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SALANSKY, N., A. FEDOTCHEV AND A. BONDAR. Responses of the nervous system to low frequency stimulation and EEG
rhythms: clinical implicationsNEUROSCI BIOBEHAV REV22(3) 395—-409, 1998.—The present paper reviews literature data on the

role of the non-specific central nervous system response mechanisms on the therapeutic effects of relatively weak external stimulations
used in clinical practice. The factors affecting the stimulation efficiency and increased sensitiveness of living things to extra-low-
frequency periodic stimulations (in the range of from less than 1 Hz to tens of Hz) are discussed. Among the factors determining such
effects, the non-specific response mechanisms of the nervous system, the resonance phenomena in different organism systems, and the
interaction of external stimulation with endogenous rhythmic processes are analyzed. Most attention is given to endogenous rhythms of
the electrical brain activity reflected in the EEG rhythms. A high resolution EEG processing approach that is used to reveal the intrinsic
oscillators in the individual EEG spectrum is described. Synchronization of sensory stimulation parameters with the frequencies of
intrinsic EEG oscillators is supposed to be an appropriate way to enhance the therapeutic effects of various sensory stimulation
treatments. Specific methods for utilizing resonance therapy via sensory stimulation with intrinsic EEG frequencies, and for automatic
modulation of stimulation parameters by endogenous organism rhythms are delineated; some preliminary results are@e@9ed.
Published by Elsevier Science Ltd. All rights reserved.
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INTRODUCTION electrostimulation such as electronarcosis, electroacupunc-

ture, transcranial or transcutaneous electric nerve stimula-

THE CENTRAL nervous system (CNS) reacts to externaltion (TENS), etc., which are known to be used for anesthesia
stimulation through a complex series of specific and non{74,77,131), for treatment of steady pathological brain states
specific responses. The specific responses are determined (i2) and for correction of cardiac pathologies (71). Light
the physical nature of the stimulation, while the non-specificand/or sound stimulations are well known to be used for
responses depend upon the intrinsic features of organismneatment of depression (151), migraine (4), endodontic
systems and are to a large extent determined by commoanxiety (96) and sleep disorders (25). Different therapeutic

mechanisms of the CNS adaptation to any stimulation. and diagnostic procedures based on infrasound (5), laser
Although basic studies are directed mainly toward(46,128) or magnetic stimulation (29) have been developed.
specific mechanisms of CNS reactivity to various environ-Knowledge of non-specific mechanisms of CNS adaptation
mental stimuli, in recent years the analysis of non-specifido different periodic stimulations is expected to provide

CNS reactions to different natural stimulations has attractedensory treatment effectiveness enhancement.

attention. Such analysis allows for the opportunity to study Data published in recent literature show that various low
CNS regulatory mechanisms and to develop new therafrequency sensory stimulations could, under some condi-
peutic methods based on sensory stimulation. tions, induce pronounced physiological effects. One of the
Non-specific CNS reactivity mechanisms play an extre-most important conditions for observing therapeutic effects

mely important role when rhythmically organized, rela- seems to be the concordance between stimulation para-
tively low-intensity sensory stimuli are used for treatmentmeters and individual characteristics of the central regula-
in different areas of medicine. There are several kinds ofory organism systems. Since the effects of intermittent
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stimulation are shown to be highly influenced by individual evidence to suggest that this occurs in the nervous system
parameter selection (97,104,140), utilization of variable(15,50). Similarly, the biophysical mechanisms of EMF
stimulation frequency (4,154) or the stimulation frequencydetection are unknown. Various mechanisms have been
coinciding with the organism’s own rhythms (12,110,114),proposed to explain the sensitivity to EMF. One of these
the importance of individual treatment alignment is nowmechanisms is based upon resonance interaction processes
becoming more clear (49,113). The specific methods fowithin the cell structures (16).
selecting the stimulation for a particular patient are not There are a variety of explanations provided for EMF
widely discussed in the literature. This paper will analyzedetection mechanisms. One hypothesis is that EMFs may
this particular subject, and will demonstrate that utilizationalter calcium-binding in membrane-bound glycoproteins,
of patients’ EEG rhythms could help in selecting the thereby affecting receptor—ligand interactions and result-
specifics of the treatment modalities’ alignment. ing in transmission of a signal to the cell interior (2). The
The current paper reviews literature data based on thglycoprotein—EMF interaction appears to be maximal when
roles of non-specific CNS reactivity mechanisms and intrinthe EMF frequency corresponds to a frequency of an
sic properties of organism functional systems on the theraengoing physiological activity (1,2). Another possible
peutic effects of relatively weak, rhythmically organized mechanism assumes that the ionic permeability of mem-
external stimulations. The factors determining stimulationbrane-channel proteins may be increased during the appli-
efficiency, the increased sensitivity of living things to cation of EMFs through ion resonance, thereby resulting
extra-low-frequency periodic stimulations (in the rangein the initiation of second messengers that ultimately lead
from less than 1 Hz to tens of Hz) and CNS resonanceo biological effects (80). In this view, the strength of a static
phenomena are discussed. The role of endogenous rhythmigagnetic field, for a given ion species, and the frequency
processes in organism interaction with the low-frequencyof a time-varying EMF determine whether resonance-
sensory stimulation is analyzed. Most attention is givenmediated biological effects will occur. When these hypo-
to endogenous brain electrical activity rhythms (EEGtheses are compared, the first (2) is considered to be more
rhythms). Several new approaches to sensory stimulationorrect (45), since it is supported by recent experimental
efficiency enhancement via individual EEG oscillator's data (16).
activity utilization are delineated and some preliminary The human body is constantly bombarded by energy
results are described. generated by the sun, the universe, geomagnetic sources
as well as from man-made sources (e.g. electricity and its
resulting magnetic fields). Since all energies have a fre-
INCREASED SENSITIVITY OF HUMANS AND ANIMALS TO quency and intensity and because light, sound, touch,
LOW-FREQUENCY PERIODIC STIMULATION smell,_and taste function through the reaction to_the_s_e fre-
guencies, all human senses can be affected. All individuals
Humans and animals are particularly sensitive to low-are different and will react differently to environmental
frequency sensory stimulation and/or to low-frequencyexposures, so specific frequencies must be accessed for
modulation of physical factors. Various sensory stimulihelpful or harmful effects (113).
(e.g. light flashes, auditory signals, somatosensory impulses,
etc.) have biological effects in the frequency range 3—30 Hz
(103,134,138). Electrical states in the brain can be altered
by light and EMFs with frequencies in the range 1-20 Hz
(16). When a periodic signal of a characteristic frequency
The experimental data obtained from numerous studies applied to the system, a resonance response may be
demonstrate that different low intensity and sensory stimuliexpected of underdamped systems. This response is charac-
organized in time have the ability to induce enhancederized by a surprisingly large output amplitude for rela-
effects. In some models of acute pain (26), interruptedively small input amplitudes (i.e. the gain is large) (11).
electrical currents are known to be more analgesic thaifhe so-called resonance phenomena in the central nervous
continuous currents. Lower level, chronically repeatedsystem are manifestations of the activity of micro-
environmental and proprioceptive stimuli may lead tooscillation circuits sequentially excited or inhibited in six
sympathetic nervous system hyperfunction that is assumedyers of the brain cortex and macro-oscillation circuits of
to serve as a self-sustaining neurologic basis for stresghe brain (30).
related diseases (37). Pronounced behavioral and biological Oscillations and resonance phenomena in the electrical
effects may be obtained only under definite, resonantctivity of certain neuron sets in the brain and spinal cord
frequency parameters of electromagnetic field (EMF)are important factors in the organization of those connec-
modulation (52). tivity properties that must be tuned by function (162). The
Many authors associate particular organism sensitivit)complex dynamics of compound potentials and the reso-
to external low-frequency oscillations with specific evolu- nance phenomena might play one of the most important
tionary sensing mechanisms that were developed to derivles in brain organization (9).
valuable biological information from the normal magnetic In the recent years, the importance of resonance phe-
field of the Earth (13) or to compensate for the effects ofnomena in CNS regulatory processes has received wide
geological and meteorological EMFs (15). These EMFsacknowledgment. The resonance phenomena of the brain
are subjected to some amplification in the organismmerit increasing consideration because of several new
and are shown to affect different physiological systemsneurophysiological investigations at the cellular and elec-
(8,126,134). troencephalographic (EEG) levels and in magnetoencepha-
Although the locus of EMF detection is unknown, there islographic measurements (10).

RESONANCE PHENOMENA IN THE NERVOUS SYSTEM
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Some authors have examined the relationships between Various brain structures depict spontaneous rhythmic
CNS resonance properties and sensory stimulation. Accoractivity in a wide frequency range between 1 and
ing to R. Miller, a collection of widely dispersed neurons 1000 Hz. Without the application of external sensory sti-
throughout the cortical mantle may be set into a tonicmulation, the spontaneous activity of a given brain structure
state of elevated activation as a result of signals reachingan often show frequency-stable and high-magnitude elec-
the cortex via any of its sensory systems. The principle otrical activity. If regular spontaneous oscillations can be
co-operativity in this case should favor the strengtheningdetected in the electrical activity of a defined brain structure
of nerve communications that permit resonance (91). during a determined period, it is to be expected that upon

Before sensory stimulation, the EEG oscillations andexternal sensory stimulation, this structure will exhibit a
resonance phenomena are variable and have unstable fraisceptibility response within the same frequency range.
guencies and amplitudes. Following sensory stimulationThe response susceptibility of a brain structure depends
the frequency is stabilized and the amplitude is greatlymostly on the susceptibility of its own ‘intrinsic rhythmic
enhanced. These responses are considered to be relatedatdivity’ (10).
the coupling of neural oscillators and resonance of the A particular role in the non-specific mechanisms of CNS
nuclei. In the post stimulation period, there is a change taeactivity to external stimulation is played by endogenous
high coherency between brain structures in the inherenthythmic processes in the electrical brain activity reflected
frequencies of their brain rhythms (161). Afferent infor- in EEG rhythms.
mation reaches different neuronal ensembles, they are
considered to enter a coupled common mode of oscillation
as if some kind of resonance takes place between th&EG RHYTHMS AND ENDOGENOUS RHYTHMICAL PROCESSES

rate neuronal ensembl 162). . . .
separate neuronal ensembles (162) Spontaneous oscillatory activity of the brain is an example

of organism endogenous rhythmic processes. EEG rhythms,
as well as other endogenous organism rhythms, have

INTERACTION BETWEEN EXTERNAL SENSORY STIMULATION  close inter-relations with different physiological functions.
AND ENDOGENOUS ORGANISM RHYTHMS A strong correlation has been established for EEG rhythms

with electrical heart activity (95,120), respiratory activity

Physiological functions are known to demonstrate spon, 3 behavioral (17) and imotor ch reristi
taneous fluctuations of their parameters. Although the exaﬁz)é)some ehavioral (17) and sensorimotor characteristics

nature and the mechanisms of these intrinsic oscillations a . . .
In comparison with other endogenous rhythmic pro-

still not well understood, they are currently being investi- . . ;
gated by means of modern computer techniques and appe%‘?sses’ EEG rhythms have a highly informative value and

to play an important role in the regulatory processes of€ Widely used in practice. The role of EEG as a most
organisms. The utilization of fast fourier transform (FFT) Important physgologmal s.|gnal of the central nervous
for the analysis of low-frequency photoplethysmographSyStem IS now in re-apprausal (98). T_he state of the art in
signals, that are usually treated as the noise of electronit’® EEG area will be discussed later in this paper.
equipment, has demonstrated their relation to blood pressure
anghtcreerpepnetrE::%rgn?gr?qtrg;/;?:;gaglrzmcshgla)c'terized by theiPhysmloglcal Function Evaluation and Regulation Based
endogenous rhythms of spontaneous fluctuations. Some an EEG Rhythms
the most important system-forming endogenous organism The technology of EEG recording and analysis has
rhythms are respiratory rhythm, heart rate and EEG rhythmsecently been rapidly evolving. The results of this evolution
(109,129). These rhythms are known to demonstrate homeg@romise a low cost, unobstructive functional brain imaging
static auto-regulation and stability (170) and to play amodality with an unsurpassed sub second temporal resolu-
stabilizing role in the central regulatory processes (116). tion and an useful degree of spatial resolution (44,54).
Spontaneous fluctuations and rhythms of physiological Despite the lack of comprehensive scientific proofs, the
functions could be modulated by various external factor&EEG generating mechanism points to the hypothesis that
such as different physical agents, sensory stimulationEEG signals stem from a periodic (or quasi-periodic) driven
stressful events, etc. (18,22,107,136). Weak sensory stimution-linear system. Neurons are highly non-linear elements.
are known to induce a phase sensitive bradycardia (64Yloreover, multiple feedback loops exist in each of the
and spontaneous K-complexes in the EEG (106). Weakierarchic levels and in every ‘module’ of the central
low-frequency electromagnetic fields could lead to genenervous system. Current understanding of the basic ele-
expression, RNA synthesis and enzyme modifications (155ments of this phenomenon suggests that EEG results from
In certain conditions, the interaction between differentthe excitatory post-synaptic potentials of the cortical pyra-
external periodic influences and endogenous rhythmicamidal cells. Cortical neuronal activity is driven by the regu-
processes leads to their synchronization and resonandarly appearing activity of thalamic nuclei that are under the
(15,103,138) that could change the initial system state to afluence of mesencephalo-reticulary activity (123).
new one with corresponding metabolic transformation EEG rhythms are expected to contain the most essential
(109). The change from a random pattern of activity to anparameters of different functional organism systems and
oscillatory mode, in a neuronal population, results from theneuronal networks (81,146). Relevant EEG rhythmic
interplay of intrinsic and network properties; oscillatory patterns reflect the unique properties of thalamocortical
mechanisms have emerged as the mechanism of choicdrcuits. These EEG patterns are topographically localized
for a neural mass to switch between different behavioraln relation to nervous system organization. Because of the
modes (81). interaction between specific and non-specific sensory
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mechanisms, cortical stimulation determines their fre-the traditional EEG frequency bands (83,144) and demon-
quency and cortical expression (147). strate a heterogeneity of conventional EEG rhythms

Predominance of different EEG frequency bands in(23,111,149,150). Sub-division of the spectrum into tradi-
humans is known to be associated with different braintional bands lacks a theoretical basis (141) and may not be
functional states. For example, delta (0.5-3.5Hz) EEGhe optimal way to represent the functional relationship
activity is known to be related to deep sleep (35) orwith cognitive states (168). Moreover, when certain condi-
opioid-induced brain states (78) and is supposed to be #ons are applied, this procedure can modify the results
sign of internal concentration during the performance of(135), lead to their misinterpretation (3) or cause the loss of
mental tasks (43,60). Theta (4-7 Hz) EEG waves arémportant information (163).
observed in the meditation state (65), during listening to EEG changes induced by different treatments, tasks or
pleasant music (72), in the state of situational awarenesdrugs are shown to occur in certain narrow frequency
(164) or as a result of sleep deprivation (24,82,137)bands within a given EEG rhythm while frequency neigh-
Synchronous EEG rhythms in the alpha range (8—13 Hzporing spectral components of this rhythm could remain
indicate a demobilization of cortical processes that regulateinchanged (51,78,150). Since even minimal frequency
neuromuscular processes which, in turn, eventuate ighanges (i.e. 0.3 Hz) in clinical practice can be of impor-
voluntary, purposeful, and defensive phasic and tonidance (70), a more discrete evaluation of EEG components
movements (100). is needed for a better interpretation of brain electrical

Transformation of the EEG signal into the frequencyactivity responses to different sensory treatment, drug or
domain reveals the simultaneous, albeit weighted, contributask influences. Improvements in specificity and sensitivity
tion of the different temporal frequencies during all brain of the EEG method may be achieved by substituting broad
functional states (90). Such transformation provides thédand quantitative EEG analyses with their high resolution
opportunity to characterize a wide spectrum of organisncounterparts (150).
functional states via the specifics of the EEG patterns. Some studies clearly indicate the advantages of using
Quantitative measures of rhythmical EEG components ar@igher frequency resolution for spectral EEG analysis. In
considered the most reliable tool for evaluating sensorpne of the studies (40), the authors were able to observe
information processed by the brain (117) and for determinthe greatest treatment-induced changes in the bandwidth
ing the extent and severity of cerebral pathology (31,157)8.00-9.19 Hz and the least in the neighboring band-
EEG can provide a valid and objective index for mentalwidth 9.20-10.39 Hz when they sub-divided the single
effort and may reveal also task-related cognitive resourcalpha EEG band into four equal frequency segments.
allocation, task mastery and task overload (148). Another study (66) show that after submitting the EEG

Rhythmic EEG characteristics are used efficiently fordata to very narrow band analysis, the power increase
the following: common brain functional state evaluation with work load occurred in a frequency range less than
in different states of wakefulness (36,86,94,158,168);1 Hz wide, typically between 3.8 and 4.2 Hz. These changes
brain state shift assessments during sleep (7,35,87), hypvere severely obscured by dilution effects when averaged
nosis (33), intensive therapy (142), anesthesia (55) and othacross the wide theta band (3.5-7.5 Hz).
therapies (19,96).

High information value of rhythmic EEG components
has been demonstrated for the following: functional stat&f)
evaluation under different stress influences (24,34,92), i
extreme conditions of space flight (115), aircraft landing Cortical rhythms are the output of neuronal rhythm
tasks (47) or strenuous operator activities (28,164). Thgenerators. It is suggested that the generation and features
EEG methodology permits one to quantitatively estimateof these rhythms are the result of endogenous neuronal
the effects of functionally significant drugs (63) and to studyrhythmicity, reverberating circuits and non-linear dynamic
the EEG profiles of physiologically active substancesfactors, leading to deterministic chaos (81,114,146).
(70,78). Although the nature and essential features of brain genera-
tors (oscillators) are still not explicitly known, in recent
years, they have been intensively studied by a number
of investigators (21,85,90,145).

Currently, spectral analysis has become increasingly EEG generators appear to have narrow frequency
popular for various kinds of EEG investigation. Most tuning, since they demonstrate a high degree of frequency
clinical studies apply spectral analysis to relatively longvariability within different subjects (76,140,152,159) simul-
sections of background activity. EEG spectra are eithetaneously with remarkable intra-subject stability
averaged over time or split up into frequency bands(14,43,132,149). Some clinical results indicate that the
When the EEG spectra is averaged over time, the rapidbnormal electrical activity could be reflected in a very
dynamic changes in the EEG are lost. Similarly, the splittingnarrow frequency band (150).
of the EEG spectra into frequency bands conceals frequency The activity of multiple brain generators appears to have
changes commonly seen in the EEGs and can hide the dynamic nature. The occurrence of rhythmic activity
presence of two or more rhythmic components with neigh-may be rather fast; the characteristics of the input—output
boring frequencies (62). transfer of information through the neuronal network can

Usually, the whole EEG frequency spectrum is reducecchange dramatically (81). Different EEG frequency compo-
in the common bands such as delta, theta, alpha and beteents during a given EEG epoch are generated by neural
EEG rhythms to facilitate the data treatment. Howeverpopulations in different brain locations (90). The EEG can
recent studies indicate the presence of inconsistencies show a great variety of patterns which are dynamically

EG Oscillator's Frequency Resolution and EEG Pattern
ynamics

Heterogeneity and Polyfunctionality of the EEG Rhythms
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changing over time; one pattern may evolve into anothereliable information about the most stable active EEG
and distinct patterns may simultaneously occur at differenpscillators.
sites (62). The approach described has some advantages compared
Multiple EEG oscillators appear to have resonantwith conventional FFT-based spectral EEG analysis. This
features. Some authors consider the EEG responses to extenethod improves the EEG frequency resolution by avoiding
nal stimulation as being correlated with the brain’s quasithe integration of spectral components, that are generally
invariant resonant modes containing important brainperformed on the experimental data between the arbitrarily
frequency codes related to central nervous system functioochosen frequency band boundaries (86). Successive epoch
(9,20). In normal subjects, each of the response curvesverlapping intervals provide an opportunity to trace the
might be generated by a different dynamic system thatemporal dynamics of the EEG (62), to increase the statis-
responds to the external driving frequency with a differenttical robustness of the analysis (53) and to improve the
resonant frequency. Each of the EEG rhythms appears tBEG frequency resolution (169). This dynamic approach
have its own neuronal circuitry, resonant frequency andappears to be an effective tool for the detailed investi-
physiological correlates (114). Gradual build-up of EEGgation of endogenous rhythmic brain activity, since it
responses at the onset of intermittent stimulation angermits one to observe the individual components of EEG
gradual decay after its cessation can exhibit a resonancgectrum that are shown to be stable for a given subject (42)
phenomenon caused by a resonant filter (127). and demonstrate significant correlation relationships with
Narrow frequency tuning, dynamics and resonantdifferent somatic functions (41).
features of multiple EEG oscillators indicate that an
appropriate way for better brain oscillatory activity evalua-
tion is the utilization of fast fourier transform (FFT)-
based modification of dynamic spectral analysis. This
approach assumes that FFT will be performed for short-
term time windows of the EEG with their successive The dynamic modification of high resolution spectral
overlapping intervals. When these short segment spectfaEG analysis has been developed to study individually-
are accumulated bit-by-bit for a given period, the resultingspecific narrow-frequency EEG structure components
accumulated spectrum is based on a number of short-terf130). It uses FFT for 4-s intervals of the EEG with an
ones. It has sufficient frequency resolution and contain®verlapping succession of 25-75%. To determine the

OBSERVATION OF INDIVIDUAL EEG OSCILLATORS VIA HIGH
RESOLUTION EEG PROCESSING APPROACH
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FIG. 1. Two minute fragment of the EEG (A), processed by three different FFT-based techniques (B—D). (B) FFT is applied to the whole EEG recording.
(C) FFT is applied to successive 4 s EEG segments with data averaging. (D) FFT is applied to successive 4 s EEG segments with overlapping and prior
selection of peaks from short-segment spectra before accumulation.
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FIG. 2. Accumulated EEG spectra for rest (A) and photic stimulation (B) with different constant frequencies gradually increasing from 1.0 tan19.8 Hz i
0.4 Hz steps.

indices of background or reactive EEG, these short-ternihundreds of the short-term ones to increase signal-to-noise
spectra are accumulated bit-by-bit for a given period ofratio for distinguishing between the neighbor-frequency
time, provided that only the main spectral peaks are accuspectral EEG components. It has sufficient frequency
mulated and simultaneously the noise level is suppressedresolution (0.25 Hz) and contains highly reliable and statis-
The advantages of this developed approach are demotically robust (see bottom curve reflecting the standard
strated on Fig. 1, which shows the results of differenterrors) individual characteristics of three narrow-frequency
EEG processing technique applications to the same EEGEG oscillators within the alpha EEG band.
fragment (Fig. 1(A), compressed 2 min EEG recording The spectra shown on Fig. 1 are obtained for resting
with a window in the center exhibiting the real EEG signal). EEG. Another way to examine the intrinsic EEG oscillators
When FFT is applied to the whole 2-min period of theis the utilization of the recently developed resonance
EEG (Fig. 1(B)), only increased spectral density for deltaactivation approach.
(0—4 Hz) and alpha (8-13 Hz) components could be Under external sensory stimulation, a defined brain struc-
detected. FFT application to successive 4-s EEG epochsire shows a corresponding response susceptibility in the
with their averaging (Fig. 1(C)) provides further details; same frequency channels where spontaneous oscillations
however, the intrinsic EEG oscillators are poorly revealedcan be detected (10,75,103). Visual stimulation at rates
after this conventional FFT-based analysis. For instance, tbo fast to allow brain mechanisms to return to their resting
is difficult to differentiate between several narrow-bandlevels (between flashes) produces steady-state visually
oscillators in the alpha (8—13 Hz) EEG range. When theevoked responses (VER) reaching maximum amplitudes
FFT is performed for 4-s windows of the EEG with their in the occipital cortex. A VER is produced by entrainment
successive overlapping intervals and prior selection obr photic driving of the EEG at the frequency of the
peaks from each spectra (Fig. 1(D)), the resulting accumustimulus. Under this condition, the brain is presumed to
lated spectrum is thus obtained from the analysis ohave achieved a steady state of excitability (75). With an



EEG RHYTHMS 401

accurate and stable stimulus, the VER can be concentratesttivation of intrinsic EEG oscillators (Fig. 2(B)). For a
into very narrow frequency bands (112). number of photic stimulation frequencies, there is no
A periodic visual stimulus influences bulk brain activity response at all, and at the same time the amplitudes might
not only by producing an averaged VER, but also by alteringoe different for the frequencies where the responses are
the background EEG (88). Gradual build-up of photicobserved. For this given individual, resonance activation
responses at the onset of intermittent photic stimulations observed for 3.0, 5.0, 6.6, 7.8, 9.0, 9.8, 10.2, 11.0-12.2,
and gradual decay after its cessation can exhibit a resonand®.0, and 18.6 Hz EEG components.
phenomenon, that potentially may be caused by a resonant Thus, the improved frequency resolution of the EEG
brain filter (127). Therefore, it seems that the response tsignals due to the modified dynamic spectral FFT analysis
photic stimulation driving is due to the resonance betweerprovides the experimenter with an opportunity to observe
spontaneous rhythms of the brain and visually evokedh more detailed EEG spectrum and to establish both the
responses, as claimed in classical theories (101,166). individual oscillator's distribution and their activation
The photic driving response appears most likely to bepatterns.
an interaction or resonance between intrinsic rhythms and
evoked rhythms generated by the periodic photic pulses
(75). The system can actually be ‘driven’ at different SENSORY STIMULATION EFFICIENCY ENHANCEMENT DUE
rates, but is synchronized when it is ‘tuned’ at the ‘resonant’ TO INDIVIDUAL EEG STRUCTURE UTILIZATION
frequency. Such resonant-like behavior, already reported in The followi USi be inferred f th
relation to the VER (118), could be described by a simple . € fofowing conciusions may be interred from the
model. A collection of cyclically charged excitatory— reviewed literature data.
inhibitory post-synaptic potentials, usually weakly corre-1. Changes in organism functional state may be induced
lated but featuring a common averaged repetition rate, is by the modifications of endogenous organism
locked in phase by the resonant stimulation in the proximity rhythms—respiratory rhythm, heart rate and the EEG
of the end stations of the sensory pathways, leading to a rhythms. These changes are determined by several
potentiation of the global response (103). factors such as increased CNS sensitiveness to external
The EEG response to rhythmic sensory stimulation is not low-frequency stimulation, non-specific CNS reactivity
limited to the visual modality: EEG response driven by to rhythmic stimulation and resonance phenomena in
somesthetic (102,103) and auditory (122) stimuli has been different organism systems.
reported in humans. Since each EEG rhythm can be drivep. Some central regulatory processes are reflected in the
somewhat independently in normal subjects (114), scanning spectral EEG parameters. The most precise and infor-
the frequency in the sensory stimulation range and obser- mative of these could be revealed by dynamic high
ving the responses will allow one to identify and study resolution EEG structure analysis.
the underlying oscillating circuitry. In the recent review
(11), it is claimed that forced oscillations due to resonance
phenomena or EEG responses can be analyzed by graduag%

These statements clearly indicate that the maximal
nchronization of the parameters for each organism’s

increasing the frequency in a pre-selected range, the outp dogenous rhythms, and particularly with the frequencies

amplitude relative to the input amplitude is measured as &' Intrinsic EEG oscillators is an appropriate method to
function of frequency. enhance the CNS response to sensory stimulation. Since

Although this approach reveals the natural frequencies oqhythmic EEG components r_]ave close interrelations with
a system, only a small number of works have investigatedifferent physiological organism systems (17,59,121) and

least two to three decades of stimulation frequencies (11).-"“ : . -
One possible way to overcome these difficulties is the_oscnlators for sensory stimulation and treatment efficiency

application of the above described EEG processing techMProvement.
nigue to the successive periods of the EEG, recorded

under low-intensity LED photostimulation with the fre- . - . .
quency gradually changing in the range of main EEGResonance Biofeedback Training with Amplitude of EEG

thythms (i.e. 1-20 Hz). Oscillators as a Voluntary Feedback-Controlled Parameter

An example of the application of this approach is demon- EEG rhythms are known to be widely used in biofeedback
strated on Fig. 2. This diagram shows the EEG spectréraining as a parameter that is voluntarily self-regulated
accumulated for a 2 min rest period (Fig. 2(A)) and for by the patient, in order to obtain particular healing effects.
successive 12 s periods of photic stimulation with theFor example, slow cortical potential biofeedback may be
frequencies gradually (by 0.4 Hz) increasing from 1.0 toused for seizure control in epileptic patients (20). Sensori-
19.8 Hz (Fig. 2(B)). motor EEG rhythm is used for complex tic suppression

Several EEG oscillators are revealed in the backgroun@153) and attention-deficit/hyperactivity disorder treatment
EEG activity by the application of peak selection and EEG(84). Alpha EEG biofeedback is commonly used for correc-
epoch overlapping techniques (Fig. 2(A)). When shorttion of stress states or generalized anxiety disorders
(1 ms) low-intensity (0.1 mW) LED flashes with the fre- (56,108,119). Usually, the traditional EEG rhythm ampli-
guencies changing each 12 s from 1.0 to 19.8 Hz by 0.4 Haude or even an amplitude of more wide frequency EEG
steps are presented to the subject, the peaks of spectiands is extracted from the subject’'s EEG in order to be
density are observed at EEG frequencies coinciding withtransformed into sound or light feedback signal intensity
the stimulation frequency, thus reflecting the resonan{38,108).
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The efficiency of existing EEG biofeedback training Some literature data clearly confirm the above mentioned
procedures is known to be not sufficient (84) and is limitedconsiderations. It is well known that there are a number of
by difficulties to differentially examine the full range of devices, such as the so-called ‘Brain Wave Synchronizer’,
EEG frequency components (147). Commonly used EEGn which light or sound rhythmic stimuli with the frequen-
bandwidths are too wide and may contain a composition oties of the main EEG rhythms are used for different
several EEG oscillators with different functional properties.therapeutic purposes (96). In the case of empirically
The EEG feedback signal composed in this manner maghosen parameters, these techniques are shown either to
produce ambiguous responses and cause difficulties in tHeave no success in inducing relaxation or alertness (139), or
subject’s efforts to voluntarily regulate it. even to cause epileptic seizures (133). However, in the case

Different test requirements can be designed to selecef prior individual EEG alpha component evaluation and
tively activate different functional pathways; with modern, tuning the device by its frequency, the efficiency of the
computer-based EEG analysis methodology it is possibl@rocedure to bring an individual into relaxed state or to
to achieve a refined evaluation of both the frequency an@dvercome anxiety was recently evidenced (98).
topography characteristics of response to such require- For effective resonance interaction between sensory
ments (147). Recently published literature data (169)stimulation and intrinsic functional organism systems, the
clearly indicate that higher frequency resolution of thenarrow-frequency individually-specific EEG components
EEG is needed for use in the EEG biofeedback trainingshould be used as a parameter for EEG-synchronized
procedures. sensory stimulation.

In this study, human subjects learned to use two channels The above statement appears to be proven by our recent
of bipolar alpha EEG activity to control two-dimensional experimental data. To examine electrocortical, autonomic
movement of a cursor on a computer screen. Off-lineand subjective responses to different frequencies of photic
higher-resolution (i.e. 1 Hz) analysis indicated that thestimulation, healthy subjects were exposed to a comfort-
EEG these subjects had learned to control fell in a narrovably perceived bright (1.3 mW) rhythmical light stimu-
frequency range. The subject’'s control of vertical cursoration with red LED pulse duration of 1ms. The
movement was provided by a 10 Hz EEG component, whildrequency of LED flashes was changed gradually, in 1 Hz
control of horizontal movement was provided by an 11 Hzsteps, from 1 to 20 Hz. Step duration at a given frequency
component. The authors claimed that EEG-based commuwas 18 s. Simultaneous registration of the occipital EEG
nication might be substantially improved by increasing theand some physiological characteristics (heart rate, blood
frequency and topographic resolution of the on-line algo-volume pulse, breath rate and amplitude, skin conductivity,
rithm that converts the EEG into cursor movement (169). etc.) occurred.

To overcome the problem of frequency resolution in During photostimulation both the resonance activation
existing EEG biofeedback training paradigm, utilization of EEG effects and the shifts in somatic physiological
individual EEG oscillators appears to be useful. If an ampli-characteristics varied as a function of stimulation
tude of single individual EEG oscillator is used as a feed-frequency. An example of such changes can be seen on
back parameter, a patient will voluntarily regulate theFig. 3, which demonstrates the dynamics of compressed
activity of their narrow-band spectral EEG componentEEG and blood volume pulse (BVP) amplitudes for
having definite functional properties. Such biofeedbacksuccessive steps of gradual flash frequency changes. Real-
training paradigm is expected to be more effective thartime signals for two fragments (a and b) are shown in the
the existing ones in many fields of experimental and clinicawindows at the bottom of Fig. 3. The compressed ampli-
biofeedback training application. tudes of both signals exhibit dynamic shifts with successive
steps of frequency changes, and this demonstrates some
reciprocal interrelations. For example, during a 10 Hz
stimulation (fragment a) the EEG shows the photic
driving pattern with high amplitude of a 10 Hz wave,

Synchronization of treatment parameters with endogenwhereas the BVP signals are relatively small. In turn,
ous organism rhythms is not a new concept. For examplejuring a 19 Hz stimulation (fragment b), the EEG amplitude
alpha synchronized serial photic stimulation (6) and theis relatively small, whereas the BVP signal reaches its
alpha-contingent one (99) are shown to be effective toolsnaximal value.
for studying the integrity of visual pathways and for After such photic stimulation the subjects have often
improving EEG data evaluation. Maximal synchronizationreported various subjective feelings they perceived during
of electrostimulation parameters with endogenous EEGuccessive stimulation frequency steps. Objectively, it
rhythms is shown to be highly effective for the treatmentwas expressed as an increase in both EEG and BVP varia-
of stable psychopathological disorders (12). tions during photostimulation compared with the initial

The described EEG-synchronized stimulation approactbase line.
has substantial advantages compared with other sensoryRecent literature shows that exposure to bright light
stimulation methods. However, since the traditional EEGmay be associated with enhanced subjective alertness
rhythms are known to be highly heterogeneous(25). Intermittent photic stimulation at a repetition rate of
(23,149,150), its efficiency is seriously limited. Using the 5—30 Hz could externally induce a more coherent state in
whole band of the EEG rhythm as the synchronizingthe cortex, due to some kind of resonant filter or neuronal
parameter, the experimenter fails to reach the maximahetwork underlying the augmentation of the EEG activity
interaction between individually functionally signifi- (127). Rhythmic audio-visual programs differing in the
cant, narrow frequency-tuned EEG oscillators and sensorgtimulation parameters could also induce altered states of
stimulation. consciousness (19,97). The frequency setting of 3 Hz is

Resonance Therapy via Sensory Stimulation with Intrinsic
EEG Frequencies
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FIG. 3. Compressed dynamics of EEG and blood volume pulse amplitudes during the whole period of LED photostimulation with the frequencies gradually
increasing from 1.0 to 20.0 Hz in 1.0 Hz steps.

designed to bring a person into a theta state and help th#@&tutomatic Modulation of Stimulation Parameters by
individual fall asleep, whereas a setting of near 10 Hz isEndogenous Organism Rhythms
purported to bring an individual into an alpha state and help
that person become relaxed and overcome anxiety (97). A possible way to reach an increased interaction between
Such a technique is proposed for overcoming anxietysensory stimulation and intrinsic physiological function
associated with sports, public speaking, writing tests angbroperties appears to be the automatic modulation of
various phobias (96). stimulation parameters by the patient's own endogenous
The results obtained in our preliminary experimentsrhythms. This approach assumes the latter to be registered
clearly indicate that the resonance activation of discreten a given patient and to be automatically sent as a feedback
EEG oscillators via photic stimulation in the range signal into the electrical circuit of the stimulating device.
1-20 Hz could cause certain frequency-specific physioSuch feedback provides direct stimulation of the organism’s
logical effects and subjective responses. Although thdunctional systems due to automatic concordance of stimu-
mechanisms of such functional shifts and exact functionalation parameters to the patient’s CNS resonance proper-
characteristics of discrete EEG oscillators are still not fullyties. The efficiency of such an approach is expected to be
understood, the resonance activation approach, which isased on multiple resonance effects which occur during
based on high resolution EEG structure analysis, seems the interaction of harmonic and sub-harmonic rhythmical
provide some new opportunities for quantitative evaluationstimulation components with organism intrinsic oscillatory
and regulation of somatic functions. systems.



404 SALANSKY ET AL.

An example of the efficiency of this approach wasstill a lack of definitive evidence for the selection of
demonstrated by the study (171), in which a synchronizedptimal TENS frequencies for pain management (165).
combination of EEG alpha feedback and photic driving Some authors suppose TENS frequencies near 100 Hz to
equipment was shown to enhance the alpha rhythnibe optimal (58), but in most studies the efficacy of low-
(waxing and waning) without any effort from the subject. frequency electrical stimuli is claimed. The exact TENS

In our preliminary experiments, the described approacHrequency values could vary in a wide frequency range:
has been tested using patient’s respiratory rhythm as th&—16 Hz (79), 5-20 Hz (160), 5-10 Hz (124,154,167). A
modulating factor for rhythmical electrostimulation. recent study (27) has demonstrated that double modulation
Although breathing pattern (depth and frequency of breath{15 and 500 Hz) of electrical stimuli causes a substantial
ing) is known to affect self-rated tension and state anxietyreduction of pain even in patients not helped by conven-
(32), pain reaction (105) and the EEG (48,143), respiratiortional TENS devices. The randomized electrostimulation
is supposed to be the most underrated variable in currertevice ‘Codetron’ (131) with 4 Hz frequency of electrical
psychophysiological research (93) and is rarely used irpulses was shown to produce statistically significant pain
biofeedback studies (18). reduction in 80% of patients with osteoarthritis (39).

To test the optimization of the electrostimulation para- In most studies, the optimal electrostimulation frequency
meters for effective stress reduction, the low-frequencycoincides with the frequency range of the main EEG
(4 Hz) transcutaneous electric nerve stimulation (TENSYhythms. Since individual variation in intrinsic cortical
protocol was used in 12 patients with different etiology of responsivity to external stimuli has been recently shown
stress. The amplitude of electrical stimuli was feedbackto determine a patient’s response to TENS (69), individually
controlled by the patient's breath rate. Owing to suchadjusted stimulation frequencies within the range of the
modulation, TENS was expected to acquire a resonanpatient’s own EEG oscillators could be expected to enhance
nature, its parameter changes being feedback matched toe efficiency of TENS procedures.
the patient’s own endogenous rhythm (129). In our preliminary study (129) with TENS modulated

Breath-controlled TENS has activated several low-fre-by the patient’s breath rate, the activation of certain low-
guency alpha EEG components in the range 8—10 Hz anftequency alpha EEG components was induced by 4 Hz
caused a shift of the dominant EEG frequency to lowerbreath-controlled electrical currents. One might expect
values. Positive changes after TENS were observed fathe low alpha (8—10 Hz) frequencies of TENS to produce
several physiological characteristics: optimization of cardi-even more pronounced resonant activation of certain TENS-
ovascular activity, growth of breath stability and amplitude, sensitive brain oscillators. Since their activation is accom-
muscle relaxation and a decrease of galvanic skin respongmnied by relaxation and pain relief effects, an assumption
amplitude were registered as a result of breath-controlledf enhanced release of endogenous opioid peptides could be
TENS. Simultaneously, a reduction in the patient’s self-made to explain the observed TENS-induced phenomenon.
ratings of stress (by 8.4%) after just one 15-min stimulation To study the temporal dynamics of electrostimulation
was obtained (129). effects, the visual evoked potentials (VEPSs) were analyzed

Described results are in agreement with the recent studin our preliminary experiments at different stages of 4 Hz
(18), showing that breathing pattern may be used as &odetron electrostimulation. The VEPs were recorded in
reliable index for the effectiveness of techniques appliedsubjects just before stimulation, during the 20 min pro-
for the regulation of mental states. Obtained experimentatedure (at 5th and 20th minute of stimulation), and after
data demonstrate the advantages of breath feedbacks cessation (15 and 60 min later). The VEPs were produced
controlled electrostimulation for the correction of physio- by 2 Hz LED flashes with intensity 0.1 mW and presented
logical parameters and indicate that EEG rhythm structuréo the subjects through the glasses.
analysis could be useful for further optimization of TENS The VEP amplitude varies as a function of Codetron
parameters. electrostimulation time course. Before treatment (Fig. 4(1))
the VEP peak-to-peak amplitude is relatively weak. During
treatment (Fig. 4(2)—Fig. 4(3)) it increases and reaches
its maximal value 15 min after treatment (Fig. 4(4)). At
this stage, the peak-to-peak VEP amplitude is significantly

Although TENS has become a popular modality in painincreased compared with the initial level. When the VEP
management over the past 20 years, there is still a debateeasurements are made 60 min after treatment (Fig. 4(5)),
over its mechanisms of action and efficacy. According tothe VEP pattern is similar to that observed before stimula-
the literature, approximately 30% of patients either failtion. In the case of placebo treatment, the VEP peak-to-peak
to respond or rapidly become tolerant to TENS (57,68). Aamplitude does not show significant changes during the
possible cause of poor TENS efficacy seems to be insuffiwhole experiment, demonstrating the normal variability of
cient activation or depletion of the endogenous opioidthe VEP patterns described in the literature (159).
system, which is known to be involved in pain and stress The experimental data obtained support the hypothesis
mechanisms (67,73,89) and to be strongly implicated irthat the activation of brain structures, which control the
responses to intense electrical stimulation (89,124,156,167)elease of endogenous opioid peptides under Codetron

To enhance the efficacy of TENS, some authors recomstimulation, has clear time dynamics, and the maximal
mend the evaluation of the importance of electrical stimula-activation is reached approximately 15—40 min after the
tion parameters such as pulse width and rate, and thstart of Codetron administration. Therefore, the maximal
establishment of the duration of pain relief (74). A recenteffect in this case was observed after Codetron stimulation
study (154) has demonstrated that frequency dependence isffinished.

TENS treatment is not a placebo effect. However, there is The results clearly indicate that the developed EEG-CEP

Utilization of EEG Data for Selection of Optimal TENS
Parameters
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FIG. 4. The VEPs recorded at successive stages of Codetron treatment: (1) before Codetron stimulation; (2) during treatment, 5th minute; (3) during
treatment, 20th minute; (4) 15 min after treatment; (5) 60 min after treatment.

processing technique is a powerful tool for the evaluationsensory stimulation. Under certain circumstances, the inter-
of central nervous system changes under different condiaction between different external periodic stimulation and
tions. Based on the data obtained, we expect the developdbe endogenous rhythmic processes leads to their synchro-
EEG-CEP system to provide useful correlates for botmization, resonance and possible metabolic transformations.
the evaluation of stress-induced changes and the correction A particular role in the non-specific mechanisms of
of stress-related organism states via Codetron stimulationCNS reactivity to low frequency external stimulation is
played by the endogenous rhythmic processes in the spectral
EEG parameters of electrical brain activity. The most
precise and informative processes can be revealed by
dynamic high resolution EEG structure analysis. This struc-
Various physical agents and sensory stimuli can induceural analysis provides the user with an opportunity to
enhanced physiological effects. Humans and animals arebserve a more detailed EEG spectrum and to establish
particularly sensitive to low frequency sensory stimulationboth the individual EEG oscillator’'s distribution and their
and/or to low frequency modulation of physical factors dueresonance activation patterns.
to evolutionary developed non-specific CNS response It is hypothesized that the maximal synchronization
mechanisms. of sensory stimulation parameters with the frequencies of
Different organism systems are characterized by theiintrinsic EEG oscillators is an appropriate way to enhance
endogenous rhythms. These rhythms could be modulatetthe patient's CNS response to external stimuli. Since
by numerous external factors including low frequencyrhythmic EEG components have close interrelations with

CONCLUSION
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different physiological systems, these components could be was shown that the utilization of non-specific CNS reac-
utilized for sensory stimulation and treatment efficiencytivity mechanisms and resonance EEG-based stimulation

enhancement.

methods provides the opportunity to use individually

The above hypothesis seems to be supported by owadjusted parameters for sensory stimulation and treatment
preliminary data on biofeedback training with the amplitudeefficiency enhancement. These parameters could be derived
of EEG oscillators as a voluntary feedback-controlledfrom the frequency characteristics of individual EEG oscil-
parameter, resonance therapy via sensory stimulation wittators revealed by individual resonance activation patterns,
intrinsic EEG frequencies, and automatic modulation ofor might be defined by synchronization of feedback-
stimulation parameters by endogenous organism rhythmgontrolled stimulation with patient’s intrinsic rhythms.
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