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Shatalov V. M. Local thermal spikes in biological systems dispodein a low intensity electromagnetic
field. — Pennes’equation for bioheat transfer and the heat trardiféerential equation are solved for the tempeamat
distribution in a living tissue with spherical insions, irradiated by microwave power. It is shotliat relative
temperature excess in a small inclusion in theiéisa some cases is inversely proportional todtius and does not
depend on the applied power. In pulsing RF fieldsaffect is amplified proportionally to the ratibthe pulse period
to the pulse duration. The local temperature rigaificantly outpaces the averaged one and thezefoe Watt to
Weight SAR limits may be insufficient to estimateetsafety of RF radiation and the conventionalsitivi of the
biological effects of electromagnetic fields on thermal and non-thermal needs to be revised.
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Introduction

Traditionally, the effects of electromagnetic fielEMF) on living organism are divided into
ionizing (non-ionizing) and thermal (non-thermalhey are extensively investigated to date [1].
However, when considering effects of weak EMF, @mpartant problem is to find and validate
clear criteria of weakness of the impact [2, 3]r Boermal effects of the EMF the presently
accepted criteria are based upon application osiplogically acceptable limits to the increase of
theaveragetemperature of the samples.

Non-thermal effects defined in [4] are biologicaéchanisms that are not connected to the
temperature increase, which is assumed to be hess .01 degrees C (living organism), 0.001
(cells) or 0.0005 (sub-cellular). By comparison, }INWHO, IEEE & ICNIRP consider that
exposures below 0.05 degrees C (0.4 W/kg) arefeafeorkers, and exposures below 0.01 C (0.08
Wi/kg) are negligible for the public. Any biologicalffects below these levels of heating are
considered by these organizations to have no hmdbgignificance and to be reversible. These
criteria are used for estimation of maximum peribisspower of domestic radio equipment (cell
phones, Bluetooth, Wi-Fi, etc.). In particular, gféect of mobile phone radiation on human health
is the subject of recent interest and study [5] tluthe enormous increase in mobile phone usage
throughout the world. Any biological effect of erammental RF EMFs is usually referred as non-
thermal.

Another important application of these criteriaslizvith the development of non-lethal
microwave weaponry (such as «Active Denial Systedexeloped by the U.S. Department of
Defense) to evaluate whether their effects aredddeversible.

One well-understood effect of microwave radiatisrdielectric heating, in which any polar
solution (such as living tissue) is heated by rotet of the polar molecules induced by the
electromagnetic field. In the case of a persongiaicell phone, most of the heating effect occtirs a
the surface of the head, causing its temperatuirectease by a fraction of a degree. The maximum
power output from a mobile phone is regulated lgyrttobile phone standard and by the regulatory
agencies in each country. In the USA, the Fedeamhi@unications Commission (FCC) has set a
Specific Absorption Rate (SAR) limit of 1.6 W/kgiexaged over a volume of 1 gram of tissue, for
the head. In Europe, the limit is 2 W/kg, averageer a volume of 10 grams of tissue. SAR values
are heavily dependent on the size of the averagihgne.

Non-thermal effects can also arise due to the legtfency pulsing of the mobile phones
carrier signal. Biological significance of these duatations is subject to a recent debate [6]. Some
researchers argue that so-called «non-thermaltgfferan be reinterpreted as a normal cellular
response to an increase in temperature [7]. Otheligve the stress proteins are unrelated to
thermal effects, since they occur for both extrgmiew frequencies and radio frequencies (RF),
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which have very different energy levels [8]. Anathstudy that was conducted using
fluorodeoxyglucose injections and positron emisstomography concluded that exposure to
radiofrequency signal waves within parts of theirbidosest to the cell phone antenna results in
increased levels of glucose metabolism, but theazll significance of this finding is unknown [9].
The aim of our paper is to give a mathematical rhofl¢he local thermal effects of the EMF by
specifically taking into account inhomogeneity betheating (resulting from non-uniformity of
living tissue). The idea of the non-uniform heatin§course, is not new. However, that is hard to
find specific estimates, therefore it was suggebte@hallis [2] as an open problem. Our main goal
is to provide such analytical estimations and teghysical background of thermal effects related
to inhomogeneity in space and time. We show thasdme cases, the local temperature rise
significantly outpaces the average absorbed radigiower and therefore the Watt to Weight SAR
limits may be insufficient. The possibility of su@hlocal heating (with the negligible average
temperature increase) challenges the common divisio EMF effects into thermal and non-
thermal. While the effects, connected to the |dwsting, are thermal, the average heating may be
negligible, making them classified conventionakyreon-thermal.

Our consideration is not limited to any particui@quency band of the electromagnetic field.
It is only important that the field is heating thenducting medium locally, be it via the eddy
currents in the medium of non-uniform conductartbe, polarization-induced vibrations of the
molecules in the medium of non-uniform polarizdiilior any other local mechanism. There are
several different mechanisms, which lead to RF poasorption and have different penetration
depths in different media.

It is obvious that the temperature distributionaimy bounded sample heated by penetrated
radiation has to be inhomogeneous. Firstly, itus tb the spatially inhomogeneous heating by the
exponentially decaying RF power. It is well knowrat the temperature distribution has maximum
under the sample surface if the heat transfer engidceeds that one outside the sample (for
example, due to pure transparency of the sampfacg)r The maximum value is limited by RF
power decay depth that actually varies from fraxtioof a millimeter to several centimeters.
Therefore, this maximum is flat and does not exaeedh the surface temperature value. Unlike
the case described, we will examine the tempergiesks at the micro inclusions having high
electrical conductivity, which are located far egbwaway from the cooling surfaces or heat sinks.

Temperature distribution in the case of randomly dstributed point sources

It is well known that living tissue is substantyalhieterogeneous on micro and nano-scales
with some of its components having increased etattconductivity. For example: 1) electrical
conductivity of the cytoplasm of living cells isrmewhat higher than that of extracellular media due
to the Na-K asymmetry [10]; 2) electric double Igyferming on the surface of colloidal inclusions
(such as air nano-bubbles in water), consists aiffase cloud of ions with superior conductivity
compared to that of the solvent [11]; 3) axon meanbs have extra high conductivity, etc. There
are also numerous instances of nano-scale condectathomogeneity in inanimate nature
exemplified by any colloidal solution (liquid or l&) of conductive nanoparticles in weakly
conductive medium. Since the absorbed microwaveRiagower is proportional to the electrical
conductivity, conducting inclusions are heated &giation more intensively than the surrounding
media.

To describe this process of non-uniform heatinghe medium with thermal regulation
(present in all living tissue on all scales) letuse the classic&8lennesdifferential equation [12]:

a—@:kmze—9+ﬂ, 1)
ot r C,

where® is temperature excess [K] above the «normal» teatpe,t — time [s],k — temperature
conductivity [nf s (for example, in watek = 0.15 mni/s at normal conditionsfy> — Laplace
operator,r is characteristic temperature relaxation time Jg}- absorbed power [JThs™], C, —
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volumetric heat capacity [J/@K)]. The second term on the right hand side dbssrithermal
regulation, whatever the mechanism is. In the atesei heat sources (W = 0) the medium relaxes
towards zero temperature exce®g, (or, to its «normal» temperature. In steady stateen time
derivative is zero, Eq. (2) reduces to the wellsknoHelmholtz equation (or screeneBoison
equation):

2 o(r)
0%0() -—5 = -
(r) R’ Q(r)’

(2)

where R, = (k r)“z is a characteristic size of the temperature réiamaregion, q=W/C,k —
renormalized absorbed heat [KniThis equation is linear and for an arbitrayfy) its solution can
formally be written with the help of Green’s furarias

“fTVR

O = [0 4 -y O 3

Next we assume that heat is supplied in the formanflomly distributed point sources of the
densityn and powenV. The average temperature excess in the spheradafsiR around each
source can be obtained by direct integration as

i :Lﬁ/vrs(l—e‘x—xe’x), x=R/R.
R 4)
The average equilibrium temperature excess, medsutbe whole medium, is then
0, = Wnr
< (5)

Assuming that temperature conductivity of the medra inclusions are the same and
identifying R, with inclusion size, theelative temperature excess in a small inclusions< 1) is
inversely proportional to its radius and does regiehd on the input power:

o _ 3

©, 8mknrR ©)

For small low-density inclusions in a living tisswath weak thermal regulation and low
temperature conductivity, this ratio can be extigntegh. Furthermore, if the heating is not
stationary but consists of pulses of the widirand the period, >y, it is easy to show that the
local heating during the pulse can also be repteddwy (6) with an additional factor @f/ z,. That
is, the pulsing EMF source leads to even highaallocrease of the relative temperature.

Heating of a single spherical inclusion in a spheral sample

Pennesequation (1) assumes that the total energy exgdhdretween tissue and the flowing
blood can be modeled as a non-directional heaeuithose magnitude is proportional to the
volumetric blood flow and the difference betweercalo tissue and major supply arterial
temperatures. This approximation is valid for lasgeough samples, containing numerous blood
vessels. To investigate the temperature distribuiba smaller scale in this section, we explore a
different model, in which a heated center indingatteracts with the cooling surface. Such a model
might describe the temperature distribution in@selvicinity of a blood vessel that we refer as a
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thermostat. To simplify the consideration, theryitissue will be modeled as a sphere. Starting
from such a spherical horse, we mean to explaimtigin of temperature spikes in nano-inclusions
contained in any tissue of any form.

Stationary temperature distribution

Let us consider a spherical inclusion of radRisin the center of the irradiated spherical
sample with radiuRy, placed in a thermostat. The inclusion and theosumding media have
different electrical and the same temperature coiidties. The stationary equation of heat transfer
in this case looks like:

9%0(r)  200(r)
+— + =0
ar* r or al") _

(7)
Herer-dependence of the renormalized absorbed heahbdsrim:
g .,0<r<R
a(r) ={ )
g , R <r<R, , (8)

where factory points to the abovementioned difference of elealrproperties inside and outside
the inclusion.
Obviously, any solution of (7) has the form:

o(r) A Brsc
r o ) (9)
where the constant, B, andC differ for the inclusion and outer space. Putti@into (7) we get
Bi = g andBy = yg. Then from the condition of zero flow at= 0 we getA; = 0. Next, the flow
continuity condition at the boundary of the inctusigives the value o4, the valueCy we get by
putting®(Rp) = 0. Finally, the equality of temperatures at bloeindary of the inclusion gives us the
valueC;. Thus we get the solution of (7), that allows aisalculate the average temperature of the
inclusion®; and the outer spaé® and its ratio:

O _[+x+x?) [12¢-10 +5y{1-3x + 2x°)|

9, (1-x) [5¢+10x* +2y{1+2x+3x* - x* - 5x° |

\3

: (10)
wherex = R/Ry andy = qo/q;. For the case under interestl andy = 0 we get:
6 _12R
9 S5R. (11)

So, the ratio of average temperatures of the irau® that one of the outer space is reversly
proportional to its radii. This qualitatively coidences with (6) outlined in previous section and
differs just in coefficient.

In the case of a homogeneous medium, when propertithe inclusion and the surrounding
environment are the same € 1), then foix«1 we get:

(12)
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Thus, the temperature of a micro-inclusion excebdsaverage temperature 2.5 times just
because the inclusion is far enough from the thestabilized outer boundary of the sample.

Finally, we may conclude that there exist two reasgiving temperature increase in a little
inclusion. First is the increased heat producteong second — the remote distance from the cooling
boundary.

Non-stationary temperature distribution

Another source of the temperature non-homogensityrie inhomogeneous heating. In this
subsection, we explore the non-stationary casthospherical model from previous section.

At the starting point, a short RF pulse heats gieescal inclusion and surrounding media and
we monitor the temperature distribution in space taime O(r,t) . To get the distribution we solve
numerically the non-stationary equation of heandfar (1) for a simple case of two co-centered
spherical media with different electrical and tlaenge temperature conductivities. We are interested
in the time rangé«t therefore the term that describes thermal reguiati (1) may be omitted. So,
in the spherical coordinates centered in the @#lter the equation (1) takes the form:

00(r,t) _9%0(r,1) , 200(,1)

+ ,t
ot or? rooor Q ),

(13)
wherer andt are given in unitf; and r = Roz/k correspondently. We state the absorbed power
distribution Q(r,t) = R,*q(r,t) as

q sin[n} (0sr<R)n(0sts<r,)

TW

q(r,t) = qosin[;t} (R <r)D(Oster)

w

o (r,<t)

: (14)

wherex = R/Ry andz, is the RF pulse duration timeg, and g, — heated power inside and outside

of the inclusion, its ratio is proportional to thegtio of correspondent electric conductivitieseTh
initial and boundary conditions for the eq. (13yé#he form:

OFr,0 =0 0<r<o;

0.0 _y oo
or ’ ’
O(R, 1) = 0. as)

The results of our calculations of the relative penature dynamics in a sample irradiated by
a single RF pulse with, = 0.Z. for the size ratix = 0.2 and different heated power ratjos 0, 1,

2, 4 ando are shown in Fig. 1.

In the case of dielectric inclusion in conductingdia §f = 0) the temperature of media
exceeds the temperature of inclusi®V®, < 1 only at initial moments, but soon after thasio
rapidly increases to some asymptotic value closg tor largery the ratio®; /0, exceeds 1 at all
times. For the conducting inclusion in dielectriedra { = «) the relative temperatur®; /0, is
very high in initial moments because the mediaeatimg via heat transfer from the inclusion. After
the heating pulse finished all the curves go toathanptotic value.
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Fig. 1. Relative average temperature of the inclush with R; = 0.2R, as a function of time (in units ofr) in a
sample irradiated by RF pulse (14) withr,, = 0.2r. Numbers over the curves arej/qo ratios of RF power
absorption inside and outside the inclusion.

The curves on Fig. 1 were calculated for the cdsesingle RF pulse but it is obvious if the
time scale expands to a sequence of pulses they Begt pulse will start at increased values of
relative temperature of the inclusion and that afneplthe effect of inhomogeneous heating of the
sample.

Conclusions

The results obtained in the paper have to drawtabte to the obvious and at the same time
unexpectedly large spatial inhomogeneity of heathghe irradiated samples, regardless of the
intensity of irradiation. Until now, it seemed te bbvious that RF power is the main criteria, which
refers any RF exposure to the thermal or non-theame. However, we have shown that relative
temperature rise in micro inclusions is RF powelejpendent and may be very high because it is
reversely proportional to the size of the inclusiofhis is the case when the radiation is absorbed
mainly in the inclusions that situated sufficienfdy from the heat outlets. Moreover, qualitatively
this conclusion is an obvious consequence from iedsrlaw and the heat transfer boundary
conditions, and this is a long-solved problem iggpts that leaves no questions.

To prove the results experimentally one has to oreathe local temperature inside nano-
objects that is not so easy but may be very inftirmaFor example, by coating their samples with
molecular layers with well-defined melting temperas, Samsonov and Popov [13] measured the
temperature in the immediate vicinity of individueglls during exposure to the EMF. They
detected a rapid temperature jump in the experiahesitamber and rapid establishment of the
steady-state temperature. This allowed them to epeppn a quantitative manner, the cellular
effects of the EMF with those of the temperaturagielicited by conventional heating.

There exist many experimental works with inanimagnples, the results of which, we
believe, can be interpreted in terms of local mgat{or overheating) of irregularities in the
irradiated samples. For example, Bunkin et al. Metly carefully examined the effect of dissolved
gases on some of the properties of distilled wateey showed that in presence of dissolved air IR
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laser irradiation heats the microbubbles of aipl@sma temperatures that increases absorption of
the radiation, while in the absence of dissolveskegathe water is essentially transparent duento lo
probability of the multiphoton absorption mechanidmthe work of Doroshkevych et al. [15] it
was shown that weak pulsed magnetic field speesklipprganization processes in the nanopowder
dispersed systems based on compacted.ZF@e list of examples may be easily continued. We
believe that all these effects may be consequeotése inhomogeneous heating in micro- and
nano-scales.

There exists a lot of contradictory evidence fomdtilermal effects of electromagnetic
radiation on living organisms. Some of them wer@gal in Introduction [2-4]. According to our
paper, many of the interpretations need to be ables So, we are confident enough to judge the
dispute in the works [6-8] in favor of the thernaaigin of the observed effects. Another example,
D’Andrea et al. [16] pointed that effects of lows# RF exposure on the blood-brain barrier are
controversial and the effects have been generalig@ed for exposures that are thermal. Studies at
these levels have observed effects on norepineghdimpamine, and serotonin. Now we can say
that thermal mechanisms have to be favorable inlaegpion of any effect of MW on
neurochemistry. Concerning discussions in Inteomesafety of the non-lethal microwave weapon,
it should be pointed to possible uncontrolled terapee rise in under skin inclusions.

So, the local temperature can rise significantlypaces the averaged one and therefore the
Watt to Weight SAR limits may be insufficient tocacint the safety of RF radiation and the
conventional division of the biological effects electromagnetic fields on the thermal and non-
thermal needs to be revised.

Acknowledgments

The author thanks Prof. Andrew Lyaschenko for dismns that served as a stimulus to the
writing this article. He is also very grateful tg.IXonstantin Metlov for reading and discussing the
manuscript and to Prof. Nicholas Bunkin for helpfamments.

References

1. NIEHS (1999). Report on health effects fromasyre to power-line frequency electric and magrifatids.
National Institute of Environmental Health Scienoéshe U.S. National Institutes of Health. NIH Habtion No. 99-
4493.

2. Challis, L.J. (2005). Mechanisms for interactimiween RF fields and biological tissue. Bioelettagnetics,
Supplement 7, 98-106.

3. Shatalov, V.M. (2012). Mechanism of the biol@jionpact of weak electromagnetic fields and theitro
effects of blood degassing. Biophysics, 57, 808-813

4. ICEMS (2010). Non thermal effects and mechanisfriateraction between electromagnetic fields hvidg
matter. ICEMS, eds. Guiliani, L. & Soffritti, M.:&nazzini Institute, European J. of Oncology, Lilgrafol. 5.

5. Vecsei, Z., Csathd, A., Thuréczy, G., & Herndd{2013). Effect of a single 3@in UMTS mobile phone-like

exposure on the thermal pain threshold of youndtineaolunteers. Bioelectromagnetics, 34 (7), 530-5

6. Foster, K.R., & Repacholi, M.H. (2004). Biologieffects of radiofrequency fields: does modulatiatter?
Radiation Research, 162(2), 219-244.

7. Glaser, R. (2005). Are thermoreceptors resptmsids «non-thermals» effects of RF fields? Ed. Wisschatft,
Bonn, Germany: Forschungsgemeinschaft Funk, 21,@©CI9908725.

8. Blank, M., & Goodman, R. (2009). Electromagndititds stress living cells. Pathophysiology, 18(2-71-78.

9. Volkow, N.D., Tomasi, D., Wang, G.-J., Vaska, Powler, J.S., Telang, F., Alexoff, D., & Logan, ét al.
(2011). Effects of cell phone radiofrequency sigeglosure on brain glucose metabolism. JAMA, 30%63-821.

10. Lyashchenko, A.K., & Lileev, A.S. (2010). Dietdc relaxation of water in hydration shells oh& J.
Chem. Eng data, 55, 2008-2016.

11. Shatalov, V.M., Filippov, A.E., & Noga, 1.V. @22). Bubbles induced fluctuations of some propertf
aqueous solutions. Biophysics, 57(4), 421-427.

12. Pennes, H.H. (1948). Analysis of tissue aneriattblood temperature in the resting human farear. Appl.
Physiol., 1, 93-122.

13. Samsonov, A., & Popov, S.V. (2013). The effefta 94GHz electromagnetic field on neuronal
microtubules. Bioelectromagnetics, 34, 133-144.

235



I SSN 2077-3366 IIpooaemu exonozii ma oxoponu npupoou mexnozennozo peziony, 2013, No 1 (13)

14. Bunkin, N.F., Ninham, B.W., Babenko, V.A., Smgq, N.V., & Sychev, A.A. (2010). Role of dissolvgds
in optical breakdown of water: differences betweéfects due to helium and other gases. J. PhyanCHel 4, 7743-
7752.

15. Doroshkevych, O.S., Shylo, A.V., Saprukina, QManilenko, I.A., Konstantinova, T.E., & Ahkozav,A.
(2012). Impedance spectroscopy of concentratedrrigic nanopowder dispersed systems experimentahitpeh
World Journal of Condensed Matter Physics, 2(19, 1-

16. D'Andrea, J.A., Chou, C.K., Johnston, S.A., &ak, E.R. (2003). Microwave effects on the nervous
system. Bioelectromagnetics, Supplement 6, 107-147.

Received: 9.12.2013 Accepted: 23.12.2013

Hlamanoe B. M. JlokajibHOe TellJIOBOe BO3/AeiicTBHE HA KMBbIe OPTaHU3MBI B CJ1a0bIX 3JIeKTPOMATHUTHBIX
noasx. — Ypasaenue [lernnca qns GuoTemionepeHoca u quddepeHnnaibHoe ypaBHEHUS TETUIONIEPEHOCa PEIIatoTCs
JUISl TIOJYYEHMsl PAcHpesesICHHs IOJsl TEMIIEpaTyp B JKMBOM TKaHM cO cdepuyeckMMH BrimodeHusMu npu CBY
oOmyyennu. [lokazaHo, 4TO OTHOCHTEJIBHBIH POCT TEMIIEpaTypbl B HEOOJBIIOM BKJIIOYEHHS B TKaHH B HEKOTODPBIX
cilydasix OOpaTHO TNPONOPLUOHAJIEH pajuyCy M HE 3aBUCHT OT IIPWIOKCHHOW MOLIHOCTH. B mynbcupyromem
panuodacToTHoM Iojie 3(dexT ycumimBaercs NPONOPLHUOHAIBHO OTHOIICHHIO TEPHOJIa MUMITYJbCca K JIUTEIBHOCTH
nmiyinbca. [loxbeM JIOKadbHOW TeMIeparypbl 3HAYMTENIFHO OMNEpEKaeT YCPEIHEHHYIO, M MOATOMY IpUMEHEHHE
JEUCTBYIOIINX cTaHAapToB Bart/Bec MoxeT ObITh HEIOCTATOUHO [UIS OLICHKH 0€30MaCHOCTH M3Iy4eHHs, a YCIOBHOE
pa3zmeneHne OHoOJOTHYecKHX 3(PQEKTOB 3JICKTPOMArHWTHBIX MOJEH Ha TEIUIOBBICE W HETEIUIOBBIE HYXKITAeTcs B
IIepecMoTpeE.

Kniouesvie cnosa: He TepMmambHOE W3ITydYeHHE, SJCKTPOMAarHWTHOE TIONE, OMOJOTHYECKHI TETUIONepeHoc,
HEOJHOPOAHOCTD, TIOBBIIICHUE TEMITEPATYPHI.

Illamanoe B. M. JlokanbHuii TepMiuyHMii BINIMB Ha KMBi OpraHiaMm B CJa0KHX eJeKTPOMATHITHHX
nossx. — PiBusHus [leHnica s nepenaui 6ioTeruia ta audepeHnianbHe piBHIHHS U1 IEPEHOCY TeIlla BUPILIYIOThCS
JUIsl 3HAXOJUKEHHS PO3IMOJULY HOJS TEMIEPaTyp Y JKMBIH TKaHMHI 3 CEPHUYHUMH BKJIIOYEHHSIMH, IO ONPOMIiHEHI
MikpoxBuwiIsiMH. [loka3aHo, 110 BiZHOCHE 3POCTaHHS TEMIICPATypU B HEBEIMKOMY BKJIIOYCHHS B TKAHMHU B JIESKHX
BUIIaJKaX OOEpPHEHO MpONOpLiiiHE pajiycy Ta HE 3aJICKUTh BiJ NPUKIAZAEHOI HOTY)XHOCTI. Y IyJIbCYIOUOTrO
panioyacToTHOro0 Mojisi €(PEeKT IOCHWIIOETHCS NPOIMOPLUIHHO CHIBBIIHOIIEHHIO MEpiofy IMITYJbCy JO TPHBAIOCTI
iMmyneey. [limiioM JIOKanbHOI TeMIepaTypyd 3HAYHO BHIIEPEKAE YycepemHeHy. ToMy 3acTOCYBaHHS i1CHYIOYHX
cranpapris Barr/Bara moske OyTH HeIOCTaTHBO, MO0 OLIHUTH O€3MEKY BUIPOMIHIOBAHHS Ta YMOBHHM IO
OionoriyHuX eeKTiB eJICKTPOMArHiTHHX OB Ha TEIJIOBI Ta HETETUIOBI OTPeOyeE Mepersmy.

Kmouosi cnosa: He TepMallbHE BHUIPOMIHIOBAaHE, €JIEKTPOMAarHiTHE TIOJie, OIOJOTIYHHMHA TeTuIonepeHoc,
HEOJIHOPITHICTh, iABHINEHHS TEMIIEpaTypH.
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