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Integrated Models for the Analysis of Biological
Effects of EM Fields Used for Mobile
Communications
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Abstract—The understanding of the modalities of interaction of = sidering that, for the first time in RF technology application, the

electromagnetic (EM) fields with biological material is a key point  RF source is so close to the exposed biological system, specifi-
in the identification of possible induced effects. Since the begin- cally the human brain.

nings of bioelectromagnetic research studies, most of the attention To add th bl the basis of thei .
has been focused on the effects on nervous systems and neuronal 0 address the probiem, on the basis of their previous ex-

cells. The importance of this target has recently increased due to Perience [1], [7]-[15], the authors suggest that bioelectromag-
the wide diffusion of mobile terminals, used close to the head. In netic (BEM) interaction studies should be approached following

this paper, an integrated interaction model is proposed. The model, g procedure consisting of the following three main steps.

validated in each part of its components with experimental data, . ) C
allows to obtain a quantitative link from the external applied field Step 1) Evaluation of the EM field distribution inside the

to the effects on neurons (isolated or linked to similar others). The biological target.
models is firstly based on the evaluation of the EM field at cellular Step 2) Modeling of the interaction mechanism between
membrane level, then on the evaluation of the effects induced on fields and biological systems.

each component of the model growing from the low biophysical Step 3) Understanding of the physiological effects induced
level (membrane channels) to the biological one (neuron time be- . .
havior). The use of well-assessed models for the simulations of each into the _system by means of the above mentioned
part allows both the evaluation of the effect at different levels of mechanisms.

complexity, and the employment of this effect acting as an input on

the upper level. This approach allows, for the first time, a complete A, Evaluation of the EM-Field Distribution

quantitative evaluation of the effects on neurons due to the fields ) . ) ) .
from the existing mobile systems, and can be a useful instrument ~ This step is fundamental. In fact, in order to interpret a bi-
for the evaluation of the possible health impact of new technolo- ological effect, it is necessary to determine the internal field

gies. strength or the energy dose that can cause such an effect in
Index Terms—Bioelectromagnetics, interaction modeling, ionic the experimental subject. RF dosimetry is the quantification of
channel, mobile systems, neuron. the magnitude and distribution of absorbed EM energy within

the exposed biological system [16]. Beside electric- and mag-
netic-field strength, a fundamental quantity at RF is the spe-
cific absorption rate (SAR) defined as the rate at which energy
HE growing application of RF electromagnetic (EM)s absorbed per unit of mass. The problem can be approached
fields, connected to the large diffusion of mobile commusy means of experimental and numerical techniques. For an
nications, and the linked questions arisen about consequens@srview of experimental dosimetry, see [16]. For numerical ap-
on population health, have recently given further improvemeptoaches, such as the finite-difference time-domain, finite-ele-
to research studies on the interaction of EM fields with biolognent method, or method of moments, it is possible to refer to
ical systems. [9], [17]-[21], just to mention some recent papers. In dosimetric
Even though a lot of work has been done, there is still nqudies, growing attention is given to the comparison among ex-
complete assessed knowledge about this item. However, the&&imental and numerical results [22]. The importance of eval-
is a general agreement [1], [2] about the importance of a corrggiting the field induced by an external EM source inside a bi-
evaluation of the mechanisms of interaction between EM fielésogical system at a microscopic level has been perceived only
and biological systems. recently [21], [23], [24]. In order to achieve this knowledge, it is
Possible effects on neuron activity have always representgdcial to relate the average field absorbed by the whole system,
a focal issue in this research field [3]-[6]. Mobile communicaobtained by means of traditional dosimetry, to the local field in-
tions have given further improvement to neuronal studies cofluced inside cells and their compartments.

. INTRODUCTION
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Fig. 1. Proposed procedure to gather inside BEM interactions. (a) Procedure to achieve the local microscopic field from a specific EM sougcatdt Waie
to evaluate biological effects at any level of complexity of the biological scale.

models for the cell membrane have been developed [26]-[284n be carried out at a more microscopic level, specifically
Single-membrane channel modeling has been outlined [29]amund the cell membranes. From these first steps, the local
explain some experimental results [30]. Even more microscopidcroscopic field acting on a single protein channel can be
approaches have been proposed, such as molecular dynamweguated. It is necessary to follow this descending procedure
[31] and ligand ion-binding site process using quantum [32] order to achieve the local EM-field value in any point at any

[33] and Lorentz—Langevin [34] models. microscopic level.

After solving the dosimetric problem, it is necessary to con-
sider the procedure in Fig. 1(b), describing the link among dif-
ferent functional models simulating, at specific levels of com-

At the moment, the third step is not so easily linked witlplexity, the behavior of the corresponding biological system.
the two previous ones. It can be performed with experimentalThe EM field could be considered acting as an additive com-
tests [35] more often with theoretical analyses, but in both caspsnent at each identified biological level. The output of each
without strong liaisons with the modeling used in the seconevel is the input of the following one in the biological scale
step of the proposed procedure. of complexity. The output of each step in the process is repre-

The whole modeling process and strategy proposed hesented by the effects due to EM stimulation. As a first step, a
can be schematically resumed in the flow-chart of Fig. 1. local microscopic field is considered as input to the model of
Fig. 1(a), a starting point can be identified in the dosimetritie single protein channels. Output parameters at this level are
evaluation of the EM-field distribution inside a subject exposatie modifications of the single-channel currents, which can alter
to an external EM source and, particularly, by means die action potential behavior in a neuronal cell model. Different
numerical methods, in a region of tissue [8], [9], [17]-[20]channel models can be inserted inside a cell membrane model
Successively, a dosimetric evaluation of the field distributioand the action potential is the observed parameter. The output

C. Physiological Effects
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GSM frame low-frequency components in a signal spectrum, generally in
the range of extremely low frequencies (ELFs). As can be
120ms 8.7 ms seen from Fig. 2, the temporal evolution of a GSM signal is

given by a repetition of a set of pulses every 120 ms and the
single pulse is, in its turn, composed of a repetition of one
burst every 4.6 ms. During each burst, the high-frequency
component is transmitted. This type of periodicity gives rise
to the low-frequency components of 8.3 Hz (from the period
of 120 ms) and 217 Hz (from the period of 4.6 ms). The
frame of the DECT signal is simpler: it is composed of a
- o repetition of one pulse every 10 ms, each pulse carrying

)\ the high frequency contribution; in terms of low-frequency
components, 100 Hz have to be considered. In the following
paper, it seemed interesting to evaluate the biological response
to the ELF components of GSM and DECT signals, even
if the energy of such pulsed signals is around the carrier
frequencies and, hence, around the high-frequency spectral
components.

f=900 MHz

DECT frame
10ms [1l. FROM THE EXTERNAL EM FIELD TO THE LOCAL

t — MICROSCOPICONE
JW H i ’ ’1 Once the EM source has been identified, the EM-field distri-

== L : bution inside the exposed biological system can be determined
0.382ms via macroscopic dosimetry [16]-[22], [8], [9]. In order to link

YV this macroscopic evaluation with an equivalent information at a
level of single cell and cellular compartments, a dielectric model
of a cell has been developed.

The goal of such a model is the evaluation of the EM-field
distribution at a microscopic level, and specifically around the
Fig. 2. Waveform parameters of GSM and DECT signals: low- anfi€mbrane of a cell. The model considered in this paper is based
high-frequency contributions. on an approach proposed first in [27] and then a second time in

[24]. Just recalling this second one, itis composed of four spher-
at cell level is the input to the neuronal network model, whicl¢al concentric layers, with an external extracellular solution, as
evaluates the consequences of the EM stimulation at this lewigpicted in Fig. 3(a). The model characteristics are described in
The output at network level is represented by the action potefble I.
tial propagation. The use of such a model, in conjunction with Mie’s theory

Here, the results obtained implementing the chain in Fig. 1(I36]. allows the derivation of an analytical solution to the dosi-
are presented. This paper is organized as follows. In SectionMetric problem. An example of the solution is given in Fig. 3(b),
the EM sources specifically addressed are briefly introducethere the spatial variation of the EM-field level is evaluated for
those used in wireless communication, such as the stand@ane wave incident upon the spherical model. Further studies
GSM, and DECT. In Section I1l, a dielectric model suitable foRnd preliminary results about it can be found in [23] and [37].
a preliminary dosimetric evaluation of the EM field at the menfobserving Fig. 3(b), it is possible to notice on the equatorial
brane level is briefly recalled. In Section 1V, the microscopiglane astrongly nonuniform distribution depending on the value
model at channel level is described. In Section V, the derivatiGhthe angular position. Itis possible to use this kind of spatial in-
of a membrane model from single channel’s models is reportd@rmation to further improve dosimetric evaluation, attempting
In Section VI, how a neuronal network can be modeled 1§ obtain an effective EM field in the point of interest, down to
described. Section VIl presents results at the different levél scale of single membrane macromolecules, e.g., like a pro-
(channel, cell, and network). Finally, conclusions are drawn Igin channel.

Section VIIL.

f=1890 MHz

IV. MICROSCOPICLEVEL
Il. EM SOURCES A. Protein Channel Modeling

Inorderto simulate the effects of GSM and DECT signals, their Several approaches have been proposed up to now to simu-
waveforms have been analyzed; Fig. 2 sketches the wavefdate the response of an ionic membrane channel to EM stimu-
parameters. “Pulsed” signals, as the GSM and DECT chaion. The first one was based on a “mechanical” vision where
be considered, usually consist of a single-frequency carriie gating of a channel is considered as the result of a mechan-
(880-915 MHz for the GSM and 1880-1900 MHz for thécal flipping of parts of macromolecular structures, which are
DECT), shaped by a rectangular pulse train. This introducesmpletely described by Newtonian equations [38]. Once the
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Fig. 3. (a) Five-layer cell model. (b) Results bffield distribution onto theX —Y -plane, and particularly along th€-axis.

TABLE |
DIMENSIONS AND ELECTRICAL PARAMETERS OF THECELL MODEL

cytoplasm inner bound membrane outer bound extracell.
water water medium
radius (m) | 3 499.10-6 3.5.106 3.51.10-6 3.511-10-6 -
£p 48.677 6.851 11.3 6.851 70.87
o (S/m) 1.3237 1.6266 0.0 1.6266 2.781

mass, initial energy (conformation), and resting potential afects on the protein structure, and neither does the evaluation of
fixed, the dynamics of the gating site is completely determingéde amount of energy transferred from the external field into the
in a given applied field. The typical windowing effect in fre-exposed site [29].
quency could, therefore, be explained by the existence of resAn alternative approach, suitable for these purposes, has
onating frequencies depending on structural characteristicsbeen proposed basing on Markov models (MMs) [29]. These
the examined structure (just what happens for harmonic oscillaedels start from the evaluation of the current flowing through
tions). the single channel. The typical pattern of a single-channel
A different view was proposed by Cain [26], who focused osignal demonstrates that the channel can be considered as a
voltage-dependent channels, and considered the cell membr@wolean” device. Current flows through it or not. Two main
as the nonlinear “transducer” of EM external signals. This apenformations or states (closed or open) can be identified [41],
proach has been proposed to explain the effects on neuronal aalisn though inside each of these two groups many sub-states
of microwave (MW) fields [5], [28], [39], [40]. can exist, which correspond to different structural and conduc-
Unfortunately, these models suffer from some limitationsance properties, related to different energetical situations for
The former has a relatively small capability to take into accouttie channel.
different field amplitudes, while the latter is not able to pre- This approach has been used by the authors in simulating the
dict the well-known existence of a frequency sensitivity of thaction of EM fields on each single channel [29], [42]. In such
channel’'s response to EM stimulation [30]. Finally, both stratevay, it is possible to achieve a real-time evaluation of single-
gies do not allow the explanation of the conformational EM ethannel behavior in EM fields’ exposure conditions.
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Ty =3(T-6)/10 Fig. 5. Potassium channel modeling: two-stage configuration and set of

equations representing the kinetics of transitions between states. Voltage and

Fig. 4. Calcium channel modeling: three-stage configuration and set tg{nperature dependence is taken into account.

equations representing the kinetics of transitions between states. Voltage and
temperature dependence is taken into account.

am ﬁh
In the MM modeling, the single channel is a finite-state au- C > 0 > |
tomaton. The channel is assumed to have a certain nufviber -~
of admittable states (conformations). Each state corresponds to pm oh
a discrete value of normalized conductance. Pairs of states are L 01(V+25)
=

connected by a transition, and transition ratgslefine the fre-
guency of each transition in a unit of time. The channel’s evolu-
tion is completely defined once the probability(z) is given for
every state in the model at = 0. This probability, callecbc-

ﬁ,}, =4dexp [‘1/_8] Ty

cupancy defines the probability that the system occupies state a; =007exp [v_] T,

at a given time. In Fig. 4, an example of a three-state model is 20

given. Two different closed conformations are considered. One B = 1 ;

is referred as the closed state, the other as the inactivated one. exp [(V 1”’030)]+ 1
Considering the channel as an ohmic device [43], the current

flowing through the channel is proportional to the total open T =3(-6)/10

probability, as in the following relationship:

Fig. 6. Sodium channel modeling: three-stage configuration and set of

N, equations representing the kinetics of transitions between states. Voltage and
. temperature dependence is taken into account.
i(te) = Vim Z 9;p;(tr) 1)

i=1

and Huxley like equations were chosen to model the channel

wherelN, is the number of open stateg,is the conductance of kinetics

the j-state, and’y, is the transmembrane voltage andts) is The external EM field can be considered as an additive per-

the probab|llt¥ of .statg .att" fixed time. Thg time behavior of turbation of the transmembrane voltage. EM fields in the MW
the occupancies is easily evaluated by using MMs. In fact, sup- . L :
. . . ~Trange can be considered. This is apparent once the model im-
posing the channel as a zeroth-order Markov chain, stationar . . .
: . [Ementation has been quickly summarized.

and ergodic, and the occupancy a random variable, a rand

process can be generated, whose aleatory variable is the dwel s discussed in [29]’. the §|mulatlon is based at a certa.un
time in each state. From such process, the occupancy of e\g e-step on the evaluation of: 1) current state of the channel; 2)

state, at each time, can be derived as described in [29]. . well t|m(_a (Ls) in the current state (the time the ghanne_l dwells
in a certain state); and 3) next state, to be occupied &ftéme

) steps.

B. EM Field at Channel Level Extracting random numbers, 2) and 3) can be accomplished
As an example of modeling of the BEM interaction at channeking simple formulas. This approach still holds when high
level with the MM approach, calcium, sodium, and potassiufrequencies stimulate the channel, assuming that an appropriate
channels have been examined. The Potassium channel catirhe step is used. Therefore, no theoretical limitations are cast

modeled by using the two-state model in Fig. 5, and by usimg the use of the model for EM fields in a wide frequency
the equations of Hodgkin and Huxley [44] to define the transiange. The considered examples are referred to voltage-de-
tion rates as a function of temperatifgKelvin degrees) and pendent channel. Similar considerations hold in the case of
transmembrane voltadg,,. ligand-dependent channels. In such cases, as demonstrated in

Calcium and sodium channels are based on a three-stdte], the transition rate modifications due to EM effects can be
scheme (Figs. 4 and 6, respectively) and, in this case, Hodgkstimated with suitable optimization strategies.
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Fig. 7. Neuronal membrane electrical model representing the ionic
currents crossing the membrane. (a) Circuit model. (b) Intracellular calciurig. 8. Time behavior of the neuronal membrane voltagg at 20 oC.
concentration dynamics.
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V. MACROSCOPIC LEVEL Na ‘ca 'Ka KK| KC 'PM

he Tom 15 b
MEMBRANE MODELING [
c, L
The most innovative idea of this paper is linking together M m
the modeling, as described in Section IV, with the membrane

model described in this section. This means gathering together
a large amount of single-channel MMs inside a global frame-
work, which simulates the behavior of a cell membrane. This is

exactly what happens in nature, where the cell membrane is ba- ‘
sically composed of a lipid bilayer, with a huge number of ionic

Membrane
Voltage

? o Micrascopie
protein channels inside.
In the recent past [29], authors proposed a complete elec-
trophysiological model (Fig. 7) of a neuronal cell membrane ‘
lonic Current

composed of a circuital scheme representing the ionic currents
crossing the membrane, and of a block scheme sketching how _ _ _ o
the model takes into account the feedback action of intracsig- Schematic representation of the procgdure followed in the linking

. . . . process between the patch membrance and single-channel model (example:
lular calcium concentratiofiCa]. Each component in the Cir- sogium channel).
cuital representation corresponds to a certain kind of current (or

membrane channel family). The basic equation for the circuit is . ]
Kirchhoff law agreement with experimental data [6]. The reader may refer to

[28] for details.
Here, it is put forward that the behavior of ionic channels
Ic+InatIcatIgatInk+Ixc+Ipy+Ig+Is =0 in the membrane model is modeled with a statistical approach:
(2) each branch in the circuit corresponds to the contribution of a
large number of channels of the same kind.

where all these terms can be analytically described as a functiofdy Substituting the building blocks of the macroscopic model
of V,,, [28], while the feedback action §'a] is described by the (i.e., the branches representing populations of channels) with a

following equation ¢, andK are analytically known constants):!arge set of single channels of the same population each simu-
lated with the MM approach [15]. This idea is sketched in Fig. 9.

The proposed strategy, encapsulating micromodels in a more
macroscopic framework, is referred to as MacroMM.
The MacroMM, thanks to the dependence of its building
(3) blocks on the transmembrane voltagg,, is amenable to
simulate the response of a whole neuronal cell membrane to an
Using this kind of modeling, it is possible to simulate thexternal EM stimulation.
time behavior of membrane voltage, obtaining the shape of anThe advantage of this approach is to couple the amenability
action potential and its repetition in time, as shown in Fig. &f the macroscopic model to simulate a complex system, such
The presence of synapses activity is taken into account in thea whole membrane patch, with the suitability of microscopic
model with suitable ionic channels, whose conductances folldovM for the investigation of physiological effects and interaction
a Poisson-type distribution. Results obtained have shown a gaonechanisms at microscopic level.

d|Ca 1 1 1
[dt I _ - ([Ca]o - [Ca]) +K <ICa +3 Ipn + 3 IB) .
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Fig. 10. Schematic representation of a neuronal cell. CELL PARAMETERS FORAPPLIED SIGNAL VVOLTAGE CALCULATIONS
VI. NETWORK LEVEL Radius 2Cm oi Ca
NEURONAL INTERCONNECTIONMODELING 40 pm 0.1F/m 1 S/m 2 S/m

A typical neuronal cell is sketched in Fig. 10. Three main
regions can be identified: a head, an axon, and a synaptic region. VIl. REsuLTs
Modeling of the int_erconnecti_on of two (or m_ore) isolatech. |nduced Voltage and Effects
neurons must cope with two main problems: 1) time needed tOThe amplitude of the external signal able to induce a trans-
propagate the action potential through the neuronal axon and Zg

. . o . . mbrane voltage oV, (¢) is evaluated starting from dosi-
simulation of the activation of a synapsis, and possible effects . . . .
- . metric considerations on the maximum values allowed for the
of external EM fields on it.

The problem of the signal propagation inside the axon CSAR in safety standards [47], [48]. The SAR is related to the

hternal electric field by means of the following relation:
be approached thanks to the core-conductor model [46], and re- '

calling that the action potential has the shape shown in Fig. 8. oE?

As shown, the signal has a time period [i.e., interspike interval SAR = 7 ()
(ISD], whichiis of the order of milliseconds. The axon length can

vary in a range between 0.5-5 mm. The overall effect of the naibereo is the conductivity ang is the mass density of the
ronal axon can be taken into account by considering a pre-aﬁﬁ’iwef it. is possible to derive a specific value for the internal
transmembrane voltadé,., a post-axon voltage,.., and the electric field from the knowledge of SAR values. As stated pre-

following relationship: viously, the presence of the electric field in the model is consid-
ered as a perturbation of the membrane voltage, hence, the in-
Viost = Vpre €xp(—2/A) (4) ternal electric field value must be related to the transmembrane
voltage.

wherez is the axon length, andl is evaluated referring to the  The cell can be considered as a sphere of ragliu®vered
resistive and dielectric characteristics of the axon. More spedify a membrane of negligible thickness and capacitafige

ically, referring to Fig. 11, it is possible to approximate the axoffr/m?). The membrane potentiaf,, induced by the external
with a cylinder, and ifr; is the core resistance per unit lengthfield strengthZ is given by

r. the resistance of extracellular fluid per unit length, apd _
the resistance across a unit length of passive membrane [46], it Vin(6) = 1.5ER cos(f) ®)
is possible to have 1+ jwr

wherer is the time constant for the beta dispersion &nid
5) : .
the angle between the radius to a point on the membrane and
where\ is the direction of the external field. At frequencies above ghe
relaxation frequency/2x7, the membrane potential is approx-
A= [ (6) imatelyV;,(6) [49]
Ti+ e

Isyn_post = Gsyn_post (‘/;)re eXP(_xl /)\) - Vvsyn_post)

1.5E cos6)
and Viyn_post i the Nernst value for transmembrane voltage Vin(6) = T 1 } 9)

with respect to synaptic current. Equation (6) can be considered wCp, {— +
. . 05 20,

a boundary condition, to be added to the whole equation set of

the MacroMM, so that isolated neuronal cells can be connectetieres; and o, are, respectively, the conductivity of the cy-

one another. toplasm and the conductivity of the extracellular fluid (siemens
The MacroMM model can be considered as a black boger meter). In Table Il, data used in our calculations are reported.

reproducing the physiological behavior of an isolated neuron@lues of membrane voltage resulting from the previous relation

cell, and taking into account the contribution of activatedre in the range of some millivolts depending on the actual SAR

synapses through the terfg in the (2). value. In particular, for SAR values of 2 W/kg averaged over
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voltage clamp Attention has been particularly focused on calcium, referring
to the great amount of experimental and theoretical work that
amplitude of STATE MACHINE o openprobablly has been done in an attempt to gather insight into the macro-
external signal MODEL mean value scopic meaning of such ion measurements in biological systems
[50], [51].
temperature In particular, experimental data from Arber and Lin have

shown the calcium intracellular concentration to be a key ele-
Fig. 12. Simple scheme describing the variables present in the simulationgnent for the field-induced modification on neuronal behavior
[4].

open probability 1) Validation: First of all, the unexposed MM calcium
0.38 ' ' ' o~ SIMULATION channel has been validated. The open probabiljtis numer-
os b O EXPERIMENTAL DATA ically evaluated for different clamping voltagés,. Oncepy
/u . ] has been estimated, the current flowing through the channel
025 | g ] can be derived.

For a complete discussion on this validation methodology, see
[29]; as an example, in Fig. 13, a comparison is shown between
results for the calcium channel and experimental data reported

02 |

0.15

s q ] in [43]. It is apparent that there is a good agreement between
01 f \: : theoretical and experimental data.
; ] Similar validations have been performed for several other
oos b b o b L e L s
-50 -40 -30 -20 -10 0 10 20 30 Channels' ) .
fransmembrane voltage (mV) 2) GSM and DECT: High-frequency componentsrst, an

analysis of the channel response to the waveform of GSM and
BECT signals has been accomplished. Due to the existing MW
components, the model has to deal with such high-frequency
signals; this requires both theoretical discussions and design im-
any 10 g of tissue (as stated in [47] and [48]), the resulting igrovements of the modeling technique.
duced membrane voltage, at frequencies of interest of GSM and he effect of the RF on the gating of voltage-dependent chan-
DECT standards, can be calculated to be of the order of milkiels has been analyzed for the case of the calcium channel. In
volts. Fig. 14(a), results of an exposure of the channel to a GSM signal
The term “effect,” used in the following discussion, is the relare reported, varying both the values of the voltage clamp and
ative variation of the output parameter, in the case of EM expghe amplitude of the GSM signal. The response is complex and
sure, when compared with the physiological condition; e.g., Highly nonlinear. In Fig. 14(b), the effects on the calcium chan-
the case of the open probability of the channel as effect, in a8ls due to exposure, corresponding to aM perturbation of

Fig. 13. Comparison between simulation results and experimental data for
calcium channel.

analytical form, is intended as the membrane voltage, for the GSM signal, DECT signal, and
thermal perturbation will be considered (see Section VII-A.1).

effect = (Po)exp — (po)_ (10) As evident from this figure, the channel presents similar be-

(o) havior for GSM and DECT exposure, while it has a different

. . . response to the thermal perturbation. Anyway, the effect is quite
EM effec:s a;e/mcluded by evaluating their efiect on transmergﬁght: 1.5%. Potassium channel presents similar responses. In
rane voltage/y, (¢). Fig. 14(c), it is apparent that the sodium channel is more sensi-

. NO\\/'Yi férslt the dM'\f{lf approfaéhsia goi(r;théJ be r\}/.alLd?ted (Secﬁve to such signals, with an effect of around 20%. The channel
tion VII-B.1) and effects o an IgN-TrEQUENCYs sansitive to an applied signal voltage, but also to a membrane

component on single channels will be studied later (Section V oltage, as shown in Fig. 14(c), where results are shown for

B.2). Finally, in Section VII-B.3, the effects of Iow-frequencyaloplied voltage values of 0.1, 1, and.& and for membrane
components of these signals will be evaluated. L

voltage varying from-30 to 15 mV.
i 3) GSM and DECT: Low-frequency componenis: Sec-
B. Protein Channel Models tion VII-B.2, it has been shown that the overall GSM and
Referring to Fig. 1, results of this section are relative to tHeECT signals, when applied to the sodium channel, induce a
most microscopic level described (i.e., protein channels). Theaximum variation of around 20% in the opening probability
protocol followed in these simulations can be introduced by tlead current fluxes. Anyway, our knowledge of the frame struc-
schematic representation of Fig. 12, in which both the inputisre of GSM and DECT signals shows that several components
and outputs to the model are considered. The MM model forthe ELF range (8, 100, and 217 Hz) are present. Therefore, in
membrane channels can be considered as an electronic dewicer to make an appropriate evaluation of the EM interaction
in which the voltage clamp input represents a sort of a biand its effects, a further analysis must be performed considering
The applied signal is represented as an additive voltage actorgy the low-frequency components in the stimulating signals.
on the membrane, and the temperature represents an importais a first evidence of the effects of the low-frequency com-
variable, which should be considered in every physical situatiggonent of “pulsed” signals on the gating of voltage-dependent
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the voltage clamp and the amplitude of the GSM signal (sim-

i ] ilar results have been obtained for the DECT). Even in the low-
20 frequency range, an effect strongly dependent on a membrane
] voltage clamp is shown. Moreover, the open probability be-
/m Q 1 havior is not very sensitive to the applied signal.

- - ©- - 9 microvolt

o ] C. Whole Membrane Model

' \ ",‘ ] Results of this section are concerned with the biological level
in the scale of complexity; specifically, referring to Fig. 1, to the
2] second ascending step: cell membrane modeling, introduced in
" {  Section V.
] 1) Validation: In Fig. 16, it is shown how substitutions of
branches in the macroscopic model corresponding to sodium,
calcium and potassium currents, with the equivalent MMs, as
o b b described in Section V, do not significantly alter the time be-
~40 -30 20 -10 0 10 20 havior of membrane voltage shown in Fig. 8. The macroMM
gives results in quite good agreement with experimental data
when an unexposed membrane is considered. Therefore, it is a
suitable approach to integrate a different level of scale of BEM

-10

PR S—

Membrane Voltage (mV)

(©

Fig. 14. (a) Calcium channel exposed to a GSM signal: high-frequenm{ raction
components. (b) Comparison between the GSM a_nd D!ECT signal_s and ther :5? ’ ) . .
perturbation for the calcium channel apd/ of applied signal amplitude. (c) ~ 2) Results on ISL:In Fig. 17, results are reported relative to

Effect of exposure to the DECT signal for the sodium channel: for 0.1, 1, agtde MacroMM: GSM and DECT signals act on the kinetics of

9 1V of applied signal amplitude. the single channel. Results of such interactions are observed,
at the level of the cellular membrane, as changes in the ISI. In

channels, Fig. 15 presents the results of an exposure of the galrticular, it is possible to note that lower values of the external

cium channel to the GSM signal, varying both the values of signal give rise to higher variations of the ISI.
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Fig. 19. Effects of low frequency of GSM and DECT signals on ISI behavior

membrane voltage (mV)

30

[

20

10

-20

-30

40

-50

Isolated Neuron with Random Synapsis
~—t& Interconnected Neuron

50
t (ms)

70

90

of connected cells.

neuron has been evaluated using the proposed model exposed
at a frequency of 8.3 and 217 Hz for GSM signal and 100 Hz
for the DECT signal. Results for 1-mm connection length are
shown in Fig. 19. Maximum effects around 1% are observed
on the ISI.

This is basically due to the existence of several feedback and
channels interactions inside the cell membrane and at tissue
level. This way, the potential high effect at the single-channel
level compensate one another.

VIIl. CONCLUSIONS

In this paper, it has been shown how the BEM interaction
modeling can be approached, following a procedure consisting

Fig. 18. Comparison between time behavior of membrane voltage for the baigidinking several intermediate models in an integrated one. The

model with random modeling of synaptic activity and the modeling of neuron
interconnection presented in this paper for a connection length of 1 mm.

D. Neuronal-Network model

Butput of each step in the process is considered as an input to
the upper level. Different channel models can be inserted inside
a cell membrane model, allowing for the evaluation of effects
induced selectively on specific ions.

The output at the cellular level, which is a result by itself, can

The following results refer to the neuronal interconnectioge considered as the input to a neuronal-network model, which
model presented in Section VI, applied to the basic model of @pa|yates the consequences of the EM stimulation at this level.
isolated neuron introduced in Section V [28].

1) Validation: In Fig. 18, a comparison is shown betweegyternal fields to the neurons behavior. Only a slight modifica-
neuronal activity from the basic model described in Section {on has been evidenced for the existing mobile technologies.

to see that the modeling of transmission of the action potential

along the axon of the presynaptic neuron does no significantly

In such a way, a direct quantitative path is obtained from the
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