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Abstract 
 The question about possible mechanism(s) of interactions of electromagnetic fields (EMF) with 

biological systems is often discussed in bioelectromagnetics, as well as in clinical studies. A lot of discussions 

are dedicated on thermal vs. nonthermal mechanisms. This paper attempts to show the principle difference 

between the biophysical and engineering approaches to biological mechanisms of EMF initiated bioeffects. 

While biophysical approach is based on experimentally obtained data on biological responses to the applied 

EMF, the engineering approach strongly relies on proposed as hazardous criteria specific absorption rate 

(SAR) value. With experimental data, comparing effects of low and high frequency electromagnetic fields, 

discussing modulation of radiofrequency (RF) signals, the author demonstrates the superiority of the non-

thermal approach. Biological windows, resonance mechanism and use of geomagnetic fields for navigation are 

also in favor of the non-thermal mechanisms. Finally, one potential nonthermal mechanism involving the role 

of calmodulin in cellular functions is shown in this paper     

 
1. “Thermal vs. Non-thermal” nature of electromagnetic fields (EMF) interactions  

The period that started in late 1950’s and continued until early 1980’s is marked with research on 

microwave and radiofrequency radiation mostly stimulated by military and space research. Late 1980’s and 

early 1990’s the funding and research priorities in the USA shifted toward the low frequency, power line 

frequency range. During the last ten years funding of research was directed mainly by exponentially increasing 

wireless communications. Unfortunately, the basic science investigations of EMF interactions follow the flow 

of money. It is valid for money granted from the industry, as well for money from governmental sources. 

Classical physics and equilibrium thermodynamics has easy model for EMF interactions: heat. 

Immediately, an argument comes – the energy any EMF introduce into the biological object is far below the 

physiological threshold based in equilibrium thermodynamics of kT thermal collision energies. This view is 

also supported by the notion that any time varying magnetic field will induce electric fields and currents in the 

tissues subjected to the EMF exposure.  

More than a half of century ago the SAR was criteria was introduced by late Herman Schwan in his 

letter to US Navy in 1953 as a safe limit for human exposure to microwave energy, based on his calculations 

and the value of 100 W/m
2
 (10 mW/cm

2
) was proposed. (Foster, 2005; Markov, 2006). This “invention” runs 

through dosimetry and standards in the Western Hemisphere. Even such independent body as International 

Commission of Nonionizing Radiation Protection (ICNIRP) based all suggested limits and standards to the 

thermal mechanisms of action.  

 I would remind the reader an early statement of Becker (1990) that “Based solely on calculations, the 

magic figure of 10 milliWatts per square centimeter was adopted by the air force as the standard for safe 

exposure. Subsequently the thermal effects concept has dominated policy decisions to the complete exclusion 

of non-thermal effects. While the 10mW/cm
2
 standard was initially limited to microwave frequencies, the 

thermal concept was extended to all other parts of the electromagnetic spectrum. This view led to the policy of 

denying any nonthermal effects from any electromagnetic usage, whether military or civilian”.  

 

 

2. Biological Effects, health effects, hazards 

 It is strange that even in bioelectromagnetics community there is no clear definition for the terms as 

biological effect, health effect, health hazard. Misusing the words, the scientific community has created havocs 

in discriminating what is a biological effect, what is a health effect and what is a hazardous effect.  
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Unfortunately, this was further transferred in the language and terminology of the policy, standard and 

regulation bodies. 

For example, WHO stated that “not every biological effect is a health effect”. This is not a correct 

definition. Obviously, by saying “health effect” WHO is considering the adverse effects in the sense of 

diseases, pathologies and injuries. If the action of EMF is to be evaluated, the correct statement should be “Not 

every biological effect initiated by EMF is a health hazard”. Why this is important? There is a plethora of 

publications reporting that world-wide development of bioelectromagnetic medicine clearly indicates that 

properly chosen EMF/MF/EF and electric current may be beneficial in treatment of various diseases and 

injuries, even when all other known medical treatment dramatically failed (Rosch and Markov, 2004; Barnes 

and Greenebaum, 2007). 

In a separate category should be placed the entire basic science in bioelectromagnetics. Not only basic 

journals as Bioelectromagnetics or Electromagnetic Biology and medicine, but also many medical journals 

published “bench studies” on the effects of selected magnetic/electromagnetic fields to modify various 

processed on cellular or subcellular level. Some biological effects of EMF are reversible, others are transient. 

“Transient” indicates biological effects which quickly disappeared once the application is terminated. 

Reversible effects require a longer time to disappear. Of course, there are some effects which represent hazard 

for human organism. 

Term “hazard” should be kept for irreversible effects caused by short or prolonged exposure of 

human/animal organisms to EMF. In the 1990’s the hazard was associated with EMF of power and distribution 

lines. The last 10 years the power lines are forgotten and discussions within scientific community, policy 

makers, medical establishment, news media and general public are mostly oriented to wireless 

communications, mainly cell phones and base stations. 

 

3. Standards for what? 

Several international (ICNIRP, ICES) and American (IEEE, ANSI) committees attempt to direct the 

world standards for EMF exposure. However, even the simple fact of existence of several bodies of regulations 

indicates the existence of a problem. It should be one only recognized and largely accepted standard institution 

instead various national and international standards. Following this idea in the late 1990’s WHO initiated a 

project involving different laboratories, standard organization and countries called “EMF Project of 

Harmonization of Standards. (http://www.who.int/peh-emf/project/EMF_Project/en/……)  

Basically nobody opposes such action, but everybody wants his standard to be in use. This, however, 

is the smallest problem. The big problem is: Which standard, one based on SAR and promoted by the Western 

scientists or one based on biological response, as many scientists from Eastern Europe and former Soviet 

Union requested.  

This is a problem with several faces: Biophysics vs. Engineering; Thermal vs. Non-Thermal; East vs. 

West. In reality, all three problems reflect to the second one.  

Eastern standards are based upon biophysics (biological response) which assumes non-thermal 

mechanism(s). Western, and especially USA standards are based on engineering/computation and assume 

thermal mechanisms. Surprisingly, heat based mechanisms exclude possibility for occurrence of non-thermal 

effects.  

In a document adopted by the International committee of electromagnetic safety (ICES) on January 

19, 2002 and published in late 2003 by Cho and D’Andrea (2003) “Nonthermal RF biological effects have not 

been established and none of the reported nonthermal effects are proven adverse to health.”  

Well, let me ask the question: Why ICES considers only RF range in establishing the standard and 

recommendations? Further, why the thermal effects should be mandatory adverse to health? Do the members 

of ICES ever heard about RF ablation for treatment of prostate cancer? This established medical procedure is 

based upon thermal effects of RF.  

On the other hand, in 1983 FDA approved the use of 27.12 MHz EMF for treatment of “pain and 

edema in superficial soft tissues”. How ICES treats the legality of the use of this modality for beneficial 

purposes?  

In addition, federal communication commission (FCC) of the USA reserved the frequencies of 13.56 

MHz, 27.12 MHz and 40.68 MHz for solely medical use. What ICES will say on this issue? 
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I have been involved in studying of biological response to 27.12 MHz in laboratory and clinical 

settings and this research reflected in several publications in peer-reviewed journals (Markov et al., 1994) 

It is obvious that the SAR is a useful criterion, and the only criterion, which allows an estimate of the 

energy absorbed within a biological body. From here to the “thermal monopole” is even less than one step. 

Every student from high school will tell you that when you have energy absorption, you should expect heating.  

Yes, but no. In respect of EMF interactions with biological bodies this approach is rarely helpful. 

 

4. EMF interactions with living systems 

Let me start this section with a statement that “Life is a set of electromagnetic events performed in an 

aqueous medium”. This did not happen yesterday, it is a product of a long evolution of the physical conditions 

on our planet and adaptation of the nature and life to these conditions. 

 It is clear now that the whole biology and physiology of living creature(s) is based upon three types 

of transfer (i) energy, (ii) matter, (iii) information. While the first two processes might be described in terms of 

classical (equilibrium) thermodynamics, the information transfer obviously needs another approach and this 

may be found in the non-equilibrium thermodynamics. In the last published paper while he was still alive Ross 

Adey (2004) wrote: “Current equilibrium thermodynamics models fail to explain an impressive spectrum 

of observed bioeffects at non-thermal exposure levels. Much of this signaling within and between cells may 

be mediated by free radicals of the oxygen and nitrogen species”. Cell signaling, signal transduction cascade 

and conformational changes are events and processes that may be explained only from the position of non-

equilibrium thermodynamics.  

For unicellular organisms the cellular membrane is both detector and effector of physical and 

chemical signals. As a sensor, it detects altered conditions in the environment and further provides pathways 

for signal transduction. As effector, the membrane may also transmit a variety of electrical (and chemical) 

signals to the neighboring cells with an invitation to “whisper together” as suggested by Ross Adey (2004). 

One condition is necessary here, cells must be tuned to the same signal. In general, this leads to resonance or 

window hypothesis.   

 It was shown that selected exogenous weak low frequency electric or magnetic fields could modulate 

certain important biochemical and physiological processes. (Todorov, 1982; Detlavs, 1987; Carpenter and 

Ayrapetyan, 1994; McLean et al., 2003; Shupak, 2003; Rosch and Markov, 2004; Barnes and Greenebaum, 

2007)  An estimate of detectable EMF exposure can, therefore, only be made if the spatial dosimetry of the 

incident and induced EMF at the target site is evaluated for each exposure system and condition. The 

electrostatic interactions involving different proteins is assumed to result primarily from polarization and 

reorientation of dipolar groups as well as from changes in the concentrations of charged species in the vicinity 

of charges and dipoles.  These effects could be well characterized for interactions in isotropic, homogeneous 

media.  However, biological structures represent complex inhomogeneous systems which ionic and dielectric 

properties is difficult to predict.  In these cases, factors such as the shape and composition of the surface and 

presence/absence of charged or dipolar groups appear to be especially important. The problem of the sensitivity 

of living cells and tissues to exogenous EMF is principally related to the ratio of signal amplitude to that of thermal 

noise at the target site.   It is clear now that in order for EMF bioeffects to be possible, the applied signal should 

satisfy the dielectric properties of the target. (Markov and Pilla, 1995). Such approach relies on conformational 

changes and transfer of information. (Markov, 2004) Let briefly point some features of the information transfer: 

 Static, low frequency EMF, and pulsed EMF affect biological systems via information transfer. 

 This information transfer can trigger biochemical processes, ion binding, and signal 

transduction. 

 For static MF information may be detected in ion binding pathway via Larmor precession in 

the presence of thermal noise. 

 The Larmor frequencies couple to the same time constant as those to which electric fields 

couple. 

 For oscillating or pulsed MF information is encoded in the frequency/amplitude spectrum of 

the signal 

 Signal decoding occurs via the impedance of electrochemical processes at a cell surface subject 

to signal/noise ratio requirements. 
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5.  Thermal effects   
         

It was already pointed out the classical thermodynamics dogma “You get energy, you will have 

heating”. Even if one accepts this statement, several questions remain to be answered: 

 How EMF heating occurs within complex biological structures? 

 Do we have a flow of heat? 

 What happens at the interface between tissues with different electrical properties? 

 These questions which interpret the physics of interactions should be complemented with at least two 

biological questions:  

 What are biological implications of EMF heat generation? 

 What is the cascade of events, alterations in the signal transduction, in the enzyme reaction 

rate? 

 It is strange that the thermal approach accepts some features from classical thermodynamics, but 

neglects others. For example, the classical “kT” criterion is always used to decline possibility of occurrence of 

biological responses to static and low frequency MF. It is hard to understand why the papers on thermal 

mechanisms of high frequency EMF do not consider a set of parameters already in use (Markov, 1994; 

Valberg, 1995) such as vector, gradient, component, modulation, repetition rate, etc. but emphasize only on the 

SAR values.  

 When the effects of magnetic fields are discussed, immediately induced electric field appears on the 

scene. Basically correct, this shifts improperly the emphasis from the primary to a secondary factor. The acting 

factor is the incident magnetic field and the biological effects should be analyzed from that point of view. One 

should not forget that biological interactions usually lead to simultaneous exchange of material, energy and 

information.  

 Material and ionic fluxes, are territories that magnetobiology avoids. Energy interactions are the focus 

of the research. However, transfer of information is constantly neglected in bioelectromagnetics, even though 

communication technologies are based upon signal modulation. Nobody is able to estimate the SAR alteration 

in the human brain that results from voice modulation. This is not, and can not be a thermal effect. Here, one 

should introduce non-equilibrium thermodynamics in order to search for mechanisms of action, instead of 

classical, heat based, thermodynamics. 

 
6. Nonthermal effects 

A whole series of biologically important modifications appearing under weak static or alternating 

EMF action could be explained only from the viewpoint of non-thermal mechanisms. The spectrum includes 

changes at various levels: the whole body or tissue response; alterations in membrane structure and function; 

changes in subcellular structures such as proteins and nucleic acids; protein phosphorylation; cell proliferation; 

free radical formation; ATP synthesis, etc (Bassett, 1994; Adey, 2004; Markov, 2004). It is shown elsewhere 

(Hazlewood et al.) that EMF effects also depend on the state of the cell in the cell cycle. Another important 

evidence in favor of nonthermal character of EMF interaction could be find in the systemic effects described 

recently (Markov et al., 2004; Markov et al., 2005).   

The wide range of reported beneficial effects of using electric current or EMF/EF/MF therapy 

worldwide shows that more than 3 million patients received relief with their medical problems. From bone 

unification (Detlavs, 1987; Bassett, 1994), pain relief (Holcomb et al., 2003; Markov, 2004a) and wound 

healing (Vodovnik and Karba, 1992; Markov and Pilla 1995) to relatively new applications for victims of 

multiple sclerosis (Lapin, 2004), Parkinson’s and Alzheimer’s diseases (Richter and Lozano, 2004), 

bioelectromagnetic medicine has an important place in the XXIst century medicine. (Rosch and Markov, 2004) 

Continuing with the review of nonthermal biological effects, I would point to the fact that the EMF 

effects are better seen within the systems out of equilibrium. The observation showed a kind of “pendulum 

effect” – the larger the deviation from equilibrium, the stronger the response is. Such regularity may be seen in 

changes in the cell cycle, signal transduction, free radical formation and performance, as well as in therapeutic 

modalities. 
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7.  “Windows” mechanisms 

The concept of  “biological windows” attracted the attention of scientists since the mid 1970’s and now 

is discussed and investigated in regard to both dosimetry and explanation of observed biological responses to 

applied EMF. Several studies report the existence of “window” or resonance-type responses of biological 

systems to the amplitude and/or frequency metrics of the electromagnetic field.   However, a reasonable 

approach to the “window” problem must include a systematic analysis of a range of parameters such as 

magnetic flux density (amplitude) or frequency. During evolution living organisms developed specific 

mechanisms for perception of natural electric and magnetic fields.  These mechanisms require specific 

combinations of physical parameters of the applied field to be detected by biological systems.  In other words, 

the “windows” are means by which discrete MF/EMF are detected by biological systems.  Depending on the 

level of structural organization these mechanisms of detection and response may be seen at different levels of 

structural organization. (Markov, 2004c) 

All early publications made a link between “windows” and information transfer (Adey, 1977 and 1989; 

Markov, 1979, 1994). Later experiments with Ca
2+

 efflux suggested that the increase in the calcium efflux also 

could be attributed to “windows”. Other examples of modulation, frequency, and amplitude “windows” may be 

found in immunological responses, cellular function, teratological effects, and beneficial effects in the 

promotion of bone and soft tissue healing in animals and humans. (Markov and Todorov, 1984; Markov, 1994; 

Pilla and Markov, 1994; Nindl et al., 2002). Discussing the theoretical feasibility of a radical-pair mechanism 

Eichwald and Walleczek (2000) affirmed that this model is capable of accounting for bioelectromagnetic 

phenomena which depend on the field frequency in a non-linear, resonance-like fashion (frequency window), 

field amplitude (amplitude window), the combination of appropriate AC and DC magnetic fields, and the 

biodynamic state of the field-exposed system. 

 Such “windows of opportunities” are very successfully used in magnetic and electromagnetic field 

therapies. This use is sometimes based upon systematic research but more often, selected 

magnetic/electromagnetic fields used for therapy are based upon the intuition of the inventor of the device and 

the medical staff. Why “selected”? Because these values of the physical characteristics of the MF/EMF 

correspond to the “windows of opportunities”. Living systems are ready to detect, absorb and utilize signals 

with specific characteristics and remain “silent” or unresponsive for the rest of the amplitude and/or frequency 

spectrum.  

 

9. Calcium calmodulin model for non-thermal interactions 

In a 1994 paper on modulation of myosin phosphorylation with weak static and low frequency magnetic fields, 

Markov and Pilla placed the calmodulin in the center of cellular activity. It was shown in a number of studies 

that calcium/calmodulin dependent myosin phosphorylation is a key player in a number of cellular processes. 

The question is what is the reason for such dependence. We found that from the 5 players in this enzyme-

substrate reaction, the main role belongs to the calmodulin molecule. It appears to me that the reason is in the 

structure of the molecule containing four binding sites for the calcium ion. Any time when the calcium ion 

reaches the “waiting” for him pocket, a conformational change occurs making calmodulin more compact 

structure and therefore allowing the calmodulin molecule to enhance its activity.      

Based on a series of studies on the effect of various magnetic fields on the rate of the cell-free 

calcium/calmodulin dependent myosin phosphorylation we proposed that the efficiency of the response 

strongly depends on the binding of calcium ions to calmodulin molecule. An interesting observation of ours is 

connected with the fact that the expected response of the biological systems to magnetic field stimulation 

might be either positive or negative. In a carefully designed experiment within ambient range magnetic field, 

the response was found negative at the values of the static magnetic field below the ambient values. Once the 

applied field is larger, the phosphorylation rate increases. 
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In a recent paper of Rohde et al. (2010) the above discussed model is further extended with the possibility of 

the known effects of pulsed electromagnetic fields on the modulation of calcium binding to calmodulin, with 

subsequent enzyme activation to be applicable in wound healing. Calmodulin-dependent activation of nitric 

oxide synthase to produce nitric oxide and its subsequent stimulation of cyclic guanosine monophosphate 

formation, which plays an orchestrating role in tissue repair, is reported to be sensitive to pulsed 

electromagnetic fields.  

(Aaron et al., 2006) showed that DNA synthesis in cultured articular chondrocytes can be stimulated by pulsed 

electromagnetic fields through the calmodulin/nitric oxide/cyclic guanosine monophosphate pathway.  Direct 

evidence of the effect of a pulsed electromagnetic field signal configured for the Ca2_/calmodulin pathway on 

real-time nitric oxide production in a neuronal cell line, which could be eliminated by calmodulin and nitric 

oxide synthase inhibitors, has also recently been reported. Other effects of pulsed electromagnetic fields 

involving nitric oxide include the following: increased vasodilatation (Miura et al., 1993), inhibition of the 

vasoconstrictor endothelin-1 (Morimoto et al., 2005), increased neuronal regeneration (Kim et al., 2002). 

Furthermore, it has been reported that the calmodulin/endothelial nitric oxide synthase/nitric oxide signaling 

pathway down-regulates both IL-1B and inducible nitric oxide synthase. (Palmi and Meini, 2002). 

Together with the known effects of pulsed electromagnetic fields on vasodilatation (McKay et al., 2007), these 

effects could account for the accelerated pain relief experienced by patients in this study who received pulsed 

electromagnetic field therapy. It supports the notion that the actions of pulsed electromagnetic fields on tissue 

repair include an early antiinflammatory component. 

In conclusion, I want to remind the readers that the proposed calcium/calmodulin response to selected EMF is 

only one possible mechanism of non-thermal effects of EMF. 
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