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INTRODUCTION 

0.1. Relevance of studying the biological effects of ele-
ctromagnetic radiation 

Technological advancement in many of its manifestations is associ-
ated with the utilisation of electromagnetic fields or their generation as
a by-product. The total power output from sources of electromagnetic 
fields is constantly increasing, and the parameters of electromagnetic 
radiation are becoming more diverse, such that people, and the ecosy-
stem as a whole, are exposed to electromagnetic signals with increasi-
ng intensity and unusual, previously unencountered, characteristics. T-
his impact can quite reasonably be termed electromagnetic pollution of
the environment. The average intensity of this electromagnetic backgr-
ound is extremely low, but in some localities and at certain times it is si-
gnificant, particularly for personnel servicing various communication s-
ystems, location systems, and technological installations. The inevitabi-
lity of exposure to electromagnetic radiation, with its potentially adver-
se consequences, compels us to assess the danger that various types 
of this physical factor pose to human health. Several studies have found
a link between the duration of exposure to electromagnetic waves and
the development of various diseases. For example, the review by L. Ver-
shaeva [1] indicates an increased frequency of leukaemia and the occu-
rrence of malignant tumours of the central nervous system in children 
exposed to electromagnetic radiation. The possibility of free radical for-
mation under the influence of electromagnetic fields is also emphasised
, leading to genome disruptions, even DNA strand breaks.

In the work of J. I. Trosko [2] discusses three possible mechanisms
by which electromagnetic waves may influence the status of an organi-
sm's genetic system and, ultimately, the state of human health: 1) cell 
killing (cytotoxicosis); 2) genetic or chromosomal mutations; 3) alterati-
on of genetic information expression during tran- 
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scription (blocking or unblocking various loci of the genome during 
reading) at the translational (stabilisation or destabilisation of genet-
ic messages) and post-translational (alteration of the gene product –
protein) levels. These effects could potentially lead to a variety of dis-
eases. This latter mechanism, unlike the two preceding ones, is irrev-
ersible, characterised by threshold behaviour and diverse biochemic-
al pathways, and requires repeated exposure to electromagnetic ra-
diation for the effect to manifest. Ultimately, as an epigenetic factor,
electromagnetic waves induce one of the following four effects in the
cell: alteration of growth and proliferation; disturbances in cell differ-
entiation; programmed cell death (apoptosis); adaptive responses of
differentiated cells.

The reviews by J.R. Goldsmith and Yu. Utylajnen [3, 4] discuss the
risks to humans from various devices, including domestic appliances
. Four factors are indicated as influencing health status from these d-
evices: 1) disturbances in haematological indices; 2) changes in leuk-
ocyte chromosomes; 3) an increased frequency of adverse births; 4)
a greater prevalence of cancerous diseases.
A number of epidemiological studies have investigated the correlati-
on between electromagnetic radiation and specific diseases. S. Zmig-
alsky analysed the relationship between the incidence of oncological
diseases and the level of exposure to electromagnetic radiation [5].
The frequency of these diseases was found to be 119 per 100,000 indi-
viduals for personnel servicing installations with elevated levels of el-
ectromagnetic radiation, compared to 57 per 100,000 for the general 
population. For young individuals with malignant tumours of the ha-
ematopoietic and lymphatic systems, the greatest difference between
exposed and unexposed groups is noted in cases of leukaemia and 
lymphoma, conditions associated with immunocompetent cells.

Many people have personal computers. Although these devices 
are declared to be completely harmless, they emit electromagnetic r-
adiation. It has been noted that this radiation contributes to mutage-
nic effects, disrupts the function of the stomach and glands, and imp-
airs memory [6]. Electromagnetic radiation from mobile telephones a-
ffects the central nervous system, the eyes, and the gonads [6].
Furthermore, it affects the dysfunction of the cardiovascular, haemato-
poietic, and immune systems, and disrupts metabolic processes.
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Noise radiation can significantly impact the vital functions of the
human organism, particularly in the millimetre wave range [7]. It is 
within this range that water most intensely absorbs electromagnetic
radiation. The water content of human skin is approximately 60%. C-
onsequently, millimetre waves are almost entirely absorbed within a
skin layer 0.7–1 mm thick and do not reach the internal organs. The 
human organism comprises approximately 10 15 cells, which generate
electromagnetic fields in the millimetre wave range. A human being 
in a healthy and diseased state exhibits differing amplitude-frequen-
cy responses. This means that any pathology is, primarily, a patholo-
gy of the cell. External millimetre-wave electromagnetic radiation, for
example that generated using IMPATT diodes [8], stimulates the org-
anism's endogenous radiation within this range in a diseased individ-
ual. The spectral density of noise radiation varies between different I-
MPATT diodes, although they all have an approximately similar level,
of the order of 10 –19 W/Hz. Each individual generates their own elect-
romagnetic radiation at specific frequencies, at which background n-
oise may influence the human organism.

All these data indicate the need to develop new sanitary regulat-
ions specifying safe levels of anthropogenic electromagnetic radiati-
on. Particular attention should be paid to radiation sources such as t-
elevision receivers, radio stations, mobile telephones, power lines, r-
adio communication systems, television broadcasting, radio navigat-
ion equipment, radar systems, electric transport, and domestic and 
office equipment [9].

One of the primary reasons for the lack of such sanitary standar-
ds is the insufficient research into the biological effects of electroma-
gnetic radiation, particularly their dependence on radiation paramet-
ers and exposure conditions. To determine demonstrably safe levels
of electromagnetic radiation, it is necessary to investigate thoroughly
the biological effects at low intensities of the incident waves. Howev-
er, the very existence of biological effects from low-intensity electro-
magnetic fields is currently a subject of discussion. Despite the findi-
ngs of numerous experimental studies, some physicists dispute the 
possibility that electromagnetic quanta in the frequency range 10 8 ...1
0 11 Hz can induce conformational transitions in biomacromolecules,
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because the quantum energy h � is significantly less than the therm-
al energy of the medium kT . For example, Yu.I. Kolchugin [10] esti-
mated the specific absorption rate of electromagnetic radiation in bi-
ological tissues using macroscopic electrodynamics. It was found th-
at energy absorption cannot exceed kT /10 at non-thermal incident 
wave intensity levels. The following energy accumulation mechanis-
ms were considered: 1) a multi-photon process; 2) direct impact of t-
he electric field on ions; 3) cooperative effects and/or coherent excit-
ations. It was found that these mechanisms are ineffective in terms 
of transforming wave energy into the internal energy of the system.
It follows that non-thermal biological effects are not possible in the 
microwave frequency range of the applied electromagnetic radiation
.

All conclusions regarding the impossibility of non-thermal effects
of electromagnetic radiation on biological objects are predicated on
the assertion that an effective mechanism for accumulating sufficie-
nt energy to overcome the potential barrier between conformational
states has not been identified. This situation arises because a numb-
er of physical characteristics of the interaction between biosystems 
and electromagnetic radiation are not considered.

Firstly, a characteristic of biological macromolecules is that their
primary structure is formed as a chain of subunits, each exhibiting i-
nternal oscillatory movements with corresponding natural frequenci-
es, and connected to each other by dissipative, but crucially, non-ela-
stic bonds. When such a system interacts with an electromagnetic w-
ave, an oscillatory mode (type of oscillation) may be excited in a bio-
macromolecule; the energy of this oscillation type will not then be re-
distributed to other types [11]. This mechanism facilitates the accum-
ulation of energy, sufficient for a conformational transition, within a 
specific type of internal oscillation in a biomacromolecule. This mech-
anism can be interpreted in a slightly different manner: such an inte-
raction enables the concentration of energy from numerous unsync-
hronised internal oscillations within a biomacromolecule into a single
type of oscillatory motion, synchronised by the external electromag-
netic field.

The second characteristic of the interaction between biological systems and ele-
ctromagnetic radiation is related to the wavelength of the electromagnetic wave.

Opponents of non-thermal biological effects induced by microwave 
electromagnetic waves posit a low probability of multi-photon proce-
sses. From a thermodynamic perspective, this holds true for 
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the Wien region in the theory of equilibrium (thermal) radiation, where t-
he average number of photons per mode with a specific frequency cann-
ot exceed one. The microwave range pertains to the Rayleigh-Jeans region
, where the average number of photons �� > 1. In this case, the thermo-
dynamic limit of the efficiency of transformation of external radiation en-
ergy into Helmholtz free energy will equal 1 within a certain interval of a-
bsorbed power [12]. Within this interval, the energy of the external electr-
omagnetic field is most efficiently transformed into the energy of internal
oscillations, which are ordered within the system by external influence, i-
ncluding multiphoton processes. This conclusion is consistent with the h-
ypothesis of Bose-Einstein condensation within the structure of biological
membranes [13]. A similar approach has been used when considering the
influence of electromagnetic fields on chemical processes in membranes
during signal transduction [14].

0.2. Characteristics of Ultra-High Frequency and Extremely High
Frequency Electromagnetic Radiation 

Observations to date indicate that the biological effects of electr-
omagnetic radiation are dependent on the parameters of the applied
fields. One of the most crucial parameters is radiation intensity. Inten-
sity can be assessed by either the incident power flux density or the e-
lectric field strength of the electromagnetic field. The magnitude of t-
he intensity dictates the nature of the biological effect, which may be 
thermal or non-thermal. The defining criterion for this distinction is t-
he temperature of the bio-object under electromagnetic wave irradia-
tion.
If the temperature increase due to irradiation is no more than 0.1 K, t-
he intensity level is deemed non-thermal, and the electromagnetic ra-
diation is classified as low-intensity in this instance.

In practice, it is convenient to use the incident radiation characte-
ristic, specifically: incident power flux density. Let us estimate the non
-thermal level of this parameter, using the example of a mouse. To do
this, let us refer to Fig. 0.1, which schematically illustrates a mouse irr-
adiated by an incident power flux with a density of P fall .
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Fig. 0.1. Diagram of animal irradiation with electromagnetic radi-

ation. A portion of the incident power may pass through the mou-
se. The power flux density after passing through the animal will be P p

ass . A proportion of the incident power will be reflected from the mouse
's body due to the difference in permittivity between air and biological
tissues. The reflected power flux density is indicated in Fig. 0.1 as P refl ;
however, the numerical value of this parameter varies depending on t-
he angle of reflection. As the measurement of P pass and, particularly,
P refl presents considerable technical difficulties, typically only the incid-
ent power flux density P fall is measured during the experiment. In this
regard, it is expedient to limit ourselves to estimating the lower thres-
hold of the non-thermal level of electromagnetic radiation, assuming t-
hat all incident power is absorbed by the animal's body.

We shall estimate for an exposure duration of 30 minutes, neglecting he-
at exchange between the animal's body and the surrounding environment.

Furthermore, we shall assume that the specific heat capacity of the an-
imal's body is 3 kJ/(kg.K), given that biological tissues are composed of
approximately 75% water on average [15]. For a mouse with a body m-
ass of approximately 20 g, the energy absorbed should not exceed 6 J,
provided the body temperature increase � t �� is 0.1 K.

To satisfy this condition, with an exposure time t exp = 30 min and 
a mouse body projection area S m = 10 cm 2 , the incident power flux d-
ensity must be equal to:

6 Äæ .Q �cm�T �
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For humans, this value is approximately five times greater, as the 
mass/projection area ratio is 10 g/cm 2 for a human body, compared to 2
g/cm 2 for a mouse. When considering the body's heat exchange with the
environment, and the fact that some of the incident power is reflected by
the body rather than passing through it, the threshold value must be in-
creased. It is understood that these estimates are valid for frequencies at
which virtually the entire body is involved in the absorption of incident 
waves. Specific measurements have shown that, in the microwave range
, the temperature of a human body increases by 0.1 K with an incident p-
ower flux density of approximately 5 mW/cm 2 after a 30-minute exposure
. It is also necessary to consider how this threshold depends on the exp-
osure duration. The shorter the exposure duration, the higher the thres-
hold for non-thermal effects of electromagnetic radiation.

The frequency of electromagnetic radiation is another important 
parameter, as non-thermal bioeffects are resonant. However, this val-
ue is only meaningful with continuous or long-pulse exposure at a fix-
ed carrier frequency. The latter case is characterised by the duration 
of the pulses  imp being significantly greater than the period of oscill-
ations T :
 imp << T = 1/ f . In this case, the spectrum of the amplitude-modulated ra-
diation closely approximates the spectrum of the output signal from real g-
enerators operating at a fixed frequency in continuous wave mode.

With amplitude or frequency modulation, resonant interaction b-
etween biological objects and the applied radiation occurs with a spe-
cific periodicity, determined by the repetition rate of the modulating 
pulses. This repetition frequency also has biological significance, as it 
may be close to or a multiple of the frequency of electrical activity rhy-
thms in the central nervous system.

In many cases, such as frequency modulation, amplitude modula-
tion with short pulse durations, and noise exposure, it is more meani-
ngful to refer to the frequency spectrum or frequency band of electro-
magnetic radiation, rather than the carrier frequency. A quantitative 
characteristic of the exposure intensity in this case, in addition to the 
integral power density of the incident radiation, is the spectral density
of the radiation. This parameter is a measure of the power of the radi-
ation incident on a particular frequency interval: � P / � f .

4
2 3 2 2

exp

6[Äæ] Âò ìÂò3,3 10 330 .
10[ñì ] 1,8 10 [ñ] ñì ñìfall

m

QP �
S t

� � �
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Finally, it is pertinent to consider separately the frequency spect-
rum of ultrashort pulses, otherwise known as ultra-wideband signals
. This is addressed in the following paragraph.

0.3. Frequency Characteristics of Biologically Signific-
ant Electromagnetic Radiation 

First, let us consider the frequency ranges used in medicine for 
therapeutic or diagnostic purposes. A diagram illustrating the curre-
nt state of research in this area is shown in Fig. 0.2. The frequency ra-
nges of electromagnetic waves generated by common household ap-
pliances are also shown, indicating a significant intensity of anthrop-
ogenic radiation. Furthermore, the diagram employs radio engineer-
ing terminology, typically used by manufacturers of generating and 
transmitting equipment.

Fig. 0.2. Radio engineering frequency scale 

Fig. 0.2 shows that there are no gaps in the radio engineering scale,
and the term 'terahertz waves' is not included in this system. Physicists 
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use a slightly different scale. This scale progresses sequentially thro-
ugh metre, decimetre, centimetre, millimetre, and submillimetre wa-
ves, followed by far- and near-infrared light, the visible spectrum, ne-
ar- and far-ultraviolet, and X-ray and gamma ranges. This scale also l-
acks a space for 'terahertz waves'.

Conversely, the prefixes kilo, mega, giga, and tera represent mult-
ipliers of 10 3 , 10 6 , 10 9 , and 10 12 , respectively. Therefore, 'terahertz w-
aves' should correspond to frequencies from 10 3 to 10 6 GHz, that is, an
interval covering a portion of submillimetre waves, the infrared range,
and part of the visible spectrum. In reality, this term refers to the range
from 100 to 100,000 GHz. What is the reason for this?

There are two reasons for the emergence of this term. On the o-
ne hand, although there is no gap in the aforementioned scales, the-
re was a gap in the exploitation of frequency ranges. Mastering the f-
requency range requires three components: oscillation generators,
developed waveguide systems, and diagnostic equipment. Since the
era of Hertz and Popov, radio engineers have developed this techno-
logy, consistently progressing up the frequency scale and reaching t-
he beginning of the submillimetre range by the end of the last centu-
ry. Conversely, optics has developed from the visible range into the 
ultraviolet and infrared regions. Due to these historical reasons, the 
frequency range ascribed to 'terahertz waves' has only begun to be 
explored in recent years.

The second reason is that this range has proven to be of great i-
nterest in terms of its applications, particularly in medicine. It exhibi-
ts the most advantageous properties of the adjacent wavebands. Like
radio waves, it penetrates materials that are opaque to visible light (
excluding metals). However, waves in this range can be focused like 
light, and the principles of geometric optics can be applied to the co-
nstruction of electrodynamic systems.
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1. INFLUENCE OF ELECTROMAGNETIC RADIATION ON BI-
OLOGICAL OBJECTS OF VARYI-

NG LEVELS OF ORGANISATION 

The previous chapter presented arguments suggesting that the
very possibility of biological effects from electromagnetic radiation 
with a frequency of 10 11 or lower is contingent on the existence of a 
primary reception of electromagnetic waves; that is, whether there is
a physical mechanism by which biological structures interact with an
electromagnetic field of non-thermal intensity, resulting in a change
to the functional activity of these structures. In this regard, it is impo-
rtant to understand what may occur during such interaction at the 
microscopic level. This chapter will examine the effects of electroma-
gnetic radiation at the molecular and cellular levels.

1.1 Proteins as potential receptors of electro-
magnetic radiation 

Analysing the results of studies on the effects of electromagnetic
radiation on biological objects at various levels of organisation, it is r-
eadily apparent that most, if not all, effects can be explained by cha-
nges in the functional activity of proteins.
This applies to transport proteins and enzymes that determine bioc-
hemical processes, as well as biomacromolecules embedded in me-
mbranes. The structure of protein molecules allows for multiple con-
formational states. The functional activity of a protein molecule is lar-
gely dependent on which of these conformational states it adopts.
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Transitions between conformational states in protein molecules
occur continuously, but their dynamics and direction are determined
by the conditions of the environment surrounding the protein mole-
cule. One such external factor is electromagnetic radiation, which m-
ay shift the dynamic equilibrium in one direction or another. The pot-
ential for biological molecules to accumulate sufficient energy to ov-
ercome the potential barrier between conformational states is linked
to the excitation of acoustic oscillations within biological structures.
A key condition for this accumulation process to occur is the dissipat-
ive nature of the bonds between internal oscillators, a role that may 
be fulfilled by the side groups of amino acid residues in the protein c-
hain, or by polar water molecules in the hydration shell of the protein
molecule. An example of such a protein chain is shown in Fig. 1.1.

Fig. 1.2. Secondary structure of the pr-
otein molecule 

Fig. 1.1. Primary structure of the 
protein molecule 
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Electrical charges or dipoles in these oscillators interact with the
electrical component of the incident electromagnetic wave. This inte-
raction can induce oscillations in individual constituents of the prote-
in chain. Dissipative coupling between oscillators ensures synchroni-
sation of these oscillations, resulting in an increased amplitude even
with low-intensity stimulating electromagnetic radiation [1]. To a cer-
tain extent, it can be stated that the external influence does not sup-
ply the energy required for the conformational transition, but rather
organises the energy of the biomolecule's internal oscillations for th-
is purpose through their synchronisation.

A substantial increase in the amplitude of a specific type of internal
oscillations results in a conformational transition within the protein m-
olecule. Synchronisation occurs when the excitation frequency is close to
, or a multiple of, the natural frequency of the oscillatory system. Given
that the side groups of the protein molecule have different lengths, ma-
sses and bonding systems (Fig. 1.2), the spectrum of natural frequencies
, and consequently interaction frequencies, will be broad.

A similar model of interaction between biological systems and e-
lectromagnetic radiation was described by A.R. Karimov [2]. A linear 
chain of monomers connected by dipole-dipole interaction was cons-
idered. Nucleotide pairs containing nitrogenous bases of DNA, or pe-
ptide residues in a protein chain, can act as monomers. Interaction 
with the electrical component of the electromagnetic field will induce
oscillations in monomers via dipoles.
The matrix algebra solution for forced oscillations demonstrates the
existence of resonant frequencies at which the effect of the electro-
magnetic wave on the protein molecule is maximised.

The haemoglobin molecule provides a convenient model for ex-
perimental studies of the interaction of electromagnetic radiation wi-
th protein molecules. In one of the early experiments [3], Mössbauer
spectroscopy was used to study the fast dynamics of the rabbit hae-
moglobin molecule with and without exposure to millimetre waves.
Mössbauer spectroscopy allows observation of the dynamic behavio-
ur of the protein's side groups, located near the haem, with charact-
eristic times of ~10 –7 s, providing information through measurement
of the parameters of the so-called 'quasi-elastic' line in the Mössbau-
er spectrum. The experimental results demonstrated that electroma-
gnetic radiation does not affect the average values of the parameters
of the 'quasi-elastic' line; however, it significantly alters 
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the amplitude distribution of this line. Interpretation of the results within
the framework of a damped Brownian oscillator model suggests an inc-
rease in the amplitudes of low-frequency oscillations in the haemoglobin
molecule under the influence of electromagnetic radiation.

Structural changes in protein molecules are closely related to th-
eir functional activity. This aspect was first addressed in the 'protein 
machine' hypothesis [4], proposed to examine the interaction of pro-
tein molecules with the electromagnetic field. The structure of prote-
in molecules is determined by both the system of bonds between pe-
ptide residues in the protein chain and the bonds between peptides 
and water molecules in the hydration shell. An example of such a str-
ucture is the principal component of the skin: collagen. This protein is
highly hydrated [5]. Peak collagen hydration is found in skin regions 
close to joints, where the concentration of mechanoreceptors (Ruffi-
ni corpuscles) is elevated. Hydrated collagen exhibits electrical and 
piezoelectric properties. Its structure, and therefore dimensional ch-
anges induced by electromagnetic radiation, may trigger spontaneo-
us activity in Ruffini corpuscles, generating a signal to the central ne-
rvous system.

Thus, the examples considered here of the interaction between 
protein molecules and electromagnetic radiation allow us to regard 
these macromolecules as primary candidates for the role of electro-
magnetic wave receptors. This aspect is considered in § 1.2. Paragra-
ph 1.3 is dedicated to changes in the permeability of biological mem-
branes under the influence of electromagnetic waves. The influence 
of electromagnetic radiation on nerve impulse propagation is consid-
ered in § 1.4. The effects of electromagnetic waves on the biological 
properties of microorganisms are the subject of § 1.5. The following 
paragraph provides a review of some research findings on the influe-
nce of electromagnetic radiation on metabolic processes in cells. Th-
ese processes are linked to the activity of the cell as a whole, and pa-
rticularly to mitotic division, which is considered in § 1.7. The state of
the membranes determines the interaction with the surface (adhesi-
veness) and between cells (cooperativity). The influence of electrom-
agnetic radiation on these properties is considered in §§ 1.8 and 1.9,
respectively. The effect of electromagnetic radiation on cells can be 
so potent that it can lead to cell death. This situation is the subject of
§ 1.10. Finally, § 1.11 is dedicated to the effects of electromagnetic ra-
diation on malignant tumours.
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1.2. Effects of electromagnetic radiation on confo-
rmational states in proteins 

Models of the interaction of electromagnetic radiation with protein m-
olecules, as considered in § 1.1, demonstrate the possibility of synchronisi-
ng internal oscillations of certain chains, and consequently, concentrating 
sufficient energy to induce conformational changes in macromolecules. Ex-
perimental confirmations of the existence of conformational transitions u-
nder the influence of electromagnetic radiation have been obtained in sev-
eral studies. Principally, these include Mössbauer measurements perform-
ed on haemoglobin molecules. The results of these measurements are pre-
sented in the work of N.P. Didenko [6]. Mössbauer spectroscopy provides 
highly precise information about the electric field distribution and, conseq-
uently, the molecular structure in the vicinity of the Mössbauer isotope. In 
haemoglobin, the isotope 57 Fe is present. It is located at the centre of the 
haem complex, surrounded by the protein component of the globule. The 
transition of the haemoglobin molecule to a new conformational state is a-
ccompanied by a change in the electric field at the nucleus of the isotope 57

Fe, which manifests as a change in the parameters of the Mössbauer spect-
rum of the protein. The measurement results are shown in Fig. 1.3.

In the range 44.50–50.36 GHz, 10 frequency values were found w-
here interaction of electromagnetic radiation with haemoglobin mol-
ecules was observed. This interaction manifested in Mössbauer spec-
tra as the appearance of an additional doublet of lines corresponding
to a novel conformational state. The parameters of these doublets, a-
ppearing upon interaction at resonant frequencies, are shown in Fig.
1.3. It should be noted that the response of haemoglobin molecules 
to electromagnetic radiation varies across different frequencies. Pre-
sumably, each resonant frequency corresponds to a transition to a s-
pecific conformational state associated with that frequency, suggesti-
ng a large conformational space. However, this fact seems surprising
, as the iron atom in haemoglobin simultaneously forms bonds with 
only a few parts of the globule.

This conclusion is supported by the results of Mössbauer studies
on the interaction of the haemoglobin molecule with electromagnet-
ic radiation at helium temperatures [7]. In this case, the Mössbauer s-
pectrum of haemoglobin comprises two sub-spectra. One of these is
a well-resolved doublet of lines, corresponding to low-spin 
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component of haemoglobin. Another sub-spectrum takes the form of an 
asymmetric doublet of broadened lines. It corresponds to the high-spin c-
omponent of methaemoglobin, characterised by an intermediate relaxati-
on time that is insufficient to fully resolve the hyperfine magnetic structu-
re.

Fig. 1.3. Parameters of additional doublets in the Mössbauer spectra of ha-
emoglobin: white circles – ratio of line widths; grey triangles – ratio of li-

ne areas; grey circles – quadrupole splitting;
grey squares – chemical shift. 

During resonant interaction of the haemoglobin molecule with 
electromagnetic radiation, the parameters of the first doublet remain
practically unchanged, while the parameters of the high-spin sub-sp-
ectrum at the resonant frequencies of interaction with millimetre wa-
ves change significantly, indicating conformational transitions specif-
ically in this component of methaemoglobin. Moreover, the ratios of
the areas of the lines corresponding to both components remain co-
nstant in magnitude, indicating that the induced transitions are not 
spin-related. Thus, the measurement results indicate that the transit-
ion of a globular biomacromolecule from one conformational state to
another under the influence of electromagnetic radiation is accomp-
anied by a rearrangement of the system of internal bonds within the
protein's tertiary structure.
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Conformational transitions in protein molecules are closely link-
ed to the structure of internal motions within biomacromolecules. M
össbauer measurements of the effect of electromagnetic waves on t-
he dynamics of haemoglobin [8, 9] have shown that interaction at re-
sonant frequencies increases the intensity of transitions within a spe-
cific conformational subspace. Mössbauer spectra indicate an overall
stabilisation of the molecular structure under the influence of electr-
omagnetic radiation. This indicates a synchronisation of internal mo-
tions within the protein molecule by the electromagnetic field.
Consequently, electromagnetic radiation acts most effectively on th-
ose conformational states that possess natural frequencies close to 
the frequency of the external generator. An increase in the amplitude
of these oscillations leads to a conformational transition.

Changes in the structure of bonds in protein molecules were also
recorded using infrared spectroscopy. In the work of L.V. Kalyuzhna-
ya [11], this method was used to investigate the effect of electromag-
netic radiation on blood plasma. It was found that irradiation with el-
ectromagnetic waves leads to changes in infrared spectra, associated
with the disruption of hydrogen bonds. In the work of T.V. Chenskaya
and I.Ya. Petrova [12], the infrared spectra of lecithin and human ser-
um albumin were measured following irradiation with electromagne-
tic radiation with a wavelength of 8.6 mm and a power flux density of
50 mW/cm 2 . These spectra indicated that millimetre waves do not i-
nduce irreversible changes in the secondary structure of protein mo-
lecules, including phase transitions in lipids and transitions from α-h-
elices to β-turns. However, electromagnetic radiation modified prot-
ein dynamics, which manifested as an increased hydrogen exchange
in human serum albumin. This effect was fully reversible.

The potential for conformational changes in protein molecules 
under the influence of electromagnetic waves was investigated using
an immunological method [13], based on the antibody binding react-
ion with specific antigens. This reaction requires a high degree of ch-
emical and spatial correspondence between determinant groups. Th-
erefore, measurements of the degree of binding allow estimation of
the spatial correspondence of the binding sectors and, consequently
, the conformational state of the molecule.
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1.3. Probability of alterations in cell membrane state 

The previous paragraph demonstrated the possibility of induced
conformational transitions in protein molecules upon exposure to e-
lectromagnetic waves. In this paragraph, we shall consider how conf-
ormational changes in protein molecules manifest in the functioning
of cell membranes.

Alterations in the state of gating and other protein molecules u-
nder the influence of electromagnetic radiation can be determined 
by modifications to their functional properties. In this regard, the st-
udy of cellular membrane responses to the action of electromagnetic
waves is of considerable interest.

Several studies have been conducted to investigate the effects of el-
ectromagnetic radiation on the condition of erythrocyte membranes.
The influence of millimetre waves on erythrocyte membrane resista-
nce was investigated by A.S. Koryagin [14] using a noise signal in the
frequency range 53–78 GHz with a spectral intensity of ~6.10 –17 W/Hz
, corresponding to an integrated power of ~1.5 μW. An increase in m-
embrane resistance was observed. In the control experiment, compl-
ete haemolysis of erythrocytes occurred at a NaCl concentration of 0.
35 %, whereas under the influence of electromagnetic radiation, it o-
ccurred at a concentration of 0.23 %. In both cases, the onset of hae-
molysis was observed at 0.55 %.

It was established that irradiation with millimetre waves leads to
a reduction in the concentration of one of the products of lipid pero-
xidation in the blood. This indicates a decrease in the rate of process-
es associated with free radical formation. It is known [15] that the we-
akening of hydrophobic bonds is accompanied by intensified lipid pe-
roxidation in membranes, and vice versa. The data presented above 
demonstrate an enhancement of hydrophobic interactions in cell me-
mbranes under the influence of electromagnetic radiation.

The increase in membrane resistance may also be explained by 
another mechanism: modulation of the activity of the membrane en-
zyme system. To verify the possibility of such a mechanism, a study 
was conducted on the following enzymes: a) alanine aminotransfera-
se, which catalyses the reversible transfer from alanine to α-ketoglu-
taric acid and has a molecular weight of 114 Daltons; b) amylase, wh-
ich belongs to the hydrogenase class and catalyses the hydrolytic 
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cleavage of glycosidic bonds in starch and glycogen, its molecular w-
eight being 48 Daltons [16]. Electromagnetic radiation did not affect 
the first enzyme but increased the efficiency of the second by a factor
of 1.7. Enzymes differ from one another firstly in the magnitude of t-
heir molecular mass and, consequently, the frequency of their natur-
al oscillations, and secondly in that amylase requires water for the r-
eaction, whereas alanine aminotransferase does not. This difference
is due to the resonant interaction of electromagnetic radiation with 
amylase, which alters its spatial structure and converts it into a more
active form, as this enzyme exists in several different configurations 
in solution [16]. It should be noted that a number of enzymes can be
classified as hydrogenases. These include enzymes of energy metab-
olism and enzymes associated with maintaining membrane potential
and nerve impulse transmission, for example, Na + , K + �ATPase, Ca
2+ �ATPase.

Indirect information regarding the condition of the erythrocyte 
membrane can be obtained from measurements of parameters such
as the electrophoretic mobility of these cells. It depends on the char-
ge distribution on the membrane surface. In the work by S. Ivanov,
M. Kuzhmanova [17] investigated the effect of electromagnetic radia-
tion with a wavelength of 5.6 mm on the electrophoretic mobility of r-
at erythrocytes. In the experiment, three groups of animals were us-
ed: a control group, a group exposed to electromagnetic radiation,
and a group exposed to a combined exposure of electromagnetic ra-
diation and ionising radiation. The experimental results showed that
millimetre waves increased the electrophoretic mobility of erythroc-
ytes in the initial days, but it subsequently returned to control levels.
Irradiation with rays leads to a decrease in this parameter througho-
ut the observation period; however, exposure to electromagnetic ra-
diation prior to irradiation largely compensates for this reduction. Ir-
radiation with rays induces conformational changes in erythrocyte 
membranes, resulting in a redistribution of charges. Millimetre wav-
es also alter the membrane structure, but these alterations exhibit a
different and, to some extent, opposing trend – they stabilise the st-
ate of the membrane before subsequent irradiation.

Similar results were obtained in studies investigating the effect 
of electromagnetic radiation in the 53–78 GHz frequency band, under
noisy conditions, on isolated rat erythrocytes [18]. The spectral power
density was 4.10 –17 W/Hz; the inhomogeneity 
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of the field was within ±3 dB, and the integrated power was 1 μW. Ex-
posure to electromagnetic radiation with these parameters also res-
ulted in increased electrophoretic mobility.

In experiments with phototrophic microorganisms Spirulina plat-
ensis [19], irradiation of these cells with millimetre waves was found 
to induce changes in growth rate at different stages, and in the conc-
entrations of sodium and nitrate ions in the culture medium.
It should be noted that the transport of sodium ions into the cell is a
rapid process, since the direction of movement aligns with the electr-
ochemical potential gradient. Conversely, the removal of nitrate ions
from the cell is a slow process dependent on both illumination and 
metabolic activity. Therefore, alterations in membrane permeability 
occur primarily with respect to sodium ions, which determines the c-
orresponding dynamics of this ion's concentration.

Attention should also be given to experiments using high-power
nanosecond microwave pulses, as the electric field strength in such 
radiation is comparable to that within the membrane (50...300 kV/cm)
. It was found that exposing frog skin membranes to such high-pow-
er pulses (with a wavelength of 3 cm, a pulse duration of 10 ns, and 
a peak power of 30 MW) resulted in accelerated active sodium ion tr-
ansport and increased membrane permeability to water molecules [2
0].

The effect of electromagnetic radiation at a frequency of 75 GHz
and an integral power of 8 mW on the fast potassium current in a m-
ollusc neuron was investigated by S.I. Alekseev [21]. The results indic-
ated that the exposure led to a reduction in the time constants of ac-
tivation and inactivation by 7.5% and 16%, respectively. The rate of in-
activation increases to a greater extent than that of activation. This s-
uggests that electromagnetic radiation effectively influences the fun-
ction of fast potassium channels, potentially explained by conformat-
ional changes in the gating molecules.
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1.4. Alterations in nerve impulse transmission 

Changes in the functioning of gating molecules, considered in t-
he previous paragraph, are closely related to nerve impulse transmis-
sion. The latter is significant in terms of the organism's overall respo-
nse to electromagnetic exposure. Therefore, studies of the influence 
of electromagnetic waves on nerve impulse transmission are crucial 
for understanding the organism's reaction to this exposure.

In experiments with isolated frog bladder preparations [22], chang-
es in the spontaneous impulse activity of brush-like receptors were me-
asured at the nerve leading from the bladder. Irradiation of this prepar-
ation with electromagnetic radiation at a frequency of 42.194 GHz incre-
ased the mean overall frequency of impulse activity. The dynamics of c-
hanges in the relative magnitude of this parameter under the influence
of electromagnetic radiation are shown in Fig. 1.4, in comparison with t-
he corresponding values for the control and infrared irradiation.

Fig. 1.4. Dependence of the frequency of spontaneous impulse 
activity of frog nerve on time.

Fig. 1.4 shows that electromagnetic waves affect the bush-like re-
ceptors differently from the thermal effects caused by infrared radiat-
ion. Electromagnetic radiation increases the frequency of background
activity in these receptors, although partial adaptation is observed d-
uring exposure. The mechanism of this action may be related to the 
reception of electromagnetic radiation within the innervation zone of
action potentials.

25

INААААААААААААI 
microwaves 

■ IR 

▲ control 



Receptor responses to electromagnetic radiation at frequencies
ranging from 40.00 to 42.25 GHz and at 42.31 GHz were investigated in
the work of N.G. Zheltov [23]. Mechanoreceptors of frog skin in a se-
mi-intact state, as well as isolated skin-nerve preparations, were irra-
diated with electromagnetic waves. The afferent flow of nerve impul-
ses during mechanical stimulation of the receptors was recorded usi-
ng an external recording from a branch of the dorsal nerve innervati-
ng the area of irradiation. At the maximum incident power flux dens-
ity (~35 mW/cm 2 ), the temperature increase was 1–2 °C.

The first series of experiments was performed within a temperat-
ure range of 18–22 °C, that is, within the thermoneutral zone for frog
mechanoreceptors, which is 13–26 °C, thus indicating a non-thermal 
effect of electromagnetic radiation on mechanoreceptors. However,
exposure to electromagnetic waves resulted in neither the activation 
of spontaneous activity nor any modification of the response.
In the second series of measurements, performed within a thermos-
ensitive temperature range of 27...30 °C for the mechanoreceptor sy-
stem, irradiation with electromagnetic radiation at a frequency of 48
GHz was found to decrease induced mechanoreceptor activity.

Electromagnetic radiation may also be received directly within n-
erve fibres. In this case, the electromagnetic field modifies the trans-
mission of the nerve impulse. A.Yu. Sazonov [24] investigated the eff-
ect of electromagnetic radiation at a frequency of 42.19 GHz on the f-
unction of the grass frog's nerve. The recovery time of the action po-
tential amplitude following excitation by electrical impulses was me-
asured during irradiation under three conditions:
a) prior to stimulation; b) during recovery; c) prior to excitations dur-
ing recovery. A reduction in recovery time of 20...40% compared to c-
ontrol values was recorded in all three conditions.

The effect of electromagnetic waves on nerve fibres can be not 
only stimulatory but also inhibitory. In the work of G. Burachas [25]
also investigated the influence of electromagnetic radiation on the s-
ciatic nerve of frogs. Exposure to millimetre waves of an unspecified
frequency caused the action potential amplitude to decrease expon-
entially to zero. Following the irradiation session, the amplitude gra-
dually recovered.
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The data presented above highlight two features of the influence 
of electromagnetic radiation on nerve impulse transmission when acti-
ng on receptors and nerve fibres. Firstly, the effect is frequency-depen-
dent, which is consistent with the hypothesis of resonant interaction of
radiation with functionally competent protein molecules. Secondly, the
response to pre-irradiation of preparations with electromagnetic wav-
es, and the significant time course of the effect, suggest a slow relaxat-
ion of conformational changes in protein molecules.

In addition to the action on receptors and nerve fibres, the passa-
ge of a nerve impulse may be modified reflexively. An example of this 
situation is provided in the work of Yu. Gaponyuk [26]. Eighteen of twe-
nty patients with hypertension exhibited an increased action potential
repetition rate in the afferent fibres of the median nerve in the left arm
, following 1 minute of irradiation to a skin area near acupuncture poi-
nt 9.9 of the pericardium meridian. The frequency of the electromagne-
tic radiation varied from 53.596 to 53.603 GHz, with an amplitude modu-
lation frequency of 0.05 Hz. The incident power flux density was less th-
an 5 mW/cm 2 . Frequency analysis of the electroencephalogram revea-
led an increase in the power of the theta rhythm spectral interval com-
pared to the background level in these patients. Blocking the median 
nerve between the irradiation zone and the zone for measuring action
potentials led to a decrease in the frequency of background impulse a-
ctivity and EEG spectral power in all patients. Irradiation with electrom-
agnetic radiation did not cause changes in these parameters.

1.5. Influence of electromagnetic radiation on the 
biological properties of microorganisms.

The role of conformational changes in protein molecules for cell 
membrane function was noted above. However, such changes are im-
portant not only for membrane proteins, but also for other molecules 
that determine the biological properties of cells, particularly their gro-
wth. In experiments with E. coli and S. aureus cultures [27], radiation f-
requencies were identified that affected these cultures.
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altered their growth. Irradiation at some of these frequencies stimulated
growth, whereas at others it suppressed it. It should be noted that no co-
rrelation was found between the power level of the electromagnetic radi-
ation and the extent of its biological effect on these bacteria.

In addition to biochemical reactions important for cell growth, ex-
posure to electromagnetic radiation can lead to alterations in cell stru-
cture, as has been demonstrated, for example, in experiments with p-
ertussis microbes [28]. Research suggests that exposure to electroma-
gnetic radiation at specific frequencies leads to alterations in the imm-
unological properties of these cells. These properties were assessed by
the presence of surface antigens – agglutinogens 1, 2, and 3. It was fo-
und that cells increase the synthesis of agglutinogen 1 under the influ-
ence of electromagnetic radiation with wavelengths of 6.39, 7.00, and 7
.80 mm, and decrease the synthesis of this antigen when irradiated at 
a wavelength of 6.90 mm. Exposure to electromagnetic waves with wa-
velengths of 6.59 mm and 6.00 mm caused a significant reduction in the
level of agglutinogen 2 and 3 synthesis by these microbes.

The work of L.S. Kholodnaya [29] demonstrated that millimetre w-
aves modify the immunological properties of staphylococcus antigens.
Moreover, the principal pathogenic factor of staphylococcus, protein 
A, was found to alter its capacity to interact with immunoglobulins foll-
owing electromagnetic wave irradiation.
Research into the effects of electromagnetic radiation on the photosy-
nthetic microorganisms S.Platensis and P.Vividis [30] has shown that t-
his exposure stimulates microorganism growth, increases cellular chl-
orophyll content, and intensifies oxygen production. This work confir-
ms that the primary action of electromagnetic radiation, by altering m-
embrane permeability and consequently the transport of sodium and 
nitrate ions, leads to a shift in the equilibrium between respiration and
photosynthesis towards the latter.

Similar studies on B.Subtilis bacteria [31] have demonstrated the 
existence of frequencies at which exposure to electromagnetic radiati-
on stimulated biomass growth and protein production. Frequencies w-
ere also identified at which exposure suppressed the functional activity
of these microorganisms. Stimulation manifested as a 30% increase in 
biomass, whereas suppression manifested as a 50% decrease relative to
control values. Concurrently, the protein concentration increased by 70
% upon irradiation with electromagnetic waves at the stimulating freq-
uency, and decreased by only 5% at the inhibiting frequency.
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frequency. Thus, millimetre waves alter the metabolism of B.Subtilis b-
acteria, but do not modify the entire process as a whole; rather, they 
affect various metabolic reactions depending on the acting frequency.

The effect of electromagnetic radiation on the growth of microorgan-
isms differs at different stages of cell culture development. Two experime-
ntal variants were performed with the Spirostomum.sp culture [32]:
a) irradiation of the culture with electromagnetic radiation during pop-
ulation formation; b) irradiation of the culture with electromagnetic ra-
diation of an unformed population due to the limited volume of the P-
etri dish. The cultures were 6 days old and were irradiated with electro-
magnetic radiation with a wavelength of 7.1 mm for 30 min.

In the first series of experiments, population relationships were esta-
blished in the control group, but irradiation on days 2, 4, and 7 led to a si-
gnificantly earlier population emergence. The growth curve matched that
of the control group only when irradiation occurred at a stage when the 
population was almost fully established (days 9–11). In this case, regulato-
ry mechanisms predominated over the electromagnetic influence.

In the second series of experiments, a population did not form in 
the control group. Exposure to electromagnetic radiation at various st-
ages of culture growth led to stabilisation, which manifested as the fo-
rmation of population relationships. Irradiation during stages of rapid
growth (days 4, 7, and 9) resulted in a more stable population than irr-
adiation at the inoculation stage (day 2).

Experimental data indicate that electromagnetic radiation can aff-
ect microorganisms at a genetic level. Changes in the genome of E. co-
li under the action of millimetre waves were investigated in the work 
of A. V. Gusev [33]. It was found that radiation activates the lysogenic 
prophage � �chromosome and the �galactosidase (lactose) gene of t-
he plasmid in E. coli cells. The expression of these operons is normally
blocked by the C1C1epressor � �of the phage.

Irradiation of lysogenic K�12 cells under growth conditions showed t-
he presence of several frequencies at which the amplification of phage ex-
pression was 5 to 6 orders of magnitude above the background level. The
dependence of galactosidase gene induction in CSH 36 culture on the fre-
quency of electromagnetic radiation was investigated near one of these f-
requencies. Maximum gene induction was recorded in the frequency ran-
ge 70.5...70.7 GHz, giving a relative resonance width of ~3.10 –3 .
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1.6. Influence of electromagnetic radiation on met-
abolic processes at the cellular level 

The modification of microorganism properties described above 
is largely attributable to changes in the metabolic process, particula-
rly with regard to cell growth. Therefore, this paragraph focuses on 
the effect of electromagnetic radiation on cellular metabolism.

Experiments with E. coli culture [27] have demonstrated a correl-
ation between the effect of electromagnetic radiation on the growth
rate of this culture, and the effect of this factor on the parameters of
phospholipid and energy metabolism proteins within the cell, and the
activity of its dehydrogenases. Photosynthesising bacteria Ph.Leogn-
athi were the subject of research into the effect of electromagnetic r-
adiation on the membrane structure regulating metabolic processes
in cells [34]. The advantage of studying such microorganisms resides
in the ability to obtain information regarding the effects of electrom-
agnetic radiation on vital cellular functions via an intact approach, u-
sing the light response of the biochemical system. The measurement
results indicated that exposure to electromagnetic waves at a frequ-
ency of 3.2 GHz induced luminescence quenching, and this effect was
independent of the incident power density within the range of 1.3 to 1
3 µW/cm 2 . The source of luminescence in these bacteria is the redu-
ction reaction of flavin mononucleotide and lipoaldehyde by molecul-
ar oxygen. This reaction results in the formation of a long-lived enzy-
me-substrate complex in an excited state, and its relaxation is acco-
mpanied by light emission. It can be hypothesised that the quenching
of luminescence under the action of electromagnetic radiation is pri-
marily associated with alterations in cell membranes. Restructuring in
lipid fractions can lead to a change in the aldehyde factor and a red-
uction in luminescence intensity. Activation of oxygen consumption 
within the cell can be considered as an alternative pathway of influe-
nce. This also leads to a decrease in luminescence levels during elect-
romagnetic irradiation and a restoration of luminescence intensity u-
pon cessation of irradiation. The important role of molecular oxygen
in alterations to metabolic processes under the influence of electro-
magnetic radiation was noted by A.K. Tambiev and N.N. Kirikova [35],
who studied the effects of electromagnetic waves on cyanobacteria 
S. Platensis and other microorganisms.

30



The mechanism of action of electromagnetic radiation on cells,
based on its interaction with the membrane, is indirectly corroborat-
ed by data obtained from the treatment of cardiac patients using mi-
llimetre waves [36]. In the pathogenesis of these diseases, the activa-
tion of lipid peroxidation of phospholipids within cellular and intrace-
llular membranes, particularly in cardiomyocytes and platelets, plays
a significant role. This process disrupts the function of membrane-d-
ependent enzymes, and alters the structure and permeability of me-
mbranes.

1.7. Modification of the mitotic cycle 

The alterations in metabolic processes, considered in the prece-
ding paragraph, may be linked to the mitotic cycle, as cell division re-
quires a specific level of metabolic activity.
Therefore, electromagnetic radiation can be expected to affect the 
mitotic cycle. According to experimental data, electromagnetic waves
do indeed influence cell division. These effects exhibit a resonant na-
ture; that is, electromagnetic waves alter the rate of mitotic division 
only at particular frequencies.
Changes can be directed towards both the stimulation and the suppress-
ion of mitosis, depending on the frequency of the incident radiation.
Such results were obtained in experiments with cultures of E. coli and
S. aureus [27], as well as with photosynthetic microorganisms S. Pla 
tensis and P. Vividis [30]. Irradiation of a leucocyte culture with electr-
omagnetic waves of 7.1 mm wavelength led to a 50–70% increase in 
growth rate in the first and second passages, whereas electromagn-
etic radiation of 5.6 mm wavelength caused a 52% increase in cell gr-
owth activity only in the first passage [37].

The stimulation of cell proliferation can be explained by bioche-
mical alterations resulting from exposure to electromagnetic radiati-
on. A study of the effects of millimetre waves on lymphocytes from 
healthy individuals in vitro [38] found that these cells produced a cyt-
oplasmic factor – a cytokine associated with dehydrogenase activati-
on, which functions as a growth factor.
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Electromagnetic radiation can act directly on chromosomes, pot-
entially modifying cell division processes. V.A. Starshina [39] investig-
ated the effect of electromagnetic radiation in the frequency range 40
.75...48.25 GHz on the polytene chromosomes of C. plumosus larvae.
The study found that initial chromosomal changes occurred immedi-
ately following irradiation for 15 or 30 minutes. In both cases, the ge-
netic activity of continuously transcribed chromosome segments ch-
anged in a similar manner. The greatest changes occurred 1...2 hours
post-irradiation, indicating a trigger mechanism of electromagnetic 
radiation action that initiates a slow process within the cells. Further-
more, exposure at a specific frequency elicits effects with opposite si-
gns in different chromosome segments: stimulating genetic activity 
in some while suppressing it in others. Presumably, this result is mo-
re closely related to the structure-function differentiation of the mac-
romolecular complex (DNA histones, nucleic proteins) in various chr-
omosomal segments.

Besides cell division, stimulating and inhibitory frequency-depe-
ndent effects of electromagnetic radiation have also been observed 
with regard to the functional activity of microorganisms. For example
, millimetre waves modified the fibrinolytic activity of B.Firmus and t-
he synthesis of penicillin by S.Aureus [40, 41]. Millimetre waves also 
alter the reading of the genetic code in *E. coli* cells [33]. When lyso-
genic cells were irradiated under growth conditions, several resona-
nt frequencies were found in the 69.72 GHz range. When irradiated at
these frequencies, the phage yield increased by 5 to 6 orders of mag-
nitude compared with the control group. In studies of the effect of e-
lectromagnetic radiation on the induction of the galactosidase gene 
in CSH 36 culture, the relative width of the resonance curve was fou-
nd to be ~3.10 –3 .
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1.8. Modification of cell adhesive properties 

The adhesive properties of cells are primarily determined by the
state of their membranes and their ability to interact with other bod-
ies through molecular and Coulomb forces. One indicator of this abil-
ity is the interaction with similar cells, that is, cell aggregation. The d-
egree to which this property is manifested, particularly in blood cells,
is highly important for the functioning of the organism in both nor-
mal and pathological states.

The rheological properties of blood in patients with acute stroke 
were studied in the work of I.A. Podolyako [42]. The results of these st-
udies show that *in vitro* irradiation of erythrocytes from patients wi-
th electromagnetic radiation at a carrier frequency of 53.53 GHz and fr-
equency modulation within ±25 MHz led to a 10% decrease in the agg-
regation index and a 20% increase in the erythrocyte deformation ind-
ex. This can be interpreted as a reduction in the degree of interaction 
between molecules on the surface of these cell membranes.

Similar measurements on platelets showed a more significant e-
ffect of electromagnetic radiation on cell aggregation. Table 1.1 sho-
ws the indices of spontaneous ( K sp ) and induced aggregation on d-
ays 2, 4 and 8 ( K 2 , K 4 and K 8 ) for these cells. This table shows that
the ratio of the induced aggregation index in the control group to t-
he corresponding index under irradiation decreases over time; how-
ever, the modification of cell membranes due to electromagnetic ra-
diation remains noticeable in all cases.

Table 1.1

Effect of electromagnetic radiation on cell aggregation 

Studies conducted by T.V. Golovacheva [43] showed that the ability of e-
rythrocytes to aggregate changes under the influence of electromagnetic ra-
diation, including following in vivo irradiation. Erythrocyte aggregation index
decreased from (1.23 �� 0.03) to (1.08 �� 0.02) units upon irradiation 

Indicator Experiment Control P 

Ksp 11,96 ± 0,29 6,09 ± 0,62 < 0,001

K2 12,42 ± 1,32 21,44 ± 1,82 < 0,001

K4 25,55 ± 2,73 42,62 ± 3,47 < 0,001

K8 37,82 ± 3,70 61,54 ± 4,58 < 0,001
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cardiac patients with electromagnetic radiation at wavelengths of 5.6 and
7.1 mm. Concurrently, the erythrocyte deformation index increased from
(1.06 � 0.02) to (1.20 �� 0.02) relative units. These data corroborate a sig-
nificant modification of the surface properties of erythrocyte membranes
under the influence of electromagnetic radiation. An increase in the coa-
gulation potential of blood was detected during the treatment of prostat-
itis with 5.5 mm wavelength electromagnetic radiation [44].

Studies on the effect of electromagnetic waves with a waveleng-
th in the range 5.6–7.1 mm on patients with thrombovascular disord-
ers, conducted by G.E. Markov and V.F. Kirichuk [45], also showed a 
change in platelet aggregation ability. Irradiation at frequencies sele-
cted individually for each patient resulted in the normalisation of pla-
telet function.

1.9. Features of intercellular cooperation 

The previous paragraph considered the ability of cells to interact
with each other. However, the state of the membrane also determin-
es interactions with cells of other types. This is evident from the resu-
lts of experiments with *Bordetella pertussis* [28]. Such cells exhibit
high variability, whereby exposure to electromagnetic radiation can 
induce a reduction in the number or complete loss of certain surface
antigens and, consequently, a change in antibody synthesis.

Further evidence of the modification of the degree of cell intera-
ction under the influence of electromagnetic radiation is provided by
erythrocyte research [46]. Freshly drawn blood with a preservative (s-
odium citrate) to prevent coagulation at low circulation rates was ex-
posed to electromagnetic waves, and its viscosity was then measured
. The measurement results, as a function of exposure time, are sho-
wn in Fig. 1.5. At low circulation rates, blood viscosity is determined 
by the reversible binding of erythrocytes and is therefore dependent
on the state of their cell membranes. According to Fig. 1.5, exposure
to electromagnetic waves alters the state of the membrane, but this 
effect is dependent on the duration of exposure.
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Fig. 1.5. Dependence of blood viscosity on exposure time.

The ability of erythrocytes to aggregate changes significantly u-
nder the influence of powerful electromagnetic pulses of nanosecond
duration. N.D. Devyatkov [47] investigated the effect of such pulses (λ
= 3 cm, τ = 10 ns, Ppeak = 30 MW) on erythrocytes, the membranes 
of which had been previously disrupted by electrical breakdown. Foll-
owing exposure to microwave pulses, the membranes and their cap-
acity for aggregation were restored.

The work of V.F. Kirichuk [48] investigated the effect of millimetre
waves at a frequency of 42.2 GHz on platelets in vitro. It was found t-
hat the degree of aggregation, and its initial and maximum rates, w-
ere significantly reduced by this exposure. It is proposed that the m-
echanism by which the functional activity of platelets is altered invol-
ves conformational modification of proteins on the membrane surfa-
ce under the influence of electromagnetic waves.

This correction of platelet functional activity is important in the t-
reatment of various diseases. For example, the irradiation of cardiac
patients with electromagnetic radiation at a frequency of 42.2 GHz, in
combination with drug treatment, led to a pronounced normalisation
of platelet aggregation [49]. A similar pattern of changes in platelet f-
unctional activity under the action of electromagnetic radiation was 
also observed during in vitro irradiation of platelet-rich plasma at hi-
gher frequencies, ranging from 149 to 154 GHz [50].
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1.10. Electromagnetic radiation as an inducer of apoptosis 

The effects discussed above indicate a change in the functional 
activity of cells under the influence of electromagnetic radiation. Ho-
wever, such an impact can be so acute that it triggers apoptosis (pro-
grammed cell death) in cells irradiated by electromagnetic waves. In
study [51], the effect of electromagnetic radiation with a frequency of
42.2 GHz and an incident power flux density in the range of 0.1...50 mW
/cm 2 on skin structure was investigated. Irradiation was found to in-
duce dynamic ultrastructural changes in the cells of the epidermis a-
nd dermis.
Two hours post-irradiation, cavities with a diameter of 0.2...3 μm were
observed in the cytoplasm and nuclei of these cells. Six hours post-ir-
radiation, these cavities remained. Subsequently, some cells recover-
ed, while others began to degrade. Twelve hours post-irradiation, the
cells exhibited clear signs of apoptosis, including chromatin conden-
sation, the appearance of large perinuclear spaces and large vacuol-
es in the plasma, and cell fragmentation. Detailed investigations have
shown that at least some of these cavities formed during mitochon-
drial degradation.

The problem of apoptosis has also been investigated at low freq-
uencies of applied electromagnetic fields. In the work of V.N. Voronk-
ov [52], *in vitro* experiments were conducted using two transform-
ed cell lines and one non-transformed cell line. An increase in the nu-
mber of cell deaths, morphologically consistent with apoptosis, was 
observed exclusively in the transformed cell lines. The induction of c-
ell death was observed in a magnetic field with a magnetic flux dens-
ity exceeding 1 mT. This effect was independent of the magnetic field
frequency and increased when a combination of a static magnetic fi-
eld and an alternating field at 50 Hz was used.

Contradictory results were obtained in the study by R. Gomes [53]. T-
he effect of the electromagnetic field was studied in vitro using two cell li-
nes, which differed from those used in the study by R. Gomes [52].
Cells were exposed to an electromagnetic field with a frequency of 25 Hz and
a magnetic flux density of 1.5 mT for 2 h. No significant changes in cell cycle 
phases, nor any induction of apoptosis, were detected. It is likely that each c-
ell type requires a specific frequency to trigger apoptosis. This conclusion is 
supported by the results of M. Simko [54], which examined the effects of a low
-frequency Simko [54], which examined the effects of low-frequency 
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field. Two cell lines were investigated: one transformed and the other
non-transformed. A statistically significant increase in micronucleus 
formation and the induction of apoptosis in transformed cells was r-
ecorded under the influence of a 50 Hz electromagnetic field after 48
–72 h of exposure. However, this effect was not observed in non-tra-
nsformed cells.

1.11. Effects of electromagnetic radiation on
malignant tumour cells 

The induction of apoptosis, discussed in the previous paragraph
, is an important factor in the treatment of malignant tumours. In th-
is regard, powerful electromagnetic pulses of nanosecond duration 
are of considerable interest. The use of generators producing such 
pulses in modes with a high duty cycle will provide a non-thermal le-
vel of electromagnetic radiation, whilst also enabling the creation in 
biological tissues of fields with an intensity comparable to the natur-
al quasi-static fields in biological membranes ~10 2 ...10 5 V/cm.

In the work by M. Simko [54] conducted experiments exposing V-
istar rats to high-power electromagnetic pulses. Generators providi-
ng peak powers of 100, 10, and 4 MW at frequencies of 10, 20, and 40
GHz, respectively, were used. The pulse duration was 10 ns. Irradiati-
ng rats with Walker carcinoma with 120 pulses resulted in a 1.5-fold 
decrease in the rate of tumour growth and a 30% increase in life exp-
ectancy compared to the control group. Exposure to electromagnetic
waves in combination with drug treatment slowed the rate of tumo-
ur growth by a factor of two. An in vitro study of the effect of this ele-
ctromagnetic radiation on tumour cells demonstrated cell destruction
.

N.D. Devyatkov [55–57] also conducted in vitro studies on the ef-
fect of powerful electromagnetic pulses on tumour cells (Walker car-
cinoma). It was found that, with this exposure, dystrophic changes o-
ccur in cells at the lysis stage.
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It is noted that the electric field intensity within cell membranes incr-
eases sharply in tumour cells during division.
Proliferation in tumour cells differs from that in normal cells; therefo-
re, electromagnetic radiation can alter tumour cell metabolism.

1.12. Conclusion 

Thus, electromagnetic radiation affects biological objects even 
at very low intensities, and the effective frequency range is extensive
. The most significant biological and medical effects of electromagne-
tic radiation at the molecular and cellular levels are presented in Tab-
le 1.2.

Table 1.2

Effects of electromagnetic radiation at the molecular and cellular levels 

Target of 
Exposure 

Frequency 
Range 

Consequences of exposure to elec-
tromagnetic radiation 

Biomacro 
molecules 1…150 GHz 

1. Conformational transitions in protein molecul-
es.

2. Alteration of functional activity:
a) Enzymes;
b) Transport proteins;
c) Ion channels.

3. DNA strand breaks.
4. Alteration of the tertiary structure of chromosomes.

5. Modification of the transcription of genetic inf-
ormation.

Membranes 1…150 GHz 

1. Alteration of charge distribution on the surface
of membranes.

2. Modulation of resistance to external factors.
3. Alteration of affinity for biomolecules.
4. Alteration of permeability to ions and biomolecules 

cules. 

Cells 0 .1…2·10 11Hz

1. Alteration of metabolism.
2. Modulation of growth and division.
3. Modification of functional activity.
4. Initiation of apoptosis.
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2. THE INFLUENCE OF ELECTROMAGNETIC RADIATI-
ON ON THE ORGANISM AS A WHOLE 

The previous chapter considered the effects of electromagnetic 
radiation on bio-objects at the microscopic level, specifically on bio-
molecules and cells. Evidently, the modification of the properties and
activity of microscopic biological structures under the influence of e-
lectromagnetic waves leads to changes in the properties of biologic-
al tissues and functional systems of the organism. In this chapter, we
will consider the manifestation of such local and systemic changes. S-
ection 2.1 presents data on local changes concerning the functional 
and morphological features of biological tissues.
Systemic changes in the organism under the influence of electromagnetic radiation
are discussed in the following paragraphs. The topic of Section 2.2 is the characteris-
tics of the responses of the nervous and endocrine systems of the organism.

The stressor and adaptogenic effects of electromagnetic waves are c-
onsidered in Section 2.3. Paragraph 2.4 is devoted to considering the
influence of electromagnetic radiation on animal behaviour. Changes
in operator behaviour under conditions of exposure to electromagn-
etic radiation are considered in § 2.5. The possibilities of targeted co-
rrection of the status of physiological systems of the organism are s-
hown in § 2.6. Finally, § 2.7 is devoted to presenting data regarding t-
he dependence of local and general effects on irradiation parameters
, in particular, the power and frequency of electromagnetic radiation
, the duration of exposure, and the irradiation mode.
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2.1. Functional and morphological modification of biolog-
ical tissues under the action of elec-

tromagnetic radiation 

Changes occurring in biological tissues under the action of non-
thermal electromagnetic radiation are of considerable interest from 
the perspective of determining the pathogenic influence of electrom-
agnetic waves and their application in therapeutics. These changes a-
re, naturally, a consequence of the modification of biological process-
es under the influence of electromagnetic radiation. However, publis-
hed data are typically phenomenological in nature and lack an analy-
sis of the mechanisms underlying these changes. The work of V.M. P-
erel'muter[1] investigated the effect of non-thermal millimetre waves
on murine skin. Upon irradiation of the left thigh, the overall effect 
manifested as an increase in blood perfusion in the vessels of the skin
of both the left and right thighs, and a decrease in the number of m-
ast cells (belonging to the class of immunocompetent cells), but only
in the non-irradiated skin. The local effect of electromagnetic radiati-
on was an increase in the number of mast cells and lymphocytes in t-
he irradiated zone. Upon irradiation of the right thigh, the local effect
was a decrease in the blood content of the vessels in that limb.

Several studies have investigated the effect of electromagnetic r-
adiation on tissue regeneration processes, examining the treatment 
of wounds in experimental animals. Areas of full-thickness circular sk-
in wounds in mice were irradiated with electromagnetic waves at fre-
quencies of 53.53 GHz and 42.96 GHz for five days post-surgery.
Information on the extent of granulation tissue formation was obtai-
ned by measuring glycoprotein concentration. The measurement res-
ults are presented in Table 2.1.

Table 2.1

Effect of electromagnetic radiation on
the extent of granulation tissue formation 

Control Electromagnetic radiation frequency 
53.53 GHz 42.96 GHz 42.96 GHz 

No modulation No modulation Modulation ±200 MHz 
Hydroxypr-

oline (HP)
100 ± 0.52

81,15 ± 2,72
P < 0.01

82,12 ± 2,72
P < 0.01

129 ± 2,67
P < 0.01

Hydroxylisi-
ne (HL)

100 ± 0,04
91,95 ± 7,00

P > 0.05
103,78 ± 2,23

P > 0.05
155,17 ± 2,37

P < 0.05

HL/HP 0,46 ± 0,03
0,51 ± 0,03
P > 0.05

0,61 ± 0.02
P < 0.05

0,55 ± 0,21
P < 0.05
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According to Table 2.1, electromagnetic wave irradiation without
carrier frequency modulation significantly reduces glycoprotein syn-
thesis. It should be noted that these proteins are the main compone-
nts of inflammatory lymph, which is considered essential to the wou-
nd-healing process. Therefore, a reduction in their content under the
influence of electromagnetic radiation can be interpreted as a supp-
ression of the inflammatory response. An increase in collagen conte-
nt, as assessed by the concentration of hydroxyproline, indicates op-
timised scar formation.

Since granulation tissue forms mainly via an extracellular pathw-
ay, it can be assumed that electromagnetic radiation at fixed freque-
ncies of 53.53 and 42.96 GHz suppresses the synthesis of extracellular
proteins, but does not affect collagen structures; this is supported by
the maintenance of the GL/GP concentration ratio. Exposure to elect-
romagnetic radiation with carrier frequency modulation results in the
activation of protein synthesis. The concentration of collagen protei-
ns, assessed by tyrosine content, remained virtually unchanged in all
experiments.

Millimetre waves exert a stimulating effect on nerve fibre regen-
eration. Thus, the skin on a rat's thigh near the suture was irradiated
with electromagnetic waves at a frequency of 53.57 GHz and an incid-
ent power flux density of 4 mW/cm 2 . Action potential measurements
after 5 months. Post-operative measurements demonstrated a stim-
ulating effect of electromagnetic radiation on nerve rehabilitation,
manifesting as a 30% increase in action potential propagation velocity
compared to the control group.

To understand the mechanism of biological tissue response to e-
lectromagnetic radiation exposure, investigations on isolated tissue 
preparations are important. In the work of V.N. Krylov and I.V. Oshe-
vensky [2], muscle tissue was irradiated with electromagnetic waves 
in the frequency range 53–78 GHz with a spectral density of 4.10 –4 W/
Hz at an integral power of 1.5 mW. The intrinsic tonic activity of the ti-
ssue (tone, frequency, and amplitude) remained unchanged followi-
ng this exposure. The response to the parasympathetic mediator (ac-
etylcholine) was also unchanged, but the intensity of the response to
the sympathetic mediator (noradrenaline) was twice as great. It can 
be hypothesised that electromagnetic radiation increases the media-
tor sensitivity of adrenergic receptors on the cell membranes of inte-
stinal smooth muscle tissue, which may occur in relation to 
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, as well as �adrenoreceptors. The reaction of the former () may be associ-
ated with an increase in transmembrane potassium current and, accordingly,

suppression of intrinsic myogenic activity, while that of the latter () may be a-
ssociated with a decrease in calcium current and, therefore, suppression of t-
he conjugation between stimulation and muscle cell contraction.

Irradiation of keratinocytes, which are the main component of hu-
man skin, with electromagnetic radiation at a frequency of 61.22 GHz 
showed that such exposure causes a small but statistically significant i-
ncrease in the intercellular level of interleukin-1. Concurrently, this ex-
posure did not alter cell proliferation or chemotaxis, nor did it affect t-
he adhesive properties of keratinocytes.
These data indicate that irradiation of human skin can activate basal k-
eratinocytes, stimulating interleukin-1 synthesis.

Irradiation of nerve tissue with electromagnetic waves may lead to
morphological changes. Destruction of the cytoplasm in myelinated a-
nd unmyelinated nerve fibres was detected immediately following 15-
minute irradiation with electromagnetic waves at a frequency of 42.25
GHz.

2.2. Peculiarities of changes in the nervous and endocrine systems
of the organism under the influence of electromagnetic waves.

The responses of the nervous system to electromagnetic radiation
are highly diverse, depending on the conditions of irradiation and the
state of the object exposed. Therefore, accounting for all details of irr-
adiation is crucial for establishing general patterns in the nervous sys-
tem's response to electromagnetic radiation. One method of assessing
the functional state of the autonomic nervous system involves spectr-
al analysis of cardiac rhythms. Vegetative effects give rise to three co-
mponents of cardiac rhythm: a low-frequency component (less than 0.
05 Hz), a mid-frequency component (0.08–0.12 Hz), and a high-freque-
ncy component (0.15–0.5 Hz). The first of these is associated with the 
metabolic regulatory system, the second with the baroreflex,

48



and the third with respiration. The influence of electromagnetic radiat-
ion was studied in practically healthy individuals aged 20 to 30 years. T-
he dorsal surface of the hand was irradiated with electromagnetic rad-
iation at a power flux density of 5 mW/cm 2 . The research results dem-
onstrated a strong response in the mid-frequency component of the 
heart rate. The amplitude of this component increased by a factor of 1
.5, whereas sham exposure (placebo) slightly reduced it (to 94%). The-
refore, it can be postulated that the principal changes in the autonom-
ic nervous system are associated with the vascular system.

Studies of the central nervous system's response to electromag-
netic radiation are typically conducted using electroencephalography
(EEG). Based on research results, the following key features of EEG r-
esponses to electromagnetic irradiation can be identified:

1) An increase in the number of spindle-shaped oscillations and slow
waves (synchronisation);

2) Changes in the EEG appear as a response to the initiation or cessa-
tion of electromagnetic exposure with a time step of 10–20 s (n-
on-specific response);

3) EEG changes are accompanied by alterations in the biopotentials 
of subcortical structures, particularly the hippocampus, hypoth-
alamus, specific and non-specific thalamic nuclei, and reticular 
nuclei of the midbrain. This indicates that, during short-term ex-
posure to electromagnetic waves, changes in the summed and 
pulsed biopotentials of the cerebral cortex are a direct effect of 
penetrating factors on the brain.
It should be noted that EEG responses to electromagnetic radia-

tion are dependent on the individual's emotional state. In treating p-
atients with gastroduodenal ulcers using electromagnetic waves [3],
a desynchronisation reaction of the EEG rhythm was observed. This 
reaction occurred particularly frequently with exposure to frequenci-
es of 58.0–59.5 and 61.5 GHz. A.P. Alistov [3] suggests that the stimul-
ation of background activity in millimetre-wave therapy is a non-spe-
cific reaction and may reflect increased sensitivity in the patient und-
er observation. The inactivation response of background activity refl-
ects the patient's transition into an emotional state of comfort and d-
rowsiness. This coincides with the relaxation of clinical indicators of 
peptic ulcer.
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In treating hypertensive patients, an increase in the action pote-
ntial repetition rate of afferent fibres in the median nerve of the left 
arm was recorded following irradiation of the skin near acupuncture
point 9.9 on the pericardium meridian for 1 minute. The frequency of
the electromagnetic radiation varied from 53.596 to 53.603 GHz, with 
a modulation frequency of 0.05 Hz and an incident power flux density
of less than 5 mW/cm 2 . EEG analysis revealed an increase in the int-
ensity of the spectral component within the -rhythm range compar-
ed to the baseline value in 18 of 20 patients. During novocaine block-
ade of the median nerve, exposure to electromagnetic radiation res-
ulted in changes to the parameters of background impulse activity a-
nd the spectral characteristics of the EEG.

A generalisation of the research findings regarding sensory responses to el-
ectromagnetic exposure allows the following conclusions to be drawn [4]:

• a human is capable of distinguishing electromagnetic exposure 
from sham exposure (placebo);

• a human's sensitivity to electromagnetic waves depends on both the indivi-
dual characteristics of the person and the parameters of the radiation;

• the type of sensations experienced (pressure, touch, tingling, b-
urning) suggests the involvement of cutaneous receptors in the
response to electromagnetic wave exposure;

• the latency period of sensory responses to electromagnetic wav-
es can reach 15 minutes;

• sensory asymmetry in the perception of electromagnetic waves 
(the reaction depends on which hand was exposed to the radiation)
occurs.
Based on these observations, it can be postulated that the influ-

ence of electromagnetic waves can trigger signal generation by mec-
hanoreceptors (tactile sensitivity) or pain receptors (nociceptors), gi-
ven that the reaction develops rather slowly (up to 15 minutes). The 
slowest mechanoreceptors can be identified as possible 'receptors' 
of electromagnetic waves. These are tactile discs, Merkel discs, and 
Ruffini endings. Sensory 'receptors' of electromagnetic radiation may
also include nociceptors, which are free nerve endings with thin my-
elinated and unmyelinated nerve fibres. Besides the type of sensation
(tingling or burning), this assumption is supported by the disappear-
ance of electromagnetic sensitivity.
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when treating a skin area exposed to radiation with ethyl chloride, w-
hich disables nociceptors.

In addition, electromagnetic radiation can induce epileptiform a-
ctivity, manifested by the appearance of low-frequency (2–4 Hz) high
-amplitude (over 300 µV) peaks in the EEG [5].
The possibility of such activity appearing as a result of electromagne-
tic radiation under certain conditions (following the administration of
chlorpromazine) was noted in the work of A.V. Sidorenko and V.V. Ts-
aryuk [6], which investigated the effect of continuous and pulsed ele-
ctromagnetic radiation with a carrier frequency of 42.2 GHz on the b-
rains of animals under various functional states of the central nervo-
us system. The variation in functional state was reflected in the EEG 
response. Active animals demonstrated a synchronisation reaction u-
pon exposure to electromagnetic radiation, whereas narcotised ani-
mals exhibited an EEG with an increase in  and  rhythms and indica-
tions of increased dynamic characteristics in the central nervous sys-
tem.

The reaction of the nervous system to electromagnetic radiation
is accompanied by endocrine changes. The effect of electromagnetic
waves on the concentrations of serotonin and catecholamines in rat
lymph nodes was investigated. As early as 15 minutes after electrom-
agnetic exposure, the concentration of these substances increased s-
harply in the lymph nodes. Furthermore, an increase in the number 
of intrafollicular luminescent cells was also observed.

The effect of electromagnetic radiation on the human sympath-
oadrenal system was studied. The electromagnetic waves had wavel-
engths of 5.6 and 7.1 mm and an incident power flux density of appr-
oximately 10 mW/cm 2 . The region of the external occipital protuber-
ance was exposed in both practically healthy individuals and patients
with disorders of the sympathoadrenal system. The data obtained in
this work allow us to assert that 
• electromagnetic waves act on the sympathoadrenal system, alter-

ing the metabolism of catecholamines and other mediators;
• this action is adaptive, as the sympathoadrenal system reacts a-

ppropriately:
a) with initially low levels of catecholamine release, exposure to 

electromagnetic waves resulted in a 65% increase in dopam-
ine release, a 140% increase in noradrenaline, and an 80% i-
ncrease in adrenaline;
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b) with initially normal and high levels of catecholamine release,
the system's response to electromagnetic waves differed, s-
howing a 70% decrease in dopamine levels, a 90% increase in
noradrenaline, and a 4% increase in adrenaline.

Thus, exposure to electromagnetic radiation with wavelengths 
of 5.6 and 7.1 mm may lead to the correction of catecholamine meta-
bolism, a key integrating link within the sympathoadrenal system; al-
terations in the state of this system are adaptive in nature.

2.3. Characteristics of the stressor and adaptogenic effe-
cts of electromagnetic waves 

Yu.A. Kholodov [7] hypothesised that the nervous system's react-
ion to exposure to electromagnetic radiation stems from the brain's 
initial response. This reaction precedes stress and, with short-term e-
xposure, elicits an anti-stress effect, increasing the organism's resist-
ance. Biochemical investigations into the anti-stress effects of millim-
etre-wave radiation were conducted on non-linear white rats. The re-
sults indicated that the correction of the sequelae of stress is depen-
dent on the organism's initial state. For 
‘Vigorous’ animals exhibit a stress-induced reduction in serotonin lev-
els within the microphages of the thymus's subcapsular zone; followi-
ng electromagnetic exposure, these levels are restored to normal. Se-
rotonin levels in brain lymphocytes increased following stress and de-
creased after subsequent exposure to electromagnetic waves.
In cortical lymphocytes, stress decreased catecholamine levels, while
exposure to millimetre waves restored them.

Different results were recorded for 
'Drowsy' animals. Stress led to a change in monoamine levels in the 
opposite direction to that observed for 
‘Lively’ animals. In this instance, the serotonin level increased in subca-
psular microphages and decreased in brain lymphocytes, while the cat-
echolamine level in cortical lymphocytes increased. Exposure to 

52



electromagnetic radiation did not lead to a correction of monoamide
alterations. Moreover, it increased the serotonin level in microphag-
es. Thus, electromagnetic radiation acts in a unidirectional manner 
with respect to biochemical changes. And its use is justified if the str-
ess response requires correction in this specific direction.

The work of N.A. Temuryanov [8] investigated the anti-stressor 
effect of millimetre-wave radiation with a wavelength of 5.6 mm and 
a power flux density of 10 mW/cm 2 under conditions simulating hyp-
okinesia in white rats. To assess the anti-stressor effect of electroma-
gnetic waves, the cytochemical status of peripheral blood neutrophils
(peroxidase and lipid content) and lymphocytes (succinate and glyce-
rophosphate dehydrogenase content) was measured. Such measure-
ments provide information on changes in non-specific resistivity.

The measurement results indicated that the anti-stressor effect was de-
pendent on the animals' typological status and the zone of irradiation. In ani-
mals with low and medium mobility, an anti-stressor effect was observed fol-
lowing irradiation of the occiput and the external aspect of the right femur,

but no response was observed with irradiation of the left femur. The anti-str-
essor effect manifested as an increase in cytochemical lipid indicators and d-
ehydrogenase activity in lymphocytes. Evaluations of adaptation efficacy, ba-
sed on the morphological composition of blood, indicated that the animals' 
response to electromagnetic exposure constituted a training reaction.

In animals with high mobility, an anti-stressor effect was achieved by
irradiating the occiput and left hip, whereas exposure of the right hip
did not limit the stress response.

A description of the asymmetry of anti-stressor effects induced 
by electromagnetic radiation was also reported by V.M. Perel'muter [
9]. Hypokinetic stress was induced by placing mice in irradiation cha-
mbers. Two types of chamber were used: one was designed to irradi-
ate the right thigh and had a corresponding aperture on the right si-
de, and the other had an aperture on the left side.
The 'right-sided' chamber induced short-term lymphopenia and a reducti-
on in the number of thymocytes in the left thymus. Irradiation of the right
thigh resulted in marked lymphopenia being recorded one hour after irra-
diation, which then resolved within the subsequent 24 hours. In addition,
an increase in the number of thymocytes was recorded in the right 
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thymus. Irradiation of the left thigh led only to transient lymphopenia
in the initial minutes after irradiation.

Continuing this work, the dependence of the anti-stress effect of el-
ectromagnetic exposure on both the wavelength of the radiation and t-
he duration of exposure was investigated [10]. It was found that exposu-
re at a wavelength of 5.6 mm is more effective than at a wavelength of 7.
1 mm. In the latter case, exposure to electromagnetic waves limited the
development of stress but did not increase the level of functional activi-
ty in blood cells. The anti-stress effects of electromagnetic radiation with
a wavelength of 5.6 mm were dependent on the duration of exposure. P-
ositive results were observed even with a 15-minute exposure.
The effect was more pronounced with a 30-minute irradiation period,
but a 60-minute exposure was less effective than exposures of 15 and
30 minutes.

It should be noted that the anti-stressor effect induced by radiati-
on with a wavelength of 5.6 mm was not observed under all stressor c-
onditions. The work of A.Yu. Arzumanov [11] investigated the depend-
ence of the anti-stressor effect on the severity of stress. The results in-
dicated that under conditions of severe stress in animals (immobilisat-
ion, including head fixation), no significant anti-stressor effect was o-
bserved. In this case, all behavioural responses (feeding, sex, ‘open fi-
eld’ test, ‘forced swimming’ test) were suppressed by stress.

Under conditions of less severe stress, specifically kinetic constra-
ints, the anti-stressor effect of electromagnetic radiation was more pr-
onounced when animals were in life-threatening situations. One such
situation is employed in the Vogel test, where animal behaviour is ass-
essed by the number of attempts to obtain a drink, during which they
receive an electric shock. Concurrently, the stressor effect was more 
strongly manifested in animals' behavioural responses to a positive b-
iological stimulant.

The work of N.N. Lebedeva and O.P. Sulimova [12] investigated the 
effect of electromagnetic radiation, with a wavelength of 7.1 mm, on he-
art rate and EEG under conditions of psychological stress induced by an 
experimental procedure. Data obtained from 5 volunteers indicated the 
potential for developing a stress reaction. This is corroborated by the re-
sults of electromagnetic treatment on 52 patients, who were divided into
groups based on the severity of their burns, as assessed using the Frank
index. The intensity of the stress response was determined by 
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the lymphocyte count in the blood. Irradiation of patients resulted in an
increased lymphocyte count compared to the corresponding control 
group. The anti-stressor effect was independent of burn area and dep-
th within a range of several to 50 units of the Frank index, and also ind-
ependent of the degree of initial stress caused by the burn.

Beyond phenomenological studies, investigations into the mec-
hanisms of the anti-stressor effect are of considerable interest. One 
such study examined the role of lipid peroxidation and thiosulphide 
exchange in limiting the stress response [13]. The selection of these 
biochemical processes was based on their important role in regulati-
ng the suppression and activation processes of the central nervous 
system. Lipid peroxidation is dependent on many factors, in particul-
ar the lipid composition of membranes, and the activity of proteins 
and non-proteins within pro- and antioxidant systems. The activity of
these systems is controlled by neurohumoral mechanisms. One of t-
he most important elements of the physiological antioxidant system
is thiol-disulphide exchange.

The results of a study on lipid peroxidation in mice under hypok-
inetic stress during irradiation with 7.1 mm wavelength electromagn-
etic waves showed that this electromagnetic exposure modifies the 
process, and the direction of change is opposite to the effect of stre-
ss. Where hypokinetic stress led to a marked increase in lipid peroxi-
dation products in the thalamus and hypothalamus, electromagnetic
exposure induced a change in the levels of these products towards 
normalisation.

2.4. Effect of electromagnetic radiation on ani-
mal behaviour 

Experimental studies into the effects of electromagnetic waves on
animal behaviour are most frequently conducted on rats and primat-
es. The effect on rats of an electromagnetic field generated by ultra-
wideband (UWB) pulses was investigated. The aim of the investigatio-
ns was to determine teratological and behavioural changes following 
exposure under the following regimes:
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1) daily exposure to UHP pulses during pregnancy, for 3–18 days;

2) exposure for 10 days postnatally.
Irradiation was performed with pulses of the following paramet-

ers: electric field strength – 55 kV/m; leading edge duration – 0.3 ns;
pulse duration – 1.8 ns. The experimental results showed no changes
in animal behaviour following exposure to UWB pulses, with the sin-
gle exception that rats emitted more noise during the irradiation ses-
sion than in the control.

UWB pulses with the following parameters were used: pulse du-
ration was 5...10 ns, frequency bandwidth was 0.25...2.5 GHz, and pul-
se repetition rate was 60 Hz. Brief (2 min) exposure of rats to these p-
ulses did not induce changes in animal behaviour in the 'open field' 
and 'forced swim' tests.

The effect of electromagnetic waves on rat behaviour was also i-
nvestigated. Three groups of animals were used: a control group; a 
group exposed to microwave electromagnetic waves; and a group e-
xposed to radio frequency waves. The electric field strength of the el-
ectromagnetic field was 5 mV/m, and irradiation was performed daily
for 10 minutes over a period of 10 days. The rats' ability to learn and 
remember was assessed after each irradiation session and again 10
days after the final session. The rats in the second and third groups 
demonstrated a greater capacity for learning and memory compared
to the animals in the first group. The effect is attributed to the influe-
nce of electromagnetic waves on the central nervous system, enhan-
cing microcirculation and potentially exerting a direct effect on certa-
in structures within the cerebral cortex.

Studies have been conducted on the effect of electromagnetic w-
aves of various wavelengths on the behaviour of rats. The animals w-
ere irradiated with electromagnetic radiation in the metre, decimetre
, and centimetre wavelength ranges, with an incident power flux den-
sity of 10 mW/cm 2 . The research results demonstrated that electro-
magnetic radiation in these ranges can slow the development of nor-
mal behavioural responses. This was manifested upon irradiation with
electromagnetic waves in the metre range. In the centimetre wave r-
ange, the effect manifested with a certain time delay. Changes were 
observed at non-thermal intensities, and the animals readily adapted
to the experimental conditions. The effects investigated were 

56



the effects of electromagnetic radiation with sinusoidal modulation 
at a frequency of 2–50 Hz. The carrier frequency was 30 MHz, and the
electric field strength was 30–120 V/m. It was found that this exposu-
re inhibited the formation of conditioned reflexes in animals.

Experimental studies on the biological effects of microwave pulses f-
rom marine radar systems have demonstrated that these effects are dep-
endent on radiation intensity and exposure duration. The influence of this
radiation on the behaviour of animals (white rats) was assessed using the
'open field' paradigm. It was observed that the response to electromagn-
etic exposure is dependent on the animal's behavioural type.

Studies on primates are of considerable interest, as their behavi-
our closely resembles that of humans. The effect of UWB pulses on 
primate behaviour was investigated. The exposure duration was 2 m-
inutes, and the effective frequency bandwidth ranged from 0.1 to 1.5
GHz. The pulse repetition frequency was 60 Hz, and the electric field 
strength of the electromagnetic field was 250 kV/m. Animal behavio-
ur was assessed using the 'equilibrating platform' test, where the m-
onkey had to compensate for platform tilts generated pseudo-rando-
mly by a computer program using a joystick.

In addition to these experiments, studies were conducted on ba-
boons. An electromagnetic field with an electric field strength of 30 a-
nd 60 kV/m was used. Exposure to this field resulted in the monkeys 
ceasing their activities on the first day, but the situation returned to 
its initial state by the second day. Cessation of activity accompanied 
the termination of exposure sessions after 6 weeks, as observed on 
the first day of exposure. In measurements of the electric field sensi-
tivity threshold in baboons, the value is 12 kV/m. This value correspo-
nds with that observed in rats and humans.
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2.5. Changes in Human Behaviour under the Influe-
nce of Electromagnetic Radiation 

Information regarding the effects of electromagnetic radiation 
on human behaviour is limited: studies have investigated the influen-
ce of millimetre-wave electromagnetic radiation on the functional st-
ate of operators during irradiation of the biologically active point T[20
] on the head. Research results have demonstrated that this exposure
significantly improves the overall well-being and functional status of
operators, thereby enhancing their work performance. Furthermore,
the principal neural processes within the cerebral cortex are intensi-
fied.

Indirect information regarding the responses of the nervous sy-
stem in operators can be derived from phenomenological observati-
ons, such as physiological assessments of the nervous system status
of personnel working under pulsed exposure to low-intensity electr-
omagnetic waves. The radiation had the following parameters: carri-
er frequency – 1 GHz, pulse repetition frequency – 32 Hz, pulse repe-
tition rate within the burst – 250 Hz, and incident power flux density 
at workstations – from 0.34 to 312 µW/cm 2 .
Statistically significant changes were registered in the functional acti-
vity of the operators' nervous system, including autonomic dysfuncti-
ons. The following syndromes were noted: vasovegetative dystonia (8
5 %), asthenia (49 %), vestibulopathy (31 %), and polyneuropathy (87
%). The development of these changes in nervous system function d-
epended on length of service and, consequently, on the cumulative 
duration of operator exposure.

Clinical studies of US Air Force personnel exposed to electroma-
gnetic radiation revealed that a significant proportion of those exam-
ined presented with mental abnormalities. These included complain-
ts of severe headaches lasting several weeks without any neurologic-
al symptoms. It should be noted that no ophthalmological or neurol-
ogical disorders, typically associated in the USA with excessive electr-
omagnetic radiation exposure, were observed.

Socio-hygienic studies were conducted, employing an analysis of
the relationship between working conditions and the health status of
specialists regularly exposed to electromagnetic waves at airports. T-
he results demonstrated a statistically significant increase in 
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the incidence of cardiovascular and nervous system diseases, and prem-
ature ageing of the organism (by 3.5 years). Impairments of the organism
's defence systems, leading to immunodeficiency, were identified to a g-
reater extent in personnel working with radar than in individuals in con-
tact with radionavigation and radio communication systems.

Treatment of patients with gastroduodenal ulcers [3], including 
irradiation at frequencies of 58.0–59.5 GHz and 63.5 GHz using dielec-
tric waveguides in contact with acupuncture points. EEG recording s-
howed the development of a rhythm desynchronisation reaction. At 
several frequencies within the specified range, patients exhibited an
inactivation reaction of background activity, accompanied by a comf-
ortable emotional state and drowsiness.

2.6. Targeted correction of the state of physiologic-
al systems of the organism 

Modulation of immune status 
Biological effects of electromagnetic radiation can be used for t-

he targeted correction of the state of the organism's immune system
. A number of studies have explored the modification of immune sta-
tus through exposure to electromagnetic waves. For example, the ef-
fect of millimetre-wave radiation on the survival rate of white mice w-
ith lethal influenza infection has been investigated. Irradiation regi-
mes and test results are presented in Table 2.2.

According to Table 2.2, the modification of the immune status in
mice exhibits a time lag, and the magnitude of modulation is depen-
dent on the duration and mode of exposure.

Generators based on IMPATT diodes can be used for the target-
ed correction of the immune system response. Medical studies have
confirmed the effectiveness of these devices in treating nervous sys-
tem dysfunctions, immune system disorders, and metabolic disorde-
rs.
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Table 2.2

The effect of millimetre-wave radiation on the lifespan of mice 
infected with influenza virus. 

The work of V.N. Zaporozhan [41] demonstrated that correcting the
immune status using low-intensity millimetre waves can limit alteratio-
ns to the immune system associated with suppression of the T- and B-
cell immune systems in the postoperative period.
However, modification of the immune status can have both positive and
negative effects. The effect of electromagnetic radiation on murine im-
mune system cells was studied. The results demonstrated that electro-
magnetic waves with a frequency of 41.95 GHz suppress the activity of t-
hese cells by 20%. Suppression was also observed when the same radi-
ation was used, but modulated at frequencies of 16 and 50 Hz.
With modulation at 1 Hz in the carrier frequency range 41.95–42.05 GHz
, activation of immune system cells was registered, but in the range 41.8
–41.9 GHz, suppression of their activity was detected.
Thus, an appropriate exposure regimen can purposefully alter the stat-
us of the organism's immune system.

Regulatory influence on the haemopoietic system 
Several series of experiments investigated the possibility of regula-

ting haemopoiesis in the bone marrow. N.P. Didenko [15] investigated 
haemopoiesis in the bone marrow of the femurs of mice in both the irr-
adiated and contralateral limbs. The animals were irradiated for one ho-
ur with electromagnetic waves with a wavelength of 7.00–7.30 mm and 
an incident power flux density of 10 mW/cm 2 . On the third day post-irr-
adiation, a weak reaction of the erythroid lineage was apparent, with a 
slight increase in the absolute number of basophilic normoblasts.

Group 
number Irradiation regime 

Wavel-
ength,

mm

Animal 
mortality,

%

Average 
lifespan, 
days 

1 14 days post-infection 7,1 42 + 12 8,3
2 14 days pre-infection 7,1 0 14,0
3 7 days pre-infection 7,1 36 + 14 8,6

4
7 days pre- and 14 days 

post-infection 7,1 16 + 10 11,1

5
7 days pre- and 14 days 

post-infection 5,6 25 + 13 10,1

Control – – 70 + 14 7,6
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basophilic normoblasts. A retrospective study of the animals' initial s-
tate enabled the identification of two groups. Group A – mice progn-
ostically 'sensitive' to electromagnetic radiation and characterised by
an initially low leukocyte count in the peripheral blood. Group B – 'in-
sensitive' animals with an initially high leukocyte count (greater than
12·10 9 l –1 ). Changes were observed only in the irradiated limb. In Gr-
oup A, a 25% increase in the total number of erythroid elements was
recorded, including basophilic normoblasts.

Another series of experiments [16] investigated the prognostic s-
ignificance of the initial erythrocyte count in peripheral blood followi-
ng exposure to electromagnetic radiation with the same parameters
as those used by N.P. Didenko [15], for cerebral haematopoiesis in C-
BA mice. Mice were divided into two groups based on erythropoietic
measurements: 'low-erythrocyte' – with a level less than 8·10 6 l –1 – a-
nd 'high-erythrocyte' – with a level exceeding this value. It was found
that changes in bone marrow haematopoiesis were initiated in ani-
mals of the first group upon exposure of the left hind limb, and in m-
ice of the second group – the right hind limb.

Thus, the leukocyte and erythrocyte counts in peripheral blood 
are a prognostic indicator of the regulatory effects of electromagnet-
ic radiation.

Initiation of a protective effect 
against harmful environmental factors 

Among the adverse environmental factors, chemical pollution a-
nd naturally occurring biological allergens, which lead to allergic dis-
eases, have recently caused the greatest concern among ecologists 
and physicians. In such diseases, it is important to correct the status
of the immune system with regard to cellular and humoral immunity
. The work of V.P. Adaskevich [17] was devoted to the study of millim-
etre-wave electromagnetic radiation as a factor initiating processes t-
hat correct immunological and neuroendocrine indicators in patients
with atopic dermatitis. The research results demonstrated that the a-
pplication of electromagnetic waves led to a stable improvement and
positive changes in immunological (immunoglobulins E, M and G) a-
nd neuroendocrine (T 3 , T 4 , cortisol, oestradiol) parameters.
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The antioxidant and antitoxic systems of the blood play a crucial
role in protecting the organism from adverse effects.
The influence of low-intensity radiation with a wavelength of 7.1 mm
on blood systems in vitro was investigated. It was found that this ex-
posure increased the activity of glutathione reductase, catalase, and
superoxide dismutase. Glutathione peroxidase and glutathione S-tra-
nsferase did not react to this exposure, and the reaction of glucose-6
-phosphate dehydrogenase was dependent on the level of initial acti-
vity. At low initial activity, electromagnetic radiation activated this en-
zyme, whereas at high initial activity, it reduced its activity. Thus, in t-
his instance, the effect was corrective.

Modification of the effects of ionising radiation 
Of the research results in this area, those pertaining to experim-

ents with lethal doses of radiation are particularly noteworthy. An ex-
periment describing the protective effect of millimetre-wave electro-
magnetic waves, performed on white mice, is presented. The experi-
mental results showed that preliminary exposure of the animals to e-
lectromagnetic waves at a frequency of 42.19 GHz for 10 days, or prel-
iminary exposure for a period of 
Exposure for 5 days, with a further 30 days' exposure post-irradiation, leads
to a 1.6 to 2.0-fold decrease in mortality at a radiation dose of 6.5 Gy.
Mouse mortality increased 3.3-fold if the mice were exposed to elect-
romagnetic radiation only after the initial exposure.

Microwave pulses were used in experiments investigating the p-
rotective effect of electromagnetic radiation on CBA-line mice.
Preliminary exposure to these electromagnetic waves for 24 hours in-
creased survival rates and mean lifespan tenfold at a radiation dose 
of 7.0 Gy, and threefold at a dose of 7.5 Gy. Treatment of animals wi-

th these electromagnetic waves, administered concurrently with exp-
osure to radiation (7.0 Gy), resulted in a five-fold increase in survival 

rate and average lifespan compared to the control group.
However, at a radiation dose of 8.0 Gy, the electromagnetic waves c-
onferred no protective effect.

Mice underwent pre-exposure to millimetre waves for 1 hour, c-
ommencing 2 hours before irradiation. The protective effect of milli-
metre waves was observed at radiation doses ranging from 3 to 8 Gy.
The most pronounced protective effect was observed at a dose of 4.0
Gy. It should be noted that the reduction in stress- 
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related effects in animals, induced by the experimental conditions, also
led to increased survival. Certain experimental conditions in themselv-
es, in particular housing animals in irradiation chambers, positively m-
odified the effect of ionising radiation, since hypodynamic stress leads
to stable hypoxia, which elicits a radioprotective effect.

However, as a protective effect of electromagnetic waves was observed
when reducing the degree of hypokinetic stress through exposure to 
millimetre waves, the mechanisms of these effects are inherently diffe-
rent, and their direction is opposite.

2.7. Dependence of local and general effects on
electromagnetic wave frequency, specific absorbed 

power on exposure duration, and radiation ty-
pe (continuous or pulsed mode)

The dependence of the biological effects of millimetre-wave electr-
omagnetic radiation on its parameters is discussed in detail in review [1
9]. First and foremost, a threshold dependence of the effects on the in-
cident power flux density is observed. Under experimental conditions,
particularly during in vivo irradiation, determining the power absorbed
by the biological object is difficult, but controlling the incident power l-
evel is relatively straightforward. If the experiment is correctly design-
ed and measurements of reflected and transmitted power are success-
ful, a power balance will allow determination of the absorbed power. In
any case, the incident power level provides an upper estimate of the p-
ower absorbed by the biological object. Therefore, the incident power 
flux density is a suitable measure of the energetic interaction between
biological entities and electromagnetic waves. Figure 2.1 illustrates the
experimental relationship between the induction coefficient KI of coli-
cin synthesis and the incident power flux density, exemplifying the thr-
eshold behaviour of biological effects induced by electromagnetic wav-
es. This figure indicates that the effect becomes apparent at a specific 
threshold value of the incident power flux density, and that the magni-
tude of the effect remains constant at higher flux densities.
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unchanged. The threshold value is determined by the characteristics of the biological
object and the exposure conditions.

Fig. 2.1. Dependence of colicin synthesis on incident power density.

A second characteristic of the interaction of electromagnetic wa-
ves with biological objects is the resonant response of biosystems to
electromagnetic exposure, meaning that a change in the state or fu-
nction of a biological object is observed only when subjected to elect-
romagnetic radiation within a narrow frequency range. The relative 
width of this interval is of the order of 10 –3 . This does not imply that 
such changes in biological objects occur solely under the action of el-
ectromagnetic radiation within this specific frequency range. Several
frequencies elicit a qualitatively similar response from biosystems u-
pon exposure.
An example of this is the dependence of the induction coefficient of 
colicin K I on the wavelength of the incident radiation, as shown in Fig
. 2.2.

Measurements were performed to determine the dependence of the
intensity of a person's endogenous electromagnetic radiation on the fre-
quency of the applied electromagnetic waves. The exposure was conduct-
ed in the frequency range of 40–70 GHz, with an incident power flux dens-
ity of approximately 1 μW/cm 2 . Endogenous radiation from the individual
was recorded within the frequency interval (1.000 ± 0.025) GHz. The meas-
urement results indicated that this relationship exhibits a resonant behav-
iour. The central frequency of this resonance is located around 57.8 GHz,
and its relative width was 10 –2 . It was noted that the response to 
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Electromagnetic exposure was observed at incident radiation intensities
from 1 to 10 μW/cm 2 .

Fig. 2.2. Dependence of colicin induction on wavelength 

General effects manifesting at the organism level depend on the lo-
cation and duration of electromagnetic wave irradiation. These depend-
encies have been investigated in a number of studies. Exposure to elect-
romagnetic radiation was performed on mice at wavelengths of 5.6 mm 
and 7.1 mm. Irradiation was performed for 15, 30, and 60 minutes at the 
following locations: a) left thigh; b) right thigh; c) occiput. The effect was
assessed by non-specific resistivity, for which measurements were taken
of peroxidase, acid phosphatase, alkaline phosphatase, and lipid content
in neutrophils, as well as the concentrations of succinate dehydrogenase

and glycerophosphate dehydrogenase in lymphocytes.
The data obtained in this study indicate that exposure to electroma-

gnetic radiation at a wavelength of 5.6 mm for 60 minutes results in a le-
ss pronounced effect than exposure for 
15–30 minutes. In the latter case, a significant decrease in the levels of r-
edox and hydrolytic enzymes was observed in neutrophils and lymphoc-
ytes compared to the control groups on the 3rd and 5th days; these lev-
els returned to baseline values by the 9th day post-irradiation. Adaptati-
on to electromagnetic radiation with a wavelength of 7.1 mm developed
later and less effectively than with irradiation at that wavelength.
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5.6 mm. The localisation of exposure also modified the effect of the electro-
magnetic waves. Exposure during irradiation of the occipital region was m-
ore effective than exposure of the external surfaces of the thighs.

In most studies, irradiation was performed at the projection of 
acupuncture points. In this case, the mechanism of action was non-s-
pecific in nature but was not related to local heating.
The effect of electromagnetic radiation at a frequency of 53.37 GHz on
the arterial blood pressure of Vistar rats was investigated. Irradiation
was applied to the area of the renzhong acupuncture point (upper t-
hird of the philtrum); the second area was the midline of the nasal b-
one. The incident power flux density was 10 µW/cm 2 . The experime-
ntal results showed that electromagnetic radiation only affected the 
arterial blood pressure of SHR rats with hypertension, but had no eff-
ect on Wistar rats. After 4–6 minutes of irradiation, the arterial blood
pressure changed from 147/101 to 114/62 mm. Following the cessation
of irradiation, arterial blood pressure returned to baseline levels. An
increase in incident power flux density up to 100 µW/cm 2 resulted in
heating of the irradiated area by 3...4°C; however, this did not produ-
ce any additional effects.
The data obtained indicate that low-intensity millimetre-wave radiati-
on applied to acupuncture points does not alter the functions of a h-
ealthy organism, but normalises them in pathological states.

2.8. Conclusion 

Therefore, the effect of electromagnetic radiation with the afor-
ementioned characteristics is evident across all bodily systems.
The most significant biological and medical effects of electromagnet-
ic radiation on the whole organism are presented in Table 2.3.
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Table 2.3

Effect of MicrowaveRadiation on the Organism 

System Site of acti-
on 

Radiation pa-
rameters Results 

Skin, tis-
sues 

Wound area 42.96 GHz + 200 MHz
modulation 

Accelerated wound healing (stim-
ulation of granulation)

Thigh skin 
Asymmetry of local effects:
changes in blood filling, mast cell 
count, lymphocytes 

Skin in the ar-

ea of the suture 

53.57 GHz,
4  mW/cm2 Acceleration of nerve regeneration 

Skin 42.25 GHz 
Destruction of the cytoplasm of m-
yelinated and unmyelinated nerve
fibres 

CNS Head region

Changes in electroencephalogram
parameters:
1) Synchronisation (increase in the 

number of spindle-shaped oscill-
ations and slow waves);

2) alteration of biopotentials in subco-
rtical structures (hippocampus, hy-
pothalamus, thalamic nuclei, retic-
ular nuclei of the midbrain)

CNS 58.0–59.6 GHz,
61.5 GHz 

Desynchronisation of rhythm, activ-
ation of background activity.
Sensory sensations, positive emot-
ional colouring,
drowsiness 

CNS 42.2 GHz 

Awake animals – synchronisation.

Anaesthetised animals – increase in high
-frequency rhythms, increased dynamism
of the central nervous system.

Epileptiform activity, manifesting 
as rare (2–4 GHz) high-amplitude (
> 300 μV) peaks. 

CNS 
Point 9.9

peri- channel 
carda 

53.596–53.613 GHz,
modulation 0.05 Hz,

<5 mW/cm2

Increase in the power of the spectral 
component in the  and  rhythm ranges

, and an increase in the frequency of
action potential trains in the afferent
fibres of the median nerve.
Sensory sensations 

CNS 7.1 mm,
10 mW/cm2

Anti-stress effect:
Normalisation of inhibition and ac-
tivation processes (thalamus and 
hypothalamus)
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Continuation of Table 2.3

Autonomic
nervous
system

Dorsal aspect of
the hand mm, 5  mW/cm2

Change in heart rate (0.05 Hz, 0.08–0
.12 Hz, 0.15–0.5 Hz)

Whole-body irra-
diation 

Chronic 
irradiation,

Carrier 1GHz,
Packet 32Hz,
In packet 250Hz 

Vegetative dysfunctions 

Jian jian poi-
nt + midline

of the nose 

53.52 GHz Reduction of elevated blood press-
ure 

Neuroen-
docrine sy-

stem 
mm 

Sharp increase in serotonin and cat-
echolamine levels in the lymphatic 
nodes 

Sympath-
oadrenal 

system 

Region of t-
he external occipi-

tal protuberan-
ce 

5.6 mm,
7.1 mm,

10 mW/cm2

Correction of adaptive changes (al-
terations in catecholamine and ot-
her mediator metabolism, cytoche-
mical lymphocyte indicators, mor-
phological blood state, adequate r-
esponse).
Behavioural reactions – anti-stress
effect under mild stress 

Behaviour
(laborat-
ory ani-
mals)

UWB pulse.
5 kV/m, peak time 3

00 ps, duration 1
.8 ns 

Decrease in the sensitivity thresho-
ld to ultrasound exposure 

m, dm, cm,
10 mW/cm2

Slowing the formation of condition-
ed reflexes 

30 MHz sine wave.

mod.
2…5 Hz,

30…120 V/m 

Blocking the development of conditioned
reflexes 

0.25…2.5 GHz,
5–10 ns, frequency 

repetition rate 60 GHz 

Improvement in learning ability and memory 

Operato-
rs 

Area of the occ-
ipital protuberance 

on the posterior
surface of the head

53.57 GHz,
42.25 GHz,
10 mW/cm2

Behavioural reactions: anti-stress 
effects under mild stress 

Point T [20]
parietal can-

al 
mm 

Increased work capacity,
improvement of functional state, i-
ncreased mobility of the main neu-
ral processes in the cerebral cortex
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End of Table 2.3
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3. PATHOGENIC EFFECTS OF EMF IN THE SHF BAND 

The previous chapter considered the regulatory effects of electrom-
agnetic radiation on the systems of the organism. However, particular a-
ttention should be given to the pathogenic effects of electromagnetic w-
aves on systems of vital importance. These primarily include the heredit-
ary, reproductive, and neuroendocrine systems. It is also important to u-
nderstand the extent to which such effects are irreversible, and the con-
ditions under which their manifestations are most significant. This chapt-
er provides a review of such research. Section 3.1 considers the pathoge-
nic effects of electromagnetic waves on the genome. Possible mechanis-
ms of non-thermal electromagnetic radiation's effect on the reproductive
system are analysed in § 3.2. Disorders in the neuroendocrine system ca-
used by electromagnetic fields are the topic of § 3.3. Paragraph 3.4 is de-
voted to considering the reversibility of pathogenic effects of electroma-
gnetic radiation.

3.1. Genomic changes: mutagenic effect, developmental
malformations (teratogenic effects)

A direct influence of electromagnetic radiation on the genome was 
observed in the work of G. Lai and N. Sinha [1] investigated the effect of 
microwave pulses with a carrier frequency of 2.45 GHz and a power dens-
ity of 2 mW/cm 2 on adult Sprague-Dawley rats. Rat brain cells were exa-
mined by agarose gel electrophoresis four hours after two hours of irra-
diation. The results showed the presence of single- and double-strand D-
NA breaks. These breaks were not observed if melatonin was administer-
ed subcutaneously to rats before or immediately after irradiation, or if 
N-tert-butyl-α-phenylnitrone was administered intraperitoneally as a free
radical scavenger.
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These results suggest that the effect of electromagnetic radiation
on the genome is indirect. A schematic of the mechanism of action is
shown in Fig. 3.1. Electromagnetic radiation initiates the formation of
free radicals, the action of which on DNA molecules leads to single- 
and double-strand breaks. At this stage, the effect of electromagnetic
waves is similar to that of ionising radiation, although the mechanis-
ms of free radical formation differ.

Fig. 3.1. Damage to DNA strands in rat neurones by free radicals (R) form-
ed under the influence of pulsed microwave radiation.

Conflicting results were obtained using two types of frequency 
modulation: frequency-modulated continuous wave radiation, with 
a central frequency of 835.62 MHz, and code modulation with a mean
frequency of 847.74 MHz at a specific absorption rate of 0.6 W/kg [2].
The effect of heating was excluded by maintaining a constant tempe-
rature of 37.0°C. Exposure of mammalian cell cultures (murine fibro-
blast cells C3H 10T1/2 and human glioblastoma cells – U87MG) does
not cause DNA damage, as confirmed by the results of the alkaline c-
omet assay.

An indirect study of the effects of electromagnetic radiation on the genome 
was carried out using drosophila [3]. Drosophila embryos, aged 1.5 and 15 hours,

were irradiated with a continuous power flow at a frequency of 460 MHz. The effe-
ct of exposure was assessed by the degree of interrupted development, defined as
the percentage of imagoes failing to emerge relative to the number of embryos,

and serving as a measure of the extreme manifestation of teratogenesis.
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of teratogenesis. No effect of the radio frequency signal was found on
the percentage of interrupted development in embryos aged 1 and 5
hours. For 15-hour embryos, the effect was dose-dependent on the a-
bsorbed power. The percentage of interrupted development increas-
ed 1.4-fold only at a specific absorption rate of 6 W/kg.

The appearance of radiofrequency electromagnetic radiation-in-
duced changes in the genome of peripheral blood lymphocytes in in-
dividuals exposed through their occupational activity was noted in t-
he work of N.D. Devyatkov et al. [4]. The presence of genomic chang-
es was determined by the increased frequency of micronuclei and al-
teration of cell distribution across the first, second, and third mitotic
classes. Irradiation of lymphocytes with an electromagnetic field at a
frequency of 50 Hz also introduces changes to the genome of these 
cells. Following irradiation of lymphocytes latently infected with the 
Epstein-Barr virus, an increase in the number of cells expressing the
viral antigen was recorded [5]. This indicates alterations in DNA, mo-
difying the reading of genetic information under the influence of ext-
ernal electromagnetic radiation. Changes in leukocyte chromosomes
are also noted in studies by N.P. Didenko et al. [6].

The consequences of the mutagenic effect of electromagnetic r-
adiation include the occurrence of tumours, associated with changes
in genetic information. However, studies into the possibility of a carc-
inogenic effect of microwave radiation generally yield negative resul-
ts. The possibility of increased cancer proliferation upon exposure to
radio-frequency radiation is indicated in the article by J. Goldsmith [6]
. In the review by L. Vershaeva [7] analysed reports in which most re-
searchers found an increased frequency of leukaemia and central n-
ervous system (CNS) tumours among children exposed to electroma-
gnetic radiation.

To explain the mechanism of low-power microwave radiation and 
radio-frequency fields on biological systems under conditions where t-
he temperature of the object under study does not change significantly
during the experiment, a hypothesis has been proposed that,
that non-thermal doses of microwave and radiofrequency radiation 
can trigger a cascade of reactions, particularly lipid peroxidation with
the formation of free oxygen radicals, leading to mutagenesis and c-
arcinogenesis [8].
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3.2. Effects on the reproductive system 

Changes to the genome under the influence of electromagnetic ra-
diation, as considered in the previous paragraph, can undoubtedly have
reproductive consequences. A possible manifestation of such an influe-
nce on the genome is a change in the sex ratio, as discovered in the w-
ork of V. James [9]. Exposure of mothers to high-frequency electromag-
netic fields resulted in a higher birth rate of female offspring.
Significantly, this effect differs from that of ionising radiation, which 
causes sex-linked lethal mutations.

However, changes in the sex ratio may also be associated with 
modification of the reproductive system's function. In the work by M.
Akdag et al. [10] it is demonstrated that microwave radiation signific-
antly affects the reproductive system. In a study, male Sprague Daw-
ley rats were exposed to 9.45 GHz electromagnetic waves at a power
density of 2.65 mW/cm 2 and a specific absorption rate of 1.8 W/kg, f-
or 1 hour daily over 13, 26, 39, and 52 days.
A noticeable reduction in seminal fluid within the epididymides was detected,

but only after 52 days of exposure. The percentage of abnormal seminal fluid
changed markedly after 26, 39 and 52 days of irradiation, with significant cha-
nges in the weight of the testes and epididymides also observed.

Fig. 3.2. Schematic of spermatogenesis 
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In the testes of exposed rats, necrotic changes in the tubules, in-
terstitial oedema, a reduction in spermatogenesis, and, in some tub-
ules, an absence of germinal epithelium were noted. The process of 
spermatogenesis is shown in Figure 3.2. Microwave radiation disrupts
spermatogenesis in the seminiferous tubules. At stage I, it causes in-
hibition of spermatogonia differentiation, and at stages II–IV, necros-
is of spermatid precursor cells. Atrophy, interstitial oedema, cellular 
infiltration, and increased fibroblast activity were observed in the ad-
nexa.

Therefore, chronic exposure to low-intensity microwave radiation
results in changes to the functional and morphological state of the r-
eproductive system. Evidently, morphofunctional changes in the rep-
roductive system, akin to those described above, contribute to an in-
creased frequency of adverse reproductive outcomes, particularly s-
pontaneous abortions.

3.3. Disorders of neuroendocrine regulation 

In addition to the systems considered above, the neuroendocrine
system also demonstrates a rapid response to electromagnetic radia-
tion. The work of N.I. Karpikova and S.N. Lukyanova [11] examines the
effect of modulated microwave radiation on the neuroendocrine syst-
em. The incident radiation had the following characteristics:
carrier frequency – 1 GHz, pulse frequency – 250 Hz, burst frequency
– 32 Hz, incident power flux density at the workplaces – from 
0.34 to 314 μW/cm 2 . Clinical and neurophysiological assessment of the heal-
th status of personnel working under these conditions indicates the develo-
pment of statistically significant alterations in nervous system function. The
phenomenology of these changes is characterised by a symptom complex 
of autonomic dysfunction: vegetative-vascular dystonia syndrome (VVD – 85

%), asthenic syndrome (49 %), vestibulopathy syndrome (21 %), and polyne-
uropathy syndrome (87 %). The development of a symptom complex of aut-
onomic dysfunction depends on work experience: 1–5 years – autonomic-v-
ascular dystonia of the hypertonic type, 6–25 years – autonomic-vascular d-
ystonia of the mixed type, 26–35 years – arterial hypertension.
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A general reaction of the neuroendocrine system to acute local expos-
ure to microwave radiation is possible. See article P. Marchiori [12] describ-
ed a case of multiple acute neuropathy following accidental exposure from
a microwave oven with a faulty radiation interlock upon opening the door.
The injured party placed her right hand into the oven chamber, rested her 
left hand on the door, and peered into the open chamber. After 10 minutes
, she experienced numbness and tingling in the fingertips of her right hand
. The following day, a burning pain developed in her right hand.
Subsequently, paraesthesia and a decreased sensitivity developed in her left hand.

After 10 days, the pain intensified, and dystrophic changes appeared in the
nails of her right hand. Sensory disturbances presented in the right side of
the face, with a decrease in visual acuity in the right eye.

Alterations in the functional state of the central nervous system also ari-
se under conditions of microwave radiation exposure for therapeutic purpos-
es. In the work of A.A. Kovalev [13], the spatial organisation of cortical proces-
ses and the functional significance of its dynamics were studied under the inf-
luence of non-thermal intensity millimetre-wave electromagnetic radiation (
MM-EMR). Electroencephalographic examination during local EHF exposure 
was performed on 85 patients aged 18 to 56 years, who were receiving inpati-
ent treatment for chronic visceral pathology without evidence of central nerv-
ous system (CNS) involvement. Reorganisation of the coherent composition 
of the EEG was observed in specific narrowband regions of the alpha range,

against a background of psychosomatic status indicators characteristic of the
normal organism, or normalisation under the influence of EHF radiation.

In the presence of uncorrectable pathological deviations in the functional 
state of the somatovisceral innervation sphere, the prevailing shifts in spat-
ial synchronisation manifested as activation of a coherent structure at 15 Hz
. Possibly, these manifestations reflect the functioning of the homeostatic 
regulation mechanism.

Similar sensory indications have been observed in humans upon local
exposure to various electromagnetic fields [14]. The subtle sensations that 
arise suggest the involvement of the nociceptive system in responses to el-
ectromagnetic radiation, i.e. a painful reaction. During EEG studies, a sync-
hronisation reaction was observed in humans. Reactions to electromagnet-
ic waves showed heightened activity in the anterior regions of the right ce-
rebral hemisphere. The predominance of slow-wave activity on the EEG is 
consistent with the inhibitory effect of electromagnetic radiation on condit-
ioned reflex activity. The processes of formation and preservation of condi-
tioned reflexes are more vulnerable.
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tion and preservation of conditioned reflexes. The author concludes 
that the totality of brain reactions indicates an initial adaptive respo-
nse of the brain to EMF, playing an important role in both the therap-
eutic and pathogenic effects of EMF on the organism.

3.4. Reversibility of Changes in Systems Sensitive to 
Microwave EMF Exposure 

In a limited number of studies describing pathogenic effects, the
reversibility of changes and the long-term consequences of microw-
ave radiation exposure are assessed. Disruption of spermatogenesis
in rats proved reversible after prolonged exposure (3 months) to an 
electromagnetic field with a wavelength of 8 mm and a power density
of 35 μW/cm 2 [15]. Three months after continuous irradiation ceased
, the sperm count not only recovered but also exceeded baseline lev-
els.

In a therapeutic study involving 528 patients with diverse pathologies,

using non-thermal level millimetre-wave microwave therapy devices [16], 3

patients exhibited cutaneous changes. Patient M. (36 years old), who was u-
ndergoing treatment for rheumatoid polyarthritis, developed a complication
on the 5th day of microwave therapy, concurrent with a reduction in the pr-
imary disease symptoms – a pruritic rash on the chest and abdomen, which
had spread to the entire body by the 7th day. The rash disappeared 10 days
after microwave therapy was discontinued. Upon repeating the microwave 
therapy after 3 months, the complication recurred. Patient Ya. (46 years old)

received two courses of therapy (18 and 15 procedures) for the treatment of
psoriasis. During each course, an itchy urticarial rash appeared all over the 
body from days 5–7, resolving after the treatment ended.

Patient G. (54 years old) received three courses of therapy for the tre-
atment of duodenal ulcer. On the 5th–7th day of each course, an itchy
, urticaria-like rash appeared across the body. Following cessation of
treatment, the rash disappeared. In all cases, treatment of the unde-
rlying condition proved effective.

Analysis of the results of microwave radiation exposure suggests
that the pathogenic effect may be based on the acti- 
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vation of lipid peroxidation, with the formation of free oxygen radica-
ls. These radicals damage the genome, causing mutations which un-
derlie both teratogenesis (increased percentage of unhatched Droso-
phila imagoes) and carcinogenesis. The effects are largely dependent
on the level of absorbed power and the duration of exposure to mic-
rowave radiation. As with the effects of other physical, toxic, and str-
essor agents, spermatogenesis is one of the most sensitive systems 
when exposed to a microwave field. Exposure to pulsed microwave r-
adiation can cause significant disturbances in the functioning of the 
central nervous system in humans. This is unsurprising, as even exp-
osure to microwave radiation at therapeutic parameters leads to cha-
nges in EEG characteristics. It is important to emphasise that the obs-
erved disturbances in conditioned reflex activity are somewhat stere-
otypical and do not depend on the parameters of electromagnetic ra-
diation (from low-frequency fields to those in the millimetre-wave ra-
nge).

One should agree with M. Liang and V. Zang [17] that the primary challenge in studying the effects of microwave radiation on 

the human population is the lack of clarity surrounding biological mechanisms and the weak experimental evidence of such effects. O-

ne should agree with M. Liang and V. Zang [17] that the primary challenge in studying the effects of microwave radiation on the human

population is the lack of clarity regarding biological mechanisms and the weak experimental evidence for these effects.
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4. THERAPEUTIC EFFECTS OF MMW RADIATION 

As demonstrated in Chapter 1, the influence of electromagnetic 
radiation can have both positive and negative biological effects. Pat-
hological manifestations of this influence were discussed in detail in 
the preceding chapter. However, numerous studies demonstrating t-
he diverse effects of microwave radiation on biological objects at var-
ying levels of organisation allow these effects to be considered as a 
basis for the broad testing of the potential use of microwave radiati-
on for the therapy of various diseases. This chapter is dedicated to t-
he therapeutic applications of electromagnetic waves. Section 4.1 pr-
ovides a concise overview of the therapeutic effects of electromagne-
tic radiation at thermal power levels. Paragraph 4.2 is dedicated to a 
consideration of the therapeutic effects of non-thermal intensity ele-
ctromagnetic waves. Separate paragraphs are devoted to microwave
therapy for the most important systems of the human organism. Se-
ction 4.3 considers the therapeutic effect of electromagnetic radiation
on the haematopoietic system. The therapeutic effects of electroma-
gnetic waves on the immune system are the subject of Section 4.4. P-
aragraph 4.5 is devoted to the effects of electromagnetic radiation on
the healing of ulcers in the gastrointestinal tract. Section 4.6 conside-
rs the electromagnetic stimulation of bone tissue regeneration. Para-
graph 4.7 is dedicated to determining the dependence of the therap-
eutic effects of electromagnetic radiation on its parameters.
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4.1. Therapeutic effects of microwave electromagnetic radiation wit-
hin the thermal power range 

The therapeutic effects of electromagnetic radiation are associat-
ed with the heating of biological tissues. The literature contains data on
thermoregulatory reactions in humans during whole-body microwave
irradiation, causing an increase in deep tissue temperature.
In determining the threshold of thermal perception in the median re-
gion of the spine in adult men, it was found that sensitivity increases
monotonically with increasing microwave radiation frequency across
the range 2.5–94 GHz. The threshold determined at 94 GHz was more
than an order of magnitude lower than that at 2.5 GHz, and compar-
able to the perception threshold of IR radiation [1]. At lower frequen-
cies, effects related to thermal exposure may not be accompanied by
strong sensory perception.

4.2. Therapeutic effects of non-thermal micr-
owave EMF 

In a review published in 1998, A WHO review analysed the biolo-
gical effects of low-intensity radiofrequency electromagnetic fields (f-
rom 10 MHz to 300 GHz) [2]. It noted numerous gaps in knowledge in
this area, requiring further research. It also highlighted the existence
of publications concerning the therapeutic application of low-intens-
ity electromagnetic radiation.

The feasibility of treating thyroid pathology using low-intensity 
millimetre-wave radiation has been investigated [3]. Therapy in 284
patients with diffuse toxic goitre, diffuse non-toxic goitre, and nodul-
ar goitre resulted in a reduction in gland volume in the majority of p-
atients. Following therapy, patients with diffuse thyrotoxic goitre ex-
hibited normalised serum T 3 and T 4 lymphocyte levels, and their th-
yrotoxicosis syndrome was alleviated. In any of the observation gro-
ups, the authors found no negative side effects from millimetre-wave
therapy.
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Exposure of acupuncture points to low-intensity millimetre-wave ra-
diation in patients (16 days, 5 minutes at each of 5-7 points) with ischae-
mic stroke resulted in marked therapeutic effects [4]. An earlier recovery
of speech was observed, and the disease course was almost 3.5 times le-
ss frequently complicated by the development of pneumonia.

For the treatment of benign prostatic hyperplasia (BPH) and chr-
onic prostatitis (CP), 10 sessions of millimetre-wave microwave radia-
tion, with wavelengths of 5.6 and 7.1 mm in frequency modulation m-
ode and a power flux density of 10 mW/cm 2 [5], were used in conjun-
ction with hyperbaric oxygenation. Although the treatment did not r-
esult in a reduction in prostate volume, in patients with both BPH and
CP, it was possible not only to achieve improved urination paramete-
rs, but also to reduce the intensity of the inflammatory response. The
latter was evidenced by a reduction of more than twofold in the nu-
mber of leukocytes in prostatic secretions. With isolated BPH, no the-
rapeutic effect was observed.

4.3. Stimulation of haematopoiesis 

Electromagnetic radiation can have a stimulatory effect on the 
human haematopoietic system. Thus, in the treatment of burn patie-
nts exposed to electromagnetic waves with a wavelength of 7.1 mm,
the number of reticulocytes increased in groups with facial burns co-
vering less than 10%, and in those with torso burns affecting up to 20
% of the body surface area [6]. In the group with torso burns ranging
from 10 to 30%, no effect was observed. This clinical effect of erythro-
poiesis stimulation is consistent with results demonstrating increased
repopulation by bone marrow stem cells of CBA and C57Bl6 (F1) hyb-
rid mice following irradiation with 7.1 mm electromagnetic radiation [
7].

The conditions for stimulating erythrocyte formation in the bone marrow of anim-
als were studied in the article by N. P. Didenko et al. [8]. It has been established that the
response of the blood vascular system depends on its initial state and the location of e-
lectromagnetic radiation (EMR) exposure. Considering these conditions, it became pos-
sible to predict and control the stimulating effect of EMR on erythropoiesis, both in hea-
lthy animals [9] and in the correction of anaemia following blood loss [10].
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4.4. Stimulation of the immune system 

The ability of microwave radiation to affect cellular metabolism and
alter the state of the neuroendocrine system suggests the possibility of 
modulating the immune system. Alterations in immune status during mi-
crowave therapy have been recorded in 16 patients with acute myocardi-
al infarction, who underwent 60 minutes of irradiation to the skin of the 
lower leg with 5.6 mm wavelength microwave radiation [11]. A total of 14
procedures was performed. A tendency towards an increase in T and B l-
ymphocytes was observed, while the number of T helper cells remained 
unchanged and T suppressor cells decreased. The levels of IgG and IgM 
immunoglobulins increased, whereas IgA levels decreased. These chang-
es in immune parameters were accompanied by an improvement in the 
clinical picture: a decrease in the intensity and frequency of episodes of 
retrosternal pain, and a more rapid positive trend on the ECG.

The immunomodulatory effect of microwave radiation is predic-
ated on the formation of free radicals. This is evidenced by data from
studies investigating the effects of weak electromagnetic fields (8...18
GHz, 1 µW/cm 2 ), which showed an increase in tumour necrosis fact-
or induction in murine macrophages. The application of ubiquinones
, which act as antioxidants, reduces the effects of electromagnetic fi-
elds in the microwave range [12].

4.5. Effect on the healing of gastrointestinal ulcers 

Peptic ulcer disease remains a significant medical challenge, and
research continues into more effective treatments. Unsurprisingly, g-
astric and duodenal ulcer disease was one of the first conditions wh-
ere microwave therapy was trialled. E.S. Timofeeva [13] summarised 
the results of electromagnetic radiation therapy at wavelengths of 7.1
and 5.6 mm in 534 patients with peptic ulcer disease. Biologically acti-
ve points were irradiated (from 1 to 4 areas per session) for 40 minut-
es. Two-thirds of the patients presented with moderate or severe dis-
ease. Depending on the variant of the com- 
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Four patient groups were identified, based on the combination of electrom-
agnetic therapy and traditional treatment regimens. Treatment efficacy was
monitored by fibrogastroduodenoscopy and histological examination of bi-
opsy specimens from the ulcer margins. The results led the author to concl-
ude that millimetre-wave (MMW) therapy is highly effective for peptic ulcer 
disease. Furthermore, monotherapy with electromagnetic waves did not dif-
fer in effectiveness from combination therapy using drug regimens.

However, poor tolerance of electromagnetic therapy was noted in 6
patients, which led to treatment discontinuation. In 17 patients, MMW
therapy either had no positive effect or was followed by early disease
relapse. It transpired that all of these patients presented with compl-
icated variants of peptic ulcer disease.

The application of electromagnetic waves at a frequency of 62 G-
Hz and a power flux density of up to 3 mW/cm 2 in continuous or pul-
sed generation modes yielded a positive effect in the treatment of g-
astric and duodenal ulcers, including complicated forms of these dis-
eases [14].

Comprehensive treatment of duodenal ulcers, incorporating ele-
ctromagnetic therapy, reduced the extent of inflammatory infiltration
and connective tissue formation in the ulcer area, as evidenced by hi-
stological examination. Concurrently, complete eradication of Helico-
bacter pylori and stimulation of regenerative processes, including n-
ormalisation of the endocrine elements of the intestinal mucosa, was
achieved in the majority of patients [15].

To elucidate the nature of the therapeutic effect of electromagn-
etic radiation, and to exclude the leading role of psychophysiological
processes associated with patient expectation of a positive outcome
(the placebo effect), a comparative evaluation of sham and 'true' ex-
posure to low-intensity millimetre waves was performed [16]. The th-
erapeutic effect of simulated EHF therapy was found to manifest as 7
5% complete or incomplete healing of gastroduodenal ulcers. The ac-
tual impact of EHF radiation on acupuncture points or Head's zones 
resulted in a 20...30% increase in the rate of complete ulcer healing.
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4.6. Stimulation of bone tissue regeneration 

Electromagnetic therapy was found to have a beneficial effect on
wound healing in patients with limb injuries complicated by purulent
infection, particularly in those exhibiting an unfavourable response in
the absence of pharmaceutical or other essential treatments [17]. El-
ectromagnetic therapy has proven beneficial in the comprehensive t-
reatment of deforming osteoarthritis [18].

The therapeutic effects of electric and magnetic fields have been
studied primarily with the aim of using them to restore connective t-
issues. The most extensively studied methods concern bone restorat-
ion, facilitating reduced treatment durations for recent fractures, non
-unions, complications arising from bone tissue transplantation, ost-
eoporosis, and osteonecrosis. The application of electromagnetic fie-
ld effects has been reported for the restoration of cartilage and soft 
fibrous tissues. In all these experimental studies and clinical applicat-
ions, accelerated synthesis of the extracellular matrix and reduced ti-
ssue treatment times were observed [19].

There is considerable evidence that direct current and alternati-
ng electric fields are generated in living bone due to metabolic proc-
esses and mechanical deformations, respectively. External direct cur-
rent is applied to treat non-unions as a means of stimulating mitosis
and restoring osteogenic cells, possibly via electrochemical reactions
at the electrode-tissue interface. Alternating electromagnetic fields 
are also used to treat non-unions, osteonecrosis, and osteoarthritis,
and to stabilise implants [20].

Pulsed electromagnetic fields affect the in vitro growth of bone 
and cartilage, making them potentially useful in the treatment of art-
hritis. Stimulation with these fields is an established method in the t-
reatment of non-union fractures and shows promise for use in the tr-
eatment of osteoarthritis, osteonecrosis, osteoporosis, and wounds.
Permanent magnets may, under certain circumstances, provide tem-
porary pain relief [21].
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4.7. The dependence of therapeutic effects on the specif-
ic absorption rate, frequency, exposure duration, continuous

and pulsed modes, considering the pulse duration, rep-
etition rate, and shape parameters of microwave elect-
romagnetic field (EMF) pulses.

Despite the importance of studying the dependence of the therapeutic
effect of microwave therapy on the parameters of electromagnetic radiati-
on, this aspect remains the least well understood. The effectiveness of diff-
erent electromagnetic therapies was compared in 23 patients with progres-
sive angina pectoris [22]. In the first group, a radiation source with a wavel-
ength of 7.1 mm was employed. The procedure lasted 60 minutes a day for 1
0 days. In the second group of patients, a radiation source with a waveleng-
th of 5.6 mm was used for 5 days, followed by a source with a wavelength 
of 7.1 mm for 5 days. The radiation power is 10 mW/cm 2 . Exposure to elect-
romagnetic waves results in a reduced heart rate. The result was independ-
ent of the wavelength and application regimen of EHF therapy.

A study of the effect of low-intensity electromagnetic radiation (1...2 μW/cm 2

) within the 26 to 140 GHz frequency range on the human body, using electroacup-
uncture diagnostics (EAD) according to R. Voll, revealed four biologically active ra-
nges. These ranges are separated by relatively quiescent frequency intervals and 
exhibit distinct types of radiation interaction with the body [23]. Voll's method rev-
ealed four biologically active ranges, separated by relatively quiescent frequency i-
ntervals and differing in the type of radiation interaction with the body [23]. Specif-
ically, the 8 mm range is characterised by a general constitutional tonic effect, the
5 mm range by a local normalising effect, the 4 mm range by a general constitutio-
nal sedative effect, and the 2.5 mm range by a local normalising effect.

4.8. Conclusion 

The results of microwave therapy suggest a definite effectiveness in c-
orrecting the state of the haematopoietic and immune systems, stimulating
the regeneration of ulcerative defects of the stomach and duodenum, and 
promoting bone and connective tissue repair (Table 4.1). However, the ina-
dequate definition of indications and contraindications for microwave ther-
apy is notable. As a rule, the physical parameters of radiation 
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in the treatment of a specific disease are selected without adequate justific-
ation, and without attempting to determine the optimal exposure regimen.

The initial state of physiological systems is not adequately considered; und-
er pathological conditions, these systems respond to microwave radiation in
a way that largely determines its outcome. Addressing these issues may pr-
ove promising for enhancing the efficacy of microwave therapy.

Table 4.1

Therapeutic effects of microwave radiation 

System Site of acti-
on 

Radiation p-
arameters Results 

Endocrine 
system mm 

Reduction in thyroid gland volume in p-
atients with diffuse toxic goitre, norma-
lisation of T3 and T4 lymphocyte levels.

Immune 
system Tibia 5.6 mm 

Change in the immune status of patients
with acute infarction (increase in the nu-
mber of T and B lymphocytes, IgG and IgM
, decrease in IgA level) – improvement in
clinical presentation. 

Gastrointest-
inal tract 

Biological-
ly active p-

oints 

7.1 mm,
5.6 mm 

High efficacy in the treatment of unco-
mplicated gastric and duodenal ulcers. 

62 GHz,
3  mW/cm2

Treatment of gastric and duodenal ulc-
ers, including complicated cases, result-
ing in a reduction of inflammatory infilt-
rate, accelerated regeneration, and no-
rmalisation of the endocrine elements 
of the intestinal mucosa. 

Cardiovas-
cular system mm<10 mW/cm2

Reduced recovery times and a decreas-
ed probability of stroke complications (
pneumonia). 

Urogenital 
system 

5.6 mm; 7.1 mm,

10 mW/cm2

Improvement of therapeutic efficacy, r-
eduction of inflammation during the si-
multaneous treatment of prostatic hyp-
erplasia and chronic 
prostatitis 

Haematopoi-
etic system Tibia 7.1 mm Stimulation of erythropoiesis in burn dise-

ase (increased reticulocyte count)

Musculo-
skeletal sy-

stem 

53.53 GHz,
42.96 GHz,
modulation 

Acceleration of wound healing, activati-
on of the inflammatory response, stim-
ulation of scar formation, activation of 
extracellular protein synthesis.

Improvements in the complex therapy 
of deforming osteoporosis, fractures, a-
nd osteonecrosis. 
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5. DEPENDENCE OF THE INFLUENCE OF MICROWAVE ELECTROMAGNETIC
RADIATION ON THE ORGANISM ON THE FUNCTIONAL STATE

OF ITS PHYSIOLOGICAL SYSTEMS 

The characteristics of electromagnetic radiation's effect on biolo-
gical objects at various levels of organisation, discussed in the prece-
ding chapters, demonstrate the multifactorial nature and diverse ori-
entations of electromagnetic field effects. Conversely, numerous ob-
servations suggest that microwave radiation, particularly at low inte-
nsities, does not 'impose' a specific qualitative or quantitative respo-
nse on the corresponding functional systems. Rather, it elicits a 'res-
ponse' dependent on both the initial state of those systems and the 
organism as a whole. This chapter therefore considers the role of the
initial state and asymmetry of the organism in shaping the response
to electromagnetic exposure. Paragraph 5.1 is dedicated to a review 
of studies investigating the dependence of the organism's response 
to electromagnetic radiation on the initial state of its physiological s-
ystems. Section 5.2 considers the influence of asymmetry in the orga-
nism's systems, as represented by paired organs, on the formation 
of a response to electromagnetic wave irradiation. Finally, Section 5.3
discusses the possibility of predicting the biological effects of electr-
omagnetic radiation.
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5.1. The role of the baseline activity level of physiological systems 

The premise that the effect of electromagnetic radiation at the l-
evel of the whole organism is largely dependent on the physiological
state of the 'responding' systems is supported by the results of seve-
ral studies. If the reaction of a functional system were not dependent
on its initial state, then irradiation would have to induce the same ch-
anges in the skin's receptor apparatus across all animals, generate a-
fferent signals of the same type, and 
the 'responding' systems would receive identical regulatory efferent 
signals. As a result, a uniform reaction to the exposure would be ex-
pected. However, research data indicates that only a proportion of a-
nimals respond to electromagnetic wave irradiation.

Thus, it was found [1] that exposing non-pedigree mice for one 
hour to electromagnetic radiation with a wavelength of 7.09...7.20 mm
and a power flux density not exceeding 
10 mW/cm 2 resulted in dissimilar changes in the erythroid compone-
nt of bone marrow haematopoiesis in the experimental animals. Loc-
al stimulation of the erythroid lineage was registered only in animals
with initially low leukocyte counts (less than 12·10 9 l –1 ) or in mice with
a high percentage of lymphocytes in the peripheral blood, three days
after exposure. In mice with initially high leukocytosis, changes in the
erythroid lineage were not observed. The authors posited that the r-
ole of the initial state of the adaptive (neuroendocrine) system in the
erythroid lineage's response to electromagnetic radiation could be 
discussed, as the number of lymphocytes in the peripheral blood ref-
lects the degree of glucocorticoid activity.

The baseline activation level of the erythroid lineage was investi-
gated in a separate experiment [2]. Depending on their initial state,
CBA mice were divided into two groups based on erythrocyte counts:
those with counts less than and those with counts greater than 8·10 12

л –1 ('low-erythrocyte' and 'high-erythrocyte' animals). Irradiation was
performed using electromagnetic waves with a frequency in the ran-
ge of 42.10–42.35 GHz at a power flux density of approximately 10 mW
/cm 2 . The authors' principal finding is that erythropoiesis can be sti-
mulated in specific regions of the bone marrow in both animal grou-
ps, provided that 'low-erythrocyte' animals are irradiated on the left 
hind limb, and 'high-erythrocyte' animals on the right.

To clarify the findings of the aforementioned studies, a 
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comparative study of haematopoiesis was conducted using CBA and 
C57BL/10 mice, which exhibit an almost two-fold difference in periph-
eral blood leukocyte counts [3]. Simultaneous consideration of baseli-
ne levels of both leukocytes and erythrocytes in the peripheral blood 
allowed the authors to demonstrate that, in mice with an initial leuko-
cyte count of less than 12·10 9 L –1 and an erythrocyte count of 8·10 12 L –

1, there was a change in erythropoiesis in the bone marrow of the left 
femur and sternum. In the remaining animals, stimulation of erythro-
poiesis was observed in the bone marrow of the right femur.

Despite the extremely limited research into the significance of the i-
nitial state of the organism as a whole, and its individual functional syst-
ems, in the development of a response to electromagnetic radiation, it is
important to acknowledge the necessity of considering this factor when
studying the pathogenic and therapeutic effects of radiation.

5.2. Significance of functional asymmetry in systems r-
epresented by paired organs 

A weak influence, such as low-intensity electromagnetic radiation
, differs little in magnitude from the influence of the experimental co-
nditions themselves. In this regard, to distinguish between the inhere-
nt effects of electromagnetic radiation and the organism's responses 
to concomitant exposure conditions, it is important to consider the s-
ubtle patterns of functioning within the 'responding' physiological sys-
tems. One characteristic of systems featuring paired organs is their f-
unctional asymmetry.

The importance of initial functional asymmetry (as with the initial sta-
te) has been demonstrated in several studies [4–6]. The authors investiga-
ted the reaction of the thymico-adrenal system in mice to electromagnetic
radiation with a wavelength of 7.1 mm and a radiation power density of le-
ss than 10 mW/cm 2 . To exclude the influence of experimental conditions,
the state of the studied systems in the animals of the experimental group
was compared with that of a background group of intact mice and with a-
nimals in a control group, which were kept in the irradiation chamber for 
one hour. Changes were detected immediately after one hour's 
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exposure. Isolation of animals in the irradiation chamber (control group
) constituted a stressor. This is evidenced by hypertrophy of the cells in 
the adrenal zona fasciculata. Furthermore, the initially less activated left
adrenal gland exhibited a greater degree of hypertrophy. Consequently,
the sign of asymmetry was altered. Despite hypertrophy of the zona fas-
ciculata cells, involutional changes in the thymus were minimal.

At one hour, adrenocorticocyte hypertrophy persisted, accompani-
ed by a reduction in the total number of thymocytes in the left thymus.
After 24 hours, the volume of adrenocorticocytes in the zona fasciculata
had normalised. Furthermore, in comparison to a considerably activated
background, adrenocorticocyte activity in the right adrenal gland was r-
educed. Consequently, as in previous timeframes, the sign of the asym-
metry coefficient remains consistent. An increased specific cellularity w-
as observed in both thymuses.

Irradiation of the skin on the left thigh of the mouse, immediately following o-
ne hour of exposure, resulted in similar changes in adrenocorticocytes as seen in t-
he control group. However, the involutive changes were more marked in the left t-
hymus. After one hour and at 24 hours, the changes in adrenocorticocytes and the
thymus were almost indistinguishable from those in the control group.

Irradiation of the right thigh area proved to be a less pronounced 
stressor, since, despite adrenocorticocyte hyperfunction in the zona fas-
ciculata, thymic involution did not occur at any time point during the ob-
servation period. If, during irradiation from the left, the involutional ch-
anges in the left thymus observed in the control group animals were sli-
ghtly increased and occurred earlier, irradiation from the right abolished
them. The results of measurements made while studying the influence 
of thymico-adrenal system asymmetry on the organism's response to el-
ectromagnetic radiation are shown schematically in Fig. 5.1.

Thus, under conditions of animal isolation in a chamber and expos-
ure to electromagnetic radiation, activation of adrenocorticocytes in the
zona fasciculata occurred, more prominently in the left adrenal gland. I-
nvolutional changes occurred only in the left thymus. The regular invol-
ution of the left thymus, leading to the dominance of the right thymus,
was associated with right-sided asymmetry of activity in the zona fascic-
ulata, irrespective of the absolute activity values of the right and left ad-
renal glands. Irradiation of the left thigh exacerbates the stressor effect
of the chamber (involution of the left thymus). Irradiation of the right t-
high, conversely, mitigates the stressor effect of the chamber.
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Fig. 5.1. Dependence of thymus and adrenal gland reaction on the initial fu-
nctional asymmetry of the thymicadrenal system and side of exposure: A – “
background”; B – “control”; B – irradiation of the left thigh;

C – irradiation of the right thigh; “rt” and “lt” – right and left thymus;
“ra” and “la” – right and left adrenal gland 

Accounting for the functional asymmetry of the thymic-adrenal system under st-
udy allowed the authors to correctly interpret the results obtained, avoidi-
ng incorrect conclusions regarding both the absence of effect from electr-
omagnetic radiation (had only the right thymus or irradiation from the ri-
ght side been studied by chance), and the erroneous attribution of the ef-
fects of experimental conditions to the action of electromagnetic waves.
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5.3. Prediction of biological effects of mi-
crowave EMF 

Analysis of the literature indicates that studies on the biological 
effects of microwave radiation generally do not emphasise the varia-
bility in individual responses to exposure. Without such research, it is
impossible to predict the consequences of exposure to electromagn-
etic radiation or to determine the indications and contraindications f-
or its application. Consequently, the extreme paucity of attempts at 
targeted individual correction of the state of specific functional syste-
ms is understandable.

In one such study [7], following the induction of post-haemorrh-
agic anaemia (to 30–40% of the baseline level), animals underwent t-
wo one-hour irradiations of the left hind limb, irrespective of their in-
itial condition. The radiation frequency was (42.25 + 0.1) GHz, with an
incident power flux density not exceeding 10 mW/cm 2 . The exposure
proved ineffective, with only a slight increase in the number of retic-
ulocytes in the peripheral blood being observed. In the next series of
observations, animals with post-haemorrhagic anaemia were expos-
ed to EMF with the same parameters, taking into account the initial (
pre-anaemisation) state of the erythroid lineage. In mice with a base-
line erythrocyte count of less than 8·10 12 l –1, the left hind limb was irr-
adiated; in those with an erythrocyte count exceeding this level, the 
right hind limb was irradiated. A similar approach proved to be effec-
tive. This manifested as a statistically significant increase in haemogl-
obin concentration and a more pronounced increase in the number 
of reticulocytes in animals of both groups compared with the first se-
ries. Furthermore, the methaemoglobin content decreased almost 3.
5-fold, indicating a more optimal course of redox processes in erythr-
ocytes under the influence of microwave radiation.

As another example, based on the ability to predict effects, con-
sider an attempt to use microwave radiation to mitigate the manifes-
tations of radiation sickness following neutron irradiation of animals
[8]. Animals were irradiated with a flux of fast neutrons at doses of 4.
0, 5.25, 6.5, and 7.75; and 9.0 Gy on a U-120 cyclotron at the Research 
Institute of Nuclear Physics (Tomsk), where the average neutron en-
ergy in air was 6 MeV. Mice in the experimental group were treated 
with non-thermal intensity electromagnetic radiation of an unspecifi-
ed frequency 50 minutes before neutron irradiation. Me- 
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The electromagnetic wave exposure conditions were chosen to ampl-
ify the stress response within the first 24 hours post-exposure.
The observation period lasted 30 days. The results indicated that sel-
ecting an individualised protective regime using electromagnetic ra-
diation increased the resistance of animals to neutron irradiation by 7
0% (dose modification factor – 1.7). Furthermore, the spectrum of ra-
diation-induced complications in the deceased animals altered.

The results presented suggest promising avenues for research 
aimed at developing individualised exposure regimens using centim-
etre and millimetre-wave electromagnetic radiation, capable of elicit-
ing the required positive effects.
Specifically, taking into account the operator's individual characteris-
tics (the baseline state of their key functional systems, including any
functional asymmetry in paired organs), and by varying the exposure
site, it may be possible, using low-intensity electromagnetic radiation
of a specific frequency, to 'tune' the organism's functional paramete-
rs in such a way as to minimise the negative consequences of extern-
al factors. These factors could include electromagnetic radiation with
unfavourable parameters that lead to pathogenic effects.
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6. MECHANISMS UNDERLYING THE EFFECTS OF M-
ICROWAVE ELECTROMAGNETIC RADIATION 

The biological effects of electromagnetic radiation discussed in 
previous chapters have shown that even low-intensity fields can lead
to significant changes in biological processes, and consequently, to 
alterations in the state of the organism. Furthermore, as noted in § 0
.1, a fundamental point is that the effect is achieved by radiation with
a quantum energy much less than kT .
Therefore, it is important to distinguish between thermal and non-thermal eff-
ects of exposure; these issues are addressed in Sections 6.1 and 6.2. The rece-
ption of electromagnetic radiation at the cellular level is reflected in changes in
the functioning of the human nervous system. The mechanisms of the direct 
reaction of the whole organism to the effects of microwave radiation are cons-
idered in Section 6.3. Directly related to the reaction of the nervous system is t-
he question of the sensory perception of the impacting electromagnetic waves
. Section 6.4 considers the possible sensory systems of mammals.

6.1. Physical mechanisms of radiation exposure at 
the thermal level 

The effect of electromagnetic radiation on biological objects is b-
ased on its absorption by these objects. In other words, the impact is
energetic in nature. This statement does not contradict the hypothe-
sis of an 'informational' effect of low-intensity millimetre waves [1], s-
ince even an informational signal must carry a certain amount of en-
ergy to elicit a response in the receiver. From a thermodynamic pers-
pective, the absorption of energy in a biological system corresponds
to two distinct areas of effect manifestation [2], as shown in Fig. 6.1.
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Fig. 6.1. Relationship between isothermal and thermal biological effects of 
electromagnetic radiation 

The left-hand side of the figure illustrates the area of bioeffects w-
here the absorbed energy of external electromagnetic radiation leads
to the synchronisation of internal oscillations, inducing non-thermal (i-
sothermal) endoergic processes in biological systems. An analogy with
microwave travelling-wave tubes is appropriate here, where a relative-
ly weak input signal, acting within the resonant frequency band, leads
to the self-organisation of the device's internal environment, which is 
incomparably stronger energetically, resulting in a powerful output si-
gnal. In a sense, this effect can be considered 'informational', since a 
weak applied signal induces a transition of the system to a new state,
a transition for which the external signal does not provide sufficient e-
nergy, but which is available within the system itself. A review of the 
mechanisms of this interaction is provided in the following paragraph;
here, we will consider only the thermal effects of electromagnetic radi-
ation, the area of which is shown in Fig. 6.1 on the right.

The absorption of electromagnetic wave energy in biological tis-
sues occurs due to the electrical component of the electromagnetic f-
ield. At low frequencies, energy loss from the electromagnetic field is
primarily due to ionic currents, whereas in the microwave range, the
predominant mechanism is loss resulting from polarisation of the s-
ubstance. Electronic and ionic polarisations have relaxation times of 1
0 –16 ...10 –14 s and 10 –14 ...10 – 12 s, respectively. Therefore, within our fre-
quency range of interest, it is only sensible to consider dipole polaris-
ation, the relaxation times of which are comparable to the oscillation
period of the influencing electromagnetic waves.

In biological tissues, the primary interaction partner with electr-
omagnetic radiation is in the centimetre and milli- 
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metre waves is water. Firstly, water molecules in their free state pos-
sess a significant dipole moment. Secondly, the relaxation time of th-
is molecule at body temperature is ~ 6·10 –12 s.
Thirdly, water is the main component of biological tissues. Living or-
ganisms contain between 65 and 98 % water. Human tissues and org-
ans have a high water content. For example, the brain contains appr-
oximately 70% water, blood 83%, lungs and heart approximately 79%,
liver 69%, muscles 75%, skin 72%, and so on.

Water is a complex physical object containing hexagonal clusters
in addition to free water molecules.
Energy losses from microwave electromagnetic waves are mainly as-
sociated with the dipole polarisation of free water molecules, as the 
dipole moments of water molecules within hexagonal clusters are b-
alanced. As temperature rises, the number of free molecules increas-
es due to cluster breakdown. Consequently, the specific losses incre-
ase.

The frequency dependence of the dielectric permittivity is descri-
bed, as is known, by the Debye equation:

(1)

where ω – frequency of the external electromagnetic field; i – imag-
inary unit; τ – relaxation time; � � = 4...5 – dielectric permittivity at t-
he high-frequency limit. Water in biological tissues exists as solutions
, wherein its molecules form hydrogen bonds with other molecules.
Since the relaxation time will change slightly, instead of a single rela-
xation time in expression (1), a relaxation time distribution function G
(  ) must be substituted. The energy losses of electromagnetic wav-
es in biological tissues are then determined by the imaginary part of
expression (1):

The dependence of losses attributable to the polarisation of water molecu-
les takes the form shown in Fig. 6.2. According to the figure, in the freque-
ncy range of interest, and especially in the high-frequency region, the abs-
orption of electromagnetic wave energy in the water component of biolog-
ical tissues approaches a maximum. At a sufficiently high power level, elec-
tromagnetic radiation will cause rapid heating of biological tissue.
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This primarily affects the water component. This can lead to changes in 
water structure, modification of the bonds between water molecules and
protein molecules, and consequently, altered functional activity of enzy-
mes, resulting in changes to metabolic processes within cells. In extreme
cases, heating can lead to protein denaturation, resulting in the comple-
te loss of their functional properties. Even a partial loss of the functional
properties of proteins leads to cell death. This circumstance is exploited
in diathermy for cancer treatment, where microwave heating induces t-
he death of tumour cells. The thermal effects of electromagnetic radiati-
on are hazardous to all systems of the organism, but the reproductive s-
ystem, eyes, and blood coagulation system are the most sensitive.

Fig. 6.2. Dependence of losses in biological tissues on frequency 

6.2. Probable physical mechanisms of action of non-t-
hermal radiation 

As mentioned previously, the primary physical challenge concerni-
ng the interaction of electromagnetic radiation with biological objects 
at non-thermal power levels is the mechanism by which energy accum-
ulates, leading to potential structural transitions within biological struc-
tures and subsequent alterations in their functional activity. It has been
demonstrated that such accumulation can occur via the mechanical vi-
brations of biomacromolecules. To understand the mechanism of phys-
ical reception of electromagnetic radiation, it is important to identify the
primary physical entities within biological tissues that interact with ele-
ctromagnetic waves.
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The direct targets of electromagnetic radiation are electrical ch-
arges (electrons and ions) and dipoles, which are represented either
by molecules or by discrete groups of macromolecules, possessing 
mechanical degrees of freedom. A primary candidate for the physical
receptor that directly interacts with electromagnetic radiation is the
water molecule, owing to its significant dipole moment (~1.8D). 

The frequency spectrum of rotational and librational motions of water
molecules lies within the centimetre and millimetre wave ranges.
Concurrently, the dynamic state of aqueous organic and inorganic s-
ystems is influenced by the effects of various electrolytes and non-el-
ectrolytes, which is reflected in alterations to their microwave and m-
illimetre-wave spectra [3]. Consequently, the frequency values at wh-
ich electromagnetic waves can interact with water molecules in biol-
ogical tissues depend on the specific composition of the liquid phase
of those tissues. Water itself, as a chemical reagent, can have its acti-
vity altered by electromagnetic waves [3]. The activity of water, when
altered by electromagnetic radiation, can lead to changes in the hyd-
ration of protein molecules; the degree of hydration of protein mole-
cules strongly influences their physiological activity [5] (Fig. 6.3).

Fig. 6.3. Dependence of the functional activity of protein molecules on th-
eir degree of hydration 
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Hydration of protein molecules can change, not only through mo-
dification of the chemical activity of water in the medium surrounding 
the hydration shell of the protein molecule, but also through direct int-
eraction of radiation with water molecules within this hydration shell.
The energy of electromagnetic waves is converted into the kinetic ene-
rgy of translational or rotational motion of molecules. The energy of m-
ovement of free water molecules dissipates as heat within a period of 1
0 –10 ...10 –9 s; however, even at these dissipation values, such movemen-
ts can alter the degree of hydration of protein molecules [6].

Therefore, the primary mechanism of electromagnetic radiation
reception by biological objects, via interaction with water molecules,
is as follows [6]. Electromagnetic waves activate specific degrees of f-
reedom in water molecules within the liquid phase of biological tissu-
es. In this instance, the increased activity of water enhances the exc-
hange between the environment and the hydration shells of biomac-
romolecules. Consequently, the chemical activity of macromolecular
(predominantly membrane) structures is stimulated, leading to mod-
ulation of the functional properties of enzymatic, transport, and rec-
eptor proteins, which in turn influences cellular metabolic processes.
Under the influence of electromagnetic waves, bound water molecul-
es undergo rocking oscillations and can act as transducers, converti-
ng electromagnetic oscillations into mechanical oscillations, the ene-
rgy of which is then transferred to biological structures.

The interaction of electromagnetic waves with water can occur not on-
ly at the level of individual molecules, but also with water clusters. In the a-
rticle by V.I. Petrosyan et al. [7], the physical resonances of the interaction 
between a microwave electromagnetic field (4–120 GHz) and biological obj-
ects and water were investigated. The presence of resonance was recorded
as an increase in the noise energy of the irradiated object's own radiation,
resulting from the dissipation of the pump wave energy. The results demo-
nstrated the presence of such resonances and the identical resonant frequ-
encies for water and the tissues of human and animal organisms.
According to the authors, this indicates a unified physical basis for t-
he interaction of electromagnetic radiation with bio-objects, linked to
the molecular structure of water. Electromagnetic waves in the range
of 30–100 GHz can interact resonantly with water molecules within 
clusters exhibiting a hexagonal structure, which undergo vibrational
(angular) oscillations in the radial and axial directions [8]. When the 
frequency of the electromagnetic 
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wave coincides with the frequency of the intrinsic oscillations of wat-
er clusters, the wave may not propagate deeply into tissues. When a-
cting on molecular clusters of water with frequencies close to reson-
ance, an external electromagnetic field can lead to a shift in the freq-
uencies of intrinsic oscillations towards the applied frequency, synch-
ronising them and thereby affecting the state of biological structures
, which may elicit a biological effect.

A mechanism has also been proposed whereby electromagnetic
radiation indirectly alters the structure and properties of water, due 
to its interaction with a biomolecule. A molecule of cyclic adenosine 
monophosphate may act as one such receptor. A.P. Zhukovsky et al. [
9] consider this possible because: 1) it is present in almost all cells; 2)
the spectra of rotational movements of this molecule lie in the EHF 
band; 3) the volumetric relaxation time during the rotational transiti-
on of this molecule in water, under the influence of electromagnetic 
waves, is comparable to the change in the magnitude of the rotation
period and much shorter than the rotation period itself. This ensures
efficient transfer of excitation to water molecules located around the
cyclic adenosine monophosphate molecule, both in the free state and
in clusters. Perturbations of the water structure manifest in its inter-
action with biological objects inside the cell, modifying metabolic pr-
ocesses [10].

Biomolecules interacting with electromagnetic radiation can ser-
ve not only as receivers of electromagnetic waves and transmitters 
of physical effects to other biological structures, but can also thems-
elves respond to this interaction through structural rearrangements
and modifications to their biological function. This applies primarily 
to protein molecules. The possibility of energy accumulation during 
interaction with electromagnetic radiation and, consequently, confo-
rmational transitions are discussed in detail in §§ 1.1–1.3. As an exa-
mple of such rearrangements of protein molecule structure and cha-
nges in their functional activity, one can cite the results of a study on
the dependence of adenosine triphosphate content and the electro-
phoretic mobility of rat erythrocytes on the duration of the animals' 
exposure to a millimetre-wave electromagnetic field [11]. It has been
recorded that the adenosine triphosphate content increases by 37%
on the 5th day of irradiation, and erythrocyte electrophoretic mobility
increases by 23%. Changes in adenosine triphosphate content may be
explained by modification of the pro- 
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-cesses of glycolysis by millimetre waves, i.e. by a change in the activ-
ity of a range of enzymes. Changes in erythrocyte electrophoretic m-
obility may occur due to altered charge distribution on erythrocyte 
membrane surfaces, suggesting an interaction between millimetre 
waves and receptor molecules within the cell membrane.

Another possible mechanism for the reception of electromagnetic
radiation is the excitation of acoustic waves in supramolecular struct-
ures, particularly within membranes [5]. When electromagnetic waves
pass from air into a condensed medium with a dielectric permittivity, �
the frequency remains constant, but the wavelength decreases by a f-

actor of � ½. Thus, at a frequency of 3·10 10 Hz, the dielectric permitti-
vity � of biological tissues is 25, and the wavelength is 2 mm.
The acoustic wavelength is approximately 10 5 times smaller. Therefo-
re, the biological micro-objects (macromolecules, membranes) invol-
ved in acoustic oscillations will effectively be situated within a homo-
geneous electric field that changes periodically with time, at a frequ-
ency close to the natural frequency of the biological oscillators. Let us
consider a possible mechanism for the generation of acousto-electr-
ic waves on a membrane [12]. Consider a cell with radius R and a hy-
drophobic membrane region of thickness � m (Fig. 6.4).

Fig. 6.4. Diagram of acousto-electric wave excitation in the membrane.

106



In a homogeneous field of an electromagnetic wave incident upon 
a cell, an acousto-electric wave arises on the membrane. This is due to an
excess pressure of the cytoplasm within the cell and oppositely directed
interaction forces between charges on the membrane and the electrical
component of the electromagnetic wave. In this case, the frequencies of
the electromagnetic (EM) and acousto-electric (AE) waves are equal. Then
, the wavelength of the acousto-electric (AE) wave is equal to:

where n = 1.3 is the refractive index for biological tissues,

Here, k = 0.45 N/m is the elastic modulus; �� = 800 kg/m 3 is the density, and 

the density and �m= 3.10–9m is the thickness of the hydrophobic part of the membrane;

c = 3.10 8 m/s is the speed of light of the electromagnetic wave in a vacuum
. Hence  here  AE = 1.7...17 nm at a wavelength of  EM = 1.10 cm. If the c-
ell diameter is 0.5...10 μm, then at least 30 wavelengths of the acousto-elec-
tric wave can be accommodated on the membrane. The resonant frequen-
cy, at which excitation results in an integer number of acousto-electric wa-
ve oscillations fitting on the membrane, will depend on the size of the me-
mbrane and its elastic properties, including the density of protein molecul-
es on the membrane surface, and the number of ion channels.

Ideologically, this approach stems from the well-known work of G. Fr
öhlich [13], which, based on general biophysical considerations, substan-
tiated the possibility of acousto-electric oscillations existing in membran-
es, with a frequency range of 10 11 ...10 12 Hz. Based on this idea, an 'infor-
mational' approach to the biological action of low-intensity millimetre-w-
ave EMFs [1] was developed, postulating that healthy cells possess inher-
ent acousto-electric oscillations within their membranes. The role of the-
se oscillations may be to 'massage' the membrane, providing the necess-
ary degree of permeability for transport channels. Any disturbances in t-
he cell's life processes will alter the amplitude or frequency of these oscil-
lations, which in turn affects membrane permeability. External electrom-
agnetic influence at the membrane's natural frequency can synchronise 
oscillations in its individual sections or amplify damped oscillations, lead-
ing to the desired correction of cell metabolism.
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Beyond reception at the molecular and supramolecular levels, t-
he biological response to electromagnetic radiation may also arise fr-
om macroscopic effects. When an organism is irradiated with electr-
omagnetic waves, interference can occur at inhomogeneities in the 
biophysical parameters of tissues. As a result, temperature gradients
may arise due to differences in the absorbed dose between adjacent
tissue areas. At an incident power level of up to 10 –5 W/cm 2 , gradie-
nts of up to 5 degrees/mm may occur [6]. Such gradients may lead to
changes in biochemical processes, modify the transmission of nerve
impulses, and thereby result in the emergence of afferent neural and
humoral signals.

The location of local maxima is highly sensitive to the frequency of
the incident electromagnetic wave. A frequency change of 200 MHz wi-
thin the millimetre wave range can lead to a qualitative change in the 
heating profile. The response to electromagnetic exposure can exhibit
sharp resonance, and the 'equivalent Q-factor' can reach a value of 500
or more [14]. The heating rate at field maxima exceeds the average by
an order of magnitude or more; consequently, a non-specific sensory 
reaction of the organism is possible, although this falls under the do-
main of physiology. The physiological aspects of electromagnetic radi-
ation reception are considered in the following paragraph.

6.3. Physiological mechanisms of electromagnetic radiation reception at 
the level of the whole organism 

The physical mechanisms of electromagnetic radiation reception
considered in the previous paragraph provide an understanding of 
how the functional activity of biomacromolecules and supramolecul-
ar structures changes under the influence of electromagnetic waves.
The question arises as to how these changes manifest themselves in
the physiology of the organism, and what reactions are elicited by t-
he direct effect of low-intensity radiation. This paragraph provides an
overview of research findings on this topic.

N.N. Lebedeva [15] considers the differences between the neurophysio-
logical mechanisms underlying the biological effects of electromagnetic 
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fields at extremely low frequencies (ELF, f =1...50 Hz) and extremely 
high frequencies (EHF, 30...100 GHz). The detected differences in EEG 
responses to ELF and EHF fields are summarised as follows. Under the
influence of ELF fields, changes in the brain's electrical activity occur in
the frontocentral regions, as well as in the parietal region of the cont-
ralateral hemisphere (increase in �  �rhythms). The reaction to EHF
radiation manifests as an increase in alpha-rhythm power in the occi-
pital regions. These results suggest differing neurophysiological mec-
hanisms underlie these reactions: a predominant involvement of the 
specific lemniscal sensory system in the case of ELF fields, and the non
-specific, extra-lemniscal system in the action of EHF radiation. Perha-
ps these differences are determined by the physical properties of ele-
ctromagnetic waves. ELF fields penetrate deeply into organism tissues
, involving the vascular system and muscle fibres by acting directly on
nerve fibres. In contrast, EHF radiation is almost completely absorbed
by the skin, acting only on superficial receptors; therefore, the mech-
anism of action in this instance is reflex-mediated.

The nature of neocortical bioelectrical activity arising after prolo-
nged exposure to EHF and ELF fields indicates the development of a 
non-specific activation reaction, that is, an increase in cerebral cortex
tone. One of the physiological mechanisms mediating the effect of m-
illimetre waves on internal organs – given their very shallow penetrat-
ion depth into biological tissues – may be lymphocyte mediation. I.V.
Rodshtat [16] provides data on the modulation of brain tissues by EHF
radiation.
It is known that approximately 50% of lymphocytes can circulate from
the blood to lymphoid tissue and back. The majority of recirculating l-
ymphocytes are found in the regional lymph nodes. These immunoc-
ompetent cells can influence the brain via the inhibitory action of sol-
uble mediators they release.

The effect of millimetre waves on the human and animal brain is char-
acterised by asymmetry. Irradiation of the left half of the body is directed p-
redominantly towards the right hemisphere in humans, and in experiment-
al animals is accompanied by an increase in the population of long-lived ly-
mphocytes in the lymph nodes on the irradiated side [17]. The effect obser-
ved when irradiating the right side of the body consists of an increase in the
population of short-lived lymphocytes in lymphoid organs, which is explain-
ed by a more uniform targeting of the effect on both hemispheres. It can be
assumed that, upon irradiation of the left half of the body with EHF,

109



EHF-induced modulation of brain activity is realised via nervous and 
humoral mechanisms, whereby the nervous signal is directed prima-
rily to the right hemisphere, and the humoral signal to the hypothal-
amus. The response to irradiation of the right half of the body is pri-
marily due to nervous mechanisms, with signals being directed more
evenly to both hemispheres.

When considering the physiological mechanisms of electromagnetic
radiation reception, it is necessary first to identify the primary physiolo-
gical targets within the zone of action of electromagnetic waves.
Apparently, structures close to the cutaneous layer can receive the e-
ntire frequency band. N.N. Lebedeva [18] identifies five primary phys-
iological targets within the zone of direct action of electromagnetic r-
adiation: 1) receptors of the central nervous system (mechanorecept-
ors, free nerve endings); 2) cells of the diffuse neuroendocrine system
, specifically mast cells and Merkel cells; 3) cells of the immune system
– cutaneous T-lymphocyte depots; 4) the microcapillary bed of the ci-
rculatory system; 5) biologically active points (BAPs).

These five primary targets determine the involvement of the corr-
esponding systems in realising the biological effects of electromagnet-
ic radiation. After the 'triggering' of these systems, a complex process
of mediated action begins, affecting other systems (circulatory, humo-
ral, and autonomic nervous systems) and internal organs. The charact-
eristics of the reaction at this stage are determined by the properties 
of the electromagnetic radiation and the irradiation regime, as well as
the initial state of the organism. The overall effect manifests as a react-
ion of increased non-specific resistance of the organism, which is, in t-
urn, associated with high-level, anti-stressor reactivity [18].

The following data were obtained from a study investigating the
effect of low-intensity millimetre-wave electromagnetic radiation (5.6
mm wavelength) on the functional state of the cerebral cortex [19].

1. The functional state of the cerebral cortex changes as early as 20 ms 
after the commencement of electromagnetic irradiation of the skin
in the region of the distal third of the sternal projection.

2. Processes developing under the influence of millimetre-wave elect-
romagnetic radiation in the neocortex, including the primary pr-
ojection zone of the visual analyser, not only precede but can al-
so invert the polarity of the initial cortical component of visual e-
voked potentials elicited by a flash of light synchronised with the
onset of electromagnetic irradiation.

110



3. A necessary condition for the manifestation of the millimetre-wave r-
adiation effect is the preferential synchronisation of cortical pote-
ntials within a specific sub-band of the  rhythm (peak effectivene-
ss at 11 Hz), coupled with the absence of conscious afferentation.

Fig. 6.5. Probable physiological mechanisms of electromagnetic field i-

nfluence on the central nervous system. Kovalev and Presnyakov [
19] propose that the most likely mechanism for this cerebral cortex re-
action to electromagnetic exposure is the modulation of background i-
mpulse activity of neurons in the spinal ganglia, caused by the absorp-
tion of electromagnetic waves in receptors. In this case, the backgrou-
nd activity of neurons causes the constant propagation of potentials t-
owards the brain (afferentation) along the fastest conducting excitation
(group A) fibres of the posterior columns of the spinal cord and the m-
edial lemniscal system. Electromagnetic radiation
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Hence, influencing cutaneous receptors alters the nature of these s-
pontaneous, constantly transmitted afferent signals, shifting the ne-
ocortex to a different state, thereby modifying the response to simu-
ltaneously acting light impulses.

In a study of sensory responses to low-intensity millimetre-wave
electromagnetic waves [20], it was found that the perception of this 
exposure depends on the individual characteristics of the subject. In-
dividuals displaying the highest power in EEG rhythms, as observed 
in the parieto-occipital leads, were more sensitive to these stimuli. T-
hey exhibited a lower pain threshold to electric current and the high-
est critical flicker fusion frequency. It was noted that recognition of t-
he electromagnetic signal required a considerable time (over 400 ms)
. Apparently, awareness of the stimulus's significance and its classifi-
cation requires interaction between sensory and non-sensory syste-
ms, employing conceptual frameworks. Sensory systems enabling t-
he recognition of electromagnetic influence are discussed in the foll-
owing paragraph.

6.4. Sensory systems of mammals.
Role of the structural organisation of the skin in EMR reception 

Experimental studies using broad-spectrum electromagnetic ra-
diation have shown that humans and animals perceive this influence,
even at low electromagnetic field intensities. Are there specific recep-
tors for this? If these sensations are non-specific, caused only by ele-
ctromagnetic fields, what are the systems that 'translate' electroma-
gnetic effects into the 'language' of non-specific sensations? Let us c-
onsider this question.

Research into the mechanisms of electromagnetic radiation recep-
tion has been actively conducted since the 1970s. of the last century, p-
rimarily with respect to specific receptors. As the electromagnetic field 
possesses both magnetic and electrical components, both magneto- a-
nd electroreception are implicated. Among the most developed 
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approaches applicable to terrestrial mammals, two can be distinguis-
hed: direct magnetoreception, based on the presence of magnetite 
particles within tissues, and indirect magnetoreception, based on Fa-
raday's law, which is effectively electroreception.

Work conducted initially by J.L. Kirschvink [21, 22] confirms that all hu-
man tissues and organs contain magnetite particles. Particularly high conc-
entrations have been found in brain tissue [23], the adrenal glands, and the
bone tissue of the sphenoethmoidal sinus [24]. The hypothesis, based on t-
he use of magnetite for magnetoreception in animals, proposes that sensi-
tivity to the direction of a magnetic field can be explained by the presence 
of a small number of magnetosome-like structures associated with hair cel-
ls (as found in iron-containing bacteria). However, structures that might be
responsible for implementing the reception mechanism involving magnet-
ite particles have not been identified. The detailed operational mechanism
of the sensory system based on magnetite remains unknown.

Another potential avenue for magnetoreception is indirect mag-
netoreception, as seen, in particular, in elasmobranch fish. In terres-
trial animals, it is feasible if several requirements are met by a poten-
tial organ for electromagnetic radiation reception [25]: the organ sh-
ould resemble a coil, comprising one or more turns of a conductor,
and its dimensions must be at least several millimetres. A structure f-
ulfilling these requirements has been identified in mammals and co-
nstitutes the Voigt line system [26]. The Voigt line system comprises 
orderly arranged hair follicles, forming a network of lines perpendic-
ular to the animal's longitudinal body axis [27] (Fig. 6.6).

The resulting image closely resembles a solenoid, with its turns 
formed by the animal's skin structure. Here, the 'conductors' are, fir-
stly, the Voigt lines. These consist of sequentially arranged groups of
hair follicles encompassed by a network of capillaries, which exhibit 
greater conductivity than the connective tissue separating the Voigt 
lines. This connective tissue acts as insulation between the solenoid's
turns.

Voigt lines, forming the turns of a 'solenoid', are hypothesised to
represent a physical system [28] capable of generating a signal perc-
eived by the animal organism. This system can operate over a very 
wide frequency range – from direct current to extremely high frequ-
encies (EHF) – analogous to a system of coupled oscillatory circuits.
At low frequencies, including within a constant magnetic field, when
an animal moves within the Voigt lines, as the turns of a so- 
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In the solenoid, electrical currents will be induced. In the case of EHF fields, the line sy-
stem acts as a diffraction grating, modulating wave transmission into the subcutaneo-
us layers. At intermediate frequencies, resonances (modes of oscillations) may occur, in
accordance with the multimode nature of the frequency response of the oscillatory sy-
stem under consideration (the 'solenoid' – Voigt lines). The induced signal at low and 
ultra-low frequencies can lead to the generation of an afferent nerve impulse, while at
high frequencies, up to EHF, mediation may occur due to the effects of electromagnetic
radiation at the molecular level.

Fig. 6.6. Location of Voigt lines on the animal's body. Experimental confir-

mation of the validity of these arguments comes from the results obtained when
irradiating mice with millimetre-wave EMF in the thigh region [29]. Measurements of the
absorption characteristics of EHF oscillations in the frequency range from 41.0 to 43.0 G-
Hz, both in the skin of intact mice and in animals with surgically created skin flaps, sho-
wed a linear dependence of EHF radiation absorption on the distance between adjacent
Voigt lines. These results are consistent with the hypothesis that Voigt lines within this
electromagnetic radiation (EMR) frequency range act as a diffraction grating. Finally, the
observed frequency dependence of VSWR, associated with radiation absorption by the
skin and sensitive to EMR, confirms that Voigt lines act as a primary transducer, where
the physical parameters of the skin are determined by the presence of so-called 'cond-
uctors' and 'insulators' formed by Voigt lines [30].
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The observed frequency dependence of VSWR, associated with radiation absorp-
tion by the skin, sensitive to EMR, confirms that Voigt lines act as a primary tran-
sducer, where the physical parameters of the skin are determined by the presen-
ce of so-called 'conductors' and 'insulators' formed by Voigt lines [30].

The results obtained from experiments on mice [31] suggest that
the animals respond to the direction of the geomagnetic field vector
(GMF). According to current understanding, the larger the surface a-
rea of an animal's body that is perpendicular to the magnetic field v-
ector, the greater the induced signal and corresponding animal reac-
tion expected. The results of experiments in a static magnetic field (
SMF) [32] also demonstrated that, compared with baseline levels, the
behavioural reactions of mice following exposure are dependent on
the animal's position within the experimental field. The greatest effe-
ct was observed when the direction of the animal's main body axis c-
oincided with the field strength vector, i.e. when the vector is perpe-
ndicular to the 'solenoid turns' formed by the Voigt lines.

The authors of the sensory system hypothesis for EMF percepti-
on [28] suggest that, regardless of the mechanism and material sub-
strate mediating this, the most significant factor in EMF reception is 
the emergence of an afferent signal, leading to a change in the activ-
ation level of the hypothalamic-pituitary-adrenal system. Essentially,
animals, through such a system, possess the capacity to modify their
adaptive state, thereby maintaining it at a specific level, optimal for 
responding to any stimuli the animal may encounter.

A key aspect in the discussion of the proposed hypothesis is the
presence of asymmetry within the Voigt line system. All the mice stu-
died displayed asymmetry in the Voigt lines between the right and l-
eft sides, which, according to the authors, enhances sensitivity to the
in-phase signal. By analogy with various technical differential syste-
ms (starting with a differential amplifier), asymmetry results in incre-
ased sensitivity to signal difference.

When moving, the mouse crosses the magnetic field lines of the Earth
's geomagnetic field. This can lead to the induction of currents in 'conduct-
ors', the magnitude of which depends on the rate of change of magnetic f-
lux through the conducting loop and the resistance of the 'conductors' ( F
= HS sin � , where F – magnetic flux; S – area of the loop; � – angle bet-
ween the plane of the loop and the direction of the field lines).

Thus, the linear displacement of the mouse, the animal's respir-
atory movements, and rotations and elevations, can induce 
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induction currents. Therefore, when the animal is positioned east to west or
west to east, respiratory movements do not induce currents. When the mo-
use moves perpendicularly to the horizontal component of the geomagnetic
field vector, an electromotive force is induced on the dorsal (dors), ventral (
ventr) and lateral (side) surfaces, inducing the generation of corresponding
currents:

где H h – horizontal component of the geomagnetic field; H v – vertical co-
mponent of the geomagnetic field; V – speed of the mouse's movement; I

h
r – currents induced when crossing the horizontal component of the GMF 

during the animal's respiration; I v
m – currents induced when crossing the 

vertical component of the GMF during the animal's movement; � S – chan-
ge in the cross-sectional area of the mouse's chest during exhalation.

When a mouse moves along the horizontal component of the GMF vec-
tor, an electromotive force is induced on the dorsal and ventral surfaces, in-
ducing the generation of corresponding currents:

With a similar mouse placement, its respiratory movements, which cause
changes in the cross-sectional area of the thorax, induce an EMF across the e-
ntire body surface. The direction of the induced currents depends on the dire-
ction of change in the cross-sectional area, that is, inhalation and exhalation r-
esult in the generation of oppositely directed currents:

Summing the effects of movement and respiration, we obtain (inhalation):

Therefore, the currents induced on the lateral surfaces are dependent 
on respiratory movements. Currents induced on the dorsal 
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surface are maximal during exhalation and minimal during inhalation
. Currents induced on the ventral surface are maximal during inhala-
tion and minimal during exhalation.

An investigation into human perception of electromagnetic radi-
ation [33] leads T.I. Kotrovskaya to the conclusion that there is an ab-
sence of any specific formations. In their work, they rely on the pote-
ntial participation of known receptors. Studies of human sensory res-
ponses to weak electromagnetic influences have shown that, accord-
ing to subjective reports from subjects, the modalities of the resulting
sensations are distributed as follows: tingling – 38.2%, pressure – 29%
, heat/cold – 12%, touch – 9.2%, vibration, pulsation – 5.2%, aching,
distension – 3%, itching, pain, burning – 3% [34]. Based on the mod-
ality of the resulting sensations, either mechanoreceptors or free ne-
rve endings – unmyelinated efferent fibres lacking corpuscular struc-
tures at their terminals – are involved in the reception of the electro-
magnetic stimulus [35, 36].

Since the reception of such weak stimuli as low-intensity electro-
magnetic fields requires either slowly adapting receptors, receptors 
with background activity, or preferably both, only Ruffini endings, ta-
ctile discs, and Merkel discs, of the mechanoreceptors, can fulfil the-
se criteria.
Cutaneous pain receptors (nociceptors) also meet these requiremen-
ts. They are free nerve endings comprising thin myelinated or unmy-
elinated nerve fibres and are characterised by the following properti-
es: polyspecificity with respect to stimuli; sensation modality – such 
as tingling and burning – which specialists interpret as 'pre-pain'; di-
sappearance of electromagnetic sensitivity following treatment of the
skin with chloroethyl, which 'switches off' pain receptors; sensory re-
sponse in the affected organ upon irradiation of the corresponding 
dermatomes (convergence of nociceptive afferents from dermatom-
es of internal organs onto the same neurons of pain pathways, with 
skin hypersensitivity manifesting due to visceral impulses increasing
the excitability of interneurons, resulting in facilitation, i.e., 'easing').

Studies on the perception of electromagnetic signals have demonstrat-
ed a prolonged latency period prior to their recognition, which, the authors 
suggest, is associated with the content of the perceptual process [34].

The latter can be conventionally divided into three stages: 1) analysis of the physical 
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characteristics of the stimulus; 2) synthesis of sensory and non-sensory informa-
tion regarding the stimulus; 3) identification of the stimulus, that is, its classific-
ation within a specific object group. It has been established that sensation arises
solely during the second stage of the sensory-perceptual process. Consequently
, the external object is represented in the mind as an aggregation of its physical
characteristics. Awareness of the stimulus occurs at the third stage.

Each stage corresponds to a specific type of response: the first is 
an automated conditioned reflex with a latency of approximately 100...2
00 ms from the stimulus onset; the second, a reaction to sensation (200
...400 ms); and the third, organismal responses formed on the basis of 
a complete awareness of the stimulus significance. Reactions of this ty-
pe exhibit unlimited latency, because the response may occur after a c-
onsiderable duration [37]. It is probable that the recognition reaction to
an electromagnetic signal follows the 3rd type, with the latent period 
being three orders of magnitude longer than the reaction time in the v-
isual and auditory sensory systems, amounting to 40...50 s.

Considering the possible causes of signal delays in sensory reacti-
ons, four main components of the reflex arc are identified: the recepti-
ve field � conducting pathways � subcortical component of stimulus 
analysis � cortical component of analysis, sensation formation and ve-
rbalisation [38]. In the first component, there should be no delays; in t-
he second component, delays are possible with a large number of syn-
aptic switches, conduction of afferent signals along unmyelinated nerve
fibres, and the inclusion of humoral components; In the third and four-
th blocks, significant delays may occur due to difficulties in identifying 
a signal, such as an electromagnetic field.

A detailed study of the changes in brain activity arising under the influ-
ence of electromagnetic interference (EMI) revealed that microwave (MW) fi-
elds induce a non-specific (parameter-independent) diffuse (throughout all 
brain regions) EEG synchronisation reaction, characterised by an increase in
the number of slow waves and spindles in the EEG [39]. According to other d-
ata, the most intense reaction was observed in the cerebral hemispheres, h-
ypothalamus, and non-specific nuclei of the thalamus [40]. Reports exist reg-
arding the gradation of EEG reaction intensity to microwave fields, with the 
highest intensity in the hypothalamus, decreasing in the following order: co-
rtex, thalamus, hippocampus, reticular formation [41]. Experimental data [33

] concerning the sensory indication of EHF radiation have demonstrated the
influence of the latter on the spatiotemporal organisation of human brain 
biopotentials. These data do not permit the assignment of pathways 
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for signal transduction from electromagnetic exposure to specific pa-
thways.

In turn, a non-specific system is characterised by afferent inputs
that are less clearly defined; the system can be excited by converging
signals from all sensory surfaces (polymodal or polysensory converg-
ence). The characteristics of electromagnetic signal perception and t-
ransduction have led to the suggestion [38] that this is mediated pri-
marily by the non-specific (extralemniscal) somatosensory system. T-
he primary functions of the non-specific system are the emotional c-
olouring of perception, the control of the state of consciousness, and
orienting reactions.

6.5. Conclusion 

The main characteristics of electromagnetic radiation on organi-
sms, as considered in §§ 6.1–6.3, can be briefly summarised in tabul-
ar form. Tables 6.1–6.3 below present those manifestations of physic-
al and physiological mechanisms impacting the systems of the orga-
nism that are of direct significance for human health. An analysis of 
these data is included in the review's overall conclusion. With regard
to sensory systems that could provide sensory perception of electro-
magnetic radiation, there is very little specific research on this topic;
most relates to the low-frequency range. Therefore, the conclusions 
drawn from a review of the available literature are tentative. The cen-
tral tenet is that the sensory system contains non-specific sensors (
mechanoreceptors, nociceptors, nerve endings), the signals from w-
hich are generated by changes in the state of biological structures at
the micro level. Voigt lines can be considered as a macrosystem that
contributes to the formation of such signals by amplifying the effect
of the electromagnetic field on sensors.
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Table 6.1

Thermal effects 

Table 6.2

Effects of non-thermal electromagnetic radiation 

Pos. Target of impact action 
Possible physical mech-

anism 
Biologically significant 

consequences 

1 Water mo-
lecules 

Excitation of oscillations in w-
ater clusters a) during dir-
ect interaction with electrom-

agnetic radiation;
b) due to interaction with bi-

omolecules such as ATP 

• Alteration of the chemical activity
of water and electrolytes.

• Alteration of the degree of hy-
dration of proteins, and cons-
equently, alteration of their f-
unctional activity. 

2 Biomacro 
molecules 

Synchronisation and accumula-
tion of energy in vibrational m-
odes within the chain structures
of proteins and DNA. 

• Conformational transitions in
protein molecules, and conse-
quently, alteration of function-
al activity:

a) Enzymes;
b) gate proteins;
c) transport proteins.

• DNA strand breaks.
• Alteration of the tertiary struct-

ure of chromosomes and modi-
fication of transcription 

3 Membranes Excitation of acousto-elec-
tric waves 

• Alteration of charge distributi-
on on the membrane.

• Conformational transitions in pro-
tein molecules embedded in the 
membrane, and alteration of their
functional properties. 

4 Biological tissues 

Local heating in antinodes 
of standing waves during 
electromagnetic wave inte-
rference 

Alteration of metabolic process 
activity 

1 Mechanism of action of th-
ermal-level radiation 

1. Heating of biological tissues due to polarisati-
on losses within the aqueous component 

2 Consequences at the cellu-
lar level 

1. Alteration in the chemical activity of water 
and electrolytes.

2. Alteration in the functional activity of prote-
ins, including enzymes.

3. Alteration in metabolic processes, reduction
in cell viability.

4. Cell death 

3 Consequences at the orga-
nism level 

1. Suppression and discoordination of organi-
smal system function.

2. Reduced immunity.
3. Chronic diseases 
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Table 6.3

Physiological mechanisms of reception 

References for this chapter 
1. Devyatkov, N.D., Golant, M.B., & Betsky, O.V. Millimetre waves and

their role in life processes. – M.: Radio and Communication, 1991. –
169 p.

2. Chukova, Yu.P. Isothermal processes of interaction of the electro-
magnetic field with biological objects. Millimetre waves in biology 
and medicine, 1996, No. 8, P. 48–61.

3. Millimetre absorption spectroscopy of aqueous systems / Yu.Y. Khurgin [et
al.] // Advances in Chemical Physics. – 1994. – V. 87. – Р. 483.

4. Khurgin Yu.I. On the role of water activation in medicinal and EHF th-
erapy / Yu.I. Khurgin, O.V. Lebedev, E.Yu. Maksareva // Millimetre W-
aves in Biology and Medicine. – 1994. – № 4. – C. 28–32.

5. Betsky O.V., Lebedeva N.N. Modern understanding of the mechani-
sms of action of low-intensity millimetre waves on bio- 

Type of manifestation 

1
Radiation r-
eception 

1. Mechanoreceptors:
a) Ruffini corpuscles;
b) Merkel discs.

2. Pain receptors.
3. Immunocompetent cells:

a) Mast cells;
b) Lymphocytes. 

2
Afferent me-
diation 

1. Nerve signal:
a) Action potential modulation;
b) Action potential generation.

2. Humoral signal.
3. Vascular-autonomic response 
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4
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CONCLUSION 

The biological effects of electromagnetic radiation discussed in this r-
eview provide a general understanding of the significance of this physical 
factor to human health. Electromagnetic waves, even at non-thermal pow-
er levels with an intensity comparable to background noise or spurious ra-
diation from household and industrial devices, exert an influence on biolo-
gical structures, from biomolecules to the organism as a whole.

The principal observed effects of non-thermal intensity electrom-
agnetic radiation on biological objects at varying levels of organisation
, which are most relevant to human health, can be summarised in the
generalised table below.

Table 
Biological effects of electromagnetic radiation 

Target of 
Exposure 

Frequency 
Range Effect 

Water molecules in biological objects 
Water molecul-

es in biological o-
bjects 

1…150 GHz 
a) Alteration of water cluster structure;
b) alteration of the chemical activity of water;
c) alteration of the hydration of protein m-

olecules (Biomolecules); 
DNA 

1…80 GHz 

chain breakage, blocking of readout 

Enzymes 
change in conformational state, resulting in alt-
ered functional activity 

Membrane
proteins 

change in the efficiency of ion and molecule transp-
ort across membranes 

Transport 
proteins 

modulation of affinity for transported molecules (Me-
mb-

ranes) 

Membranes 

50…80 GHz a) increase in membrane stability 

50…80 GHz b) alteration of charge distribution on the surfa-
ce, alteration of membrane potential 

50…80 GHz,
ultrashort p-
ulses with c-
arrier f = 10 G-

Hz 

c) alteration of permeability for Na + and K + ons and water
molecules 

40…60 GHz d) alteration of nerve impulse conduction 
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Table continued 

A review of studies investigating the effects of electromagnetic 
radiation on biological objects allows the following conclusions to be
drawn.
1. Biological effects of electromagnetic radiation in the centimetre a-

nd millimetre range are observed even at non-thermal intensity
levels.

2. These effects are predicated on resonant interactions between the e-
lectromagnetic wave and water molecules within biological struct-
ures, as well as with biomacromolecules and membranes.

3. Although the energy of a quantum of the electromagnetic field in the 1...1

50 GHz frequency range is low compared with the thermal energy of t-
he biological medium kT, the structural properties of biological molec-
ules and membranes facilitate energy accumulation in acousto- 

Cells 

Cells 1… 70 GHz 

1. Alteration of membrane resistance.
2. Changes in the dynamics and structure of the 

protein system on the surface of membran-
es, alteration of the functional properties of im-
munocompetent cells.

3. Modification of metabolic processes.
4. Inhibition or stimulation of cell division.
5. Programmed cell death 

Tissues 
Tissues 40…60 GHz Stimulation of tissue regeneration 

Functional systems of the organism 

Nervous 
system 

1… 60 GHz 

1. Activation of spontaneous receptor activity.
2. Synchronisation reaction of the central nervo-

us system during wakefulness.
3. Increased dynamism of the central nervous 

system in an inhibited state, up to epileptiform
activity.

Endocrine 
system 

Adaptive reaction, leading to the correction of horm-
one concentrations within the endocrine system. 

Reproduc-
tive system

Change in the functional state of the reproductive syst-
em, with an increase in the number of adverse reprod-
uctive outcomes and spontaneous abortions. 

Holistic organism 

Holistic 
organism 1–70 GHz 

a) The occurrence of sensations such as burning
, tingling, and pressure;

b) behavioural disturbances;
c) memory alteration;
d) the development of diseases; 
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electrical oscillations to effect structural (conformational) transi-
tions.

4. Such transitions modify the functional capabilities of biomacro-
molecules, which, in turn, alters the course of biological proces-
ses (metabolism, transport, impulse conduction, etc.).

5. Changes in the dynamics of biological processes can be either s-
timulatory or inhibitory, depending on the parameters of the in-
cident electromagnetic radiation, primarily its frequency.

6. The effectiveness of the impact is determined not only by the ra-
diation parameters, but also by the correspondence of that freq-
uency to the resonant frequencies of biological structures, the s-
pectra of which may vary between subjects. This largely accounts
for the poor reproducibility of experimental results.

7. The outcome of exposure at the level of the whole organism de-
pends on the initial state of functional systems and the site of e-
xposure, owing to functional asymmetry.

8. The pathological and therapeutic effects of electromagnetic rad-
iation described typically occurred with repeated or chronic exp-
osure. However, the available data are insufficient to determine
the most effective or dangerous frequencies and radiation mod-
es.

9. This is particularly true for short microwave pulses (shorter than
those used in radar) and ultra-wideband signals.
Only a few experimental studies on animals have examined the 
biological effects of such pulses.

10. Given that the radiation spectrum of these signals, as calculated
in the chapter, and the frequency range in which biological effe-
cts are observed overlap, it is reasonable to expect that such pu-
lses will affect human health, potentially causing pathological ef-
fects. However, direct extrapolation of results obtained with oth-
er radiation parameters to predict the hazard of ultra-wideband
signals is not currently justified due to a lack of sufficient data. F-
urther research is necessary, ideally using generators of ultrash-
ort microwave pulses.
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