	of	 the	baseline	vertex	EEG	 (the	active	
electrode — Cz grounding and the reference electrodes 
held	 on	 the	 earlobes);	 frequency	 scan	 during	 210	 s:	
exposure to pulsed infrared radiation with an increasing 
frequency	 from	 8	 to	 14	Hz	 (frequency	 step	—	 0.1	 Hz,	
time	step	—	3	s)	and	a	music-like	sound	signal,	the	tone	
and	volume	of	which	determined	by	the	peak	amplitude	
in	 the	 spectrum	 of	 the	 current	 EEG	 in	 the	 range	 of	
8–14	Hz.	The	characteristic	feedback	time	is	10	ms,	the	
frequency	accuracy	is	0.2–0.4	Hz.	Periodic	noise	pulses,	
presented	with	a	frequency	related	to	the	baseline	heart	
rate, have been added to the sound signal [1, 5]. 

In the course of the experiment, a pulsating (with a 
linearly	increasing	frequency)	infrared	lamp	is	directed	at	
the	 subject’s	 closed	 eyes.	The	EEG	 signal	 is	 recorded	
before exposure to the infrared radiation, during the 
exposure and after the exposure. Next, the dynamic 
spectrum of the signal is created.

Usually,	 the	 dynamic	 spectrum	 of	 EEG	 signals	 of	 a	
healthy	 person	 looks	 like	 that	 in	 Figure	 2	 (b).	 Specific	
features	 for	 each	 individual	 subject	 include	 the	 basic	
natural	frequency	of	the	alpha	rhythm	in	the	range	from	
8 to 12 Hz and the width of the fuzzy spectrum around it.

There	 is	 evidence	 that	 under	 external	 exposure,	 the	
thalamocortical system functions in the forced oscillations 

mode	for	some	time	(Figure	2).	This	event	occurs	at	the	
moment	 when	 the	 frequency	 of	 the	 external	 signal	 is	
higher	 than	 the	natural	 frequency	of	 the	 thalamocortical	
system;	 this	 situation	 exists	 until	 the	 frequency	 of	
the	 external	 signal	 becomes	 so	 high	 that	 the	 subject	
perceives	it	as	constant,	with	the	amplitude	equal	to	the	
mean	 value	 of	 the	 periodic	 signal.	 This	 dynamic	 mode	
corresponds	to	the	forced	oscillations	(filling)	with	a	self-
oscillating	 envelope;	 it	 can	 be	 well	 identified	 when	 the	
external	signal	is	superimposed	on	the	EEG.

Results and Discussion
In this study, of all the parameters, only the amplitude 

of the external signal Uex	 varied.	The	numerical	 values	
of the parameters were: ki=1, i=1, 2, 3; ti=1, i=1, 2, 3; 
T1=0; T2=0.5; T3=0.5; kex=1; k13=1; k21=1; k22=0; 
k32=1.	 The	 smoothly	 varying	 power	 supply	 function	
Fi[]=0.5+0.5·tanh(20[]) was used.

For the Uex, the signal presented in Figure 3, similar 
to the experimental one was used; in this signal, the 
frequency	 of	 the	 oscillating	 part	 increased	 in	 the	 linear	
mode.

The	response	of	 the	thalamus	(U1) to external signal 
of this type is shown in Figure 4.

Figures 3 and 4 demonstrate three states of the 
system: before an exposure to external signal, during 
exposure	 to	 a	 high-frequency	 external	 signal,	 and	 after	
the exposure. All these states are characterized by the 
natural	 frequency	 of	 the	 thalamocortical	 system,	 which	
depends on the mean amplitude of the external signal [7].

Frequency	(Hz)

Time	(s)Time	(s)Intensity Intensity

Frequency	(Hz)

Figure 2. Dynamic spectra of the external infrared signal 
with a linearly increasing frequency (a) and of the respective 
thalamocortical EEG of one of the subjects (b)
The	 red	 arrow	 indicates	 the	 appearance	 of	 responses	 at	 a	 forced	
frequency

а b
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“High	frequency	exposure”	means	that	the	frequency	
of the external signal is substantially higher than the 
natural	 frequency	 of	 the	 thalamocortical	 unit	 cell.	
Dynamic spectra of both (external and thalamic) signals 
are shown in Figure 5.

Thus,	 using	 the	 phenomenological	 mathematical	
model of the thalamocortical unit cell, we obtained 
frequency-time	 responses	 of	 a	 model	 signal	
reproducing	 the	 frequency	 pattern	 of	 the	 real	 EEG	
signal	 [8,	 9].	 The	 model	 simulates	 a	 situation	 when	
the baseline alpha rhythm changes in response to 
an	 external	 factor	 with	 the	 known	 thalamocortical	
parameters.	 The	 resulting	 information	 provides	 the	
opportunity	to	improve	the	current	feedback	procedures	
of biocontrol aimed to enhance the cognitive activity of 
the brain. Special training will allow one to control the 
alpha	 rhythm	 frequency	 (neurobiolcontrol)	 in	 such	 a	
way	 that,	 by	 the	 objective	 psychophysical	 criteria,	 the	
subject	 will	 have	 his/her	 cognitive	 activity	 enhanced,	
and,	 by	 the	 subjective	 assessment,	 his/her	 well-being	
will improve.

tt

Uex U1

Figure 3. The time dimension of the simulated external 
signal

Figure 4. Thalamic response to the external signal with 
a linearly increasing frequency

а b

Figure 5. Dynamic spectrum of the external signal Uex (a) and the thalamic signal U1 (b)
Vertical	axis:	frequency;	horizontal	axis:	time

Conclusion

In this study, a neuro-informational approach to 
personalized brain rhythm control is demonstrated. 
It is now possible to reproduce individual features 
of a complex information processing system using 
the proposed phenomenological model of the 
thalamocortical unit cell.
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