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ABSTRACT

The interaction of electromagnetic field and human head is modeled at 1800MHz, the operating frequency of cellular telephones used in Madagascar, by Finite Element simulation. Complexity of tissues structure imposes a need for explaining performed modeling results in more detail. In the other hand, the induced Specific Absorption Rate (SAR) in the human eye is calculated using the same numerical method and the temperature distribution is performed with the Implicit Alternating-Direction (IAD). Finally, results are discussed.
I. INTRODUCTION

Potential health risks with the increasing use of cellular telephones have been pointed out in previous studies [1-3]. Many committees have been set and research programs were initiated with the collaboration of many countries. The main objective of this paper is to contribute on these research programs. In Madagascar, operating such a device is based on the use of radiofrequency (RF) electromagnetic field with a frequency of 1800MHz.

The consequences of tissue heating, for which radiofrequency magnetic is mainly responsible, are especially investigated for the tissues placed in a human head, because temperature elevation of these tissues could influence a change on the functional level. Although in the literature, many different numerical solutions concerning interactions of electromagnetic fields with human body at different frequencies exists [4] . To our knowledge, there exists no detailed study of the interaction of RF electromagnetic field and head at this frequency. This is the reason why finite element simulation of power deposition in a human head during exposure to RF frequency of cellular telephones is performed in this paper.

Of course, the main problem of an experimental verification of the numerical results still remains and different approaches to the validation of the results are necessary. So we propose the use of EEG, brain mapping and psychological test before, during and after using cellular telephone.

Moreover, the energy depositions in the human eye consecutive to an exposure at 1800MHz are performed using the same numerical method. The eye was chosen because it has been identified experimentally as one of potential high SAR areas [5]. A numerical solution of the heat conduction equation for heterogeneous eyeball is also presented. The heat equation is solved using the Implicit Alternating-Direction (IAD) method [6].

II. APPLIED NUMERICAL METHOD

The calculations of the power deposition in the human head are performed by Finite Element Method (FEM) using isoparametric 3D elements with 26 nodes. A very convenient property of it is the ability of modeling complex bent structures of tissues with different dielectric properties, because of the adaptable shape of the basic elements. Isoparametric formulation defines the relationship between the element quantities at any point inside a finite element and the element nodal quantities directly through the same interpolation function (higher order polynomials) for all the quantities. In this way, much higher accuracy is achieved in comparison to that of a linear interpolation [7]. Additionally, a much smaller number of the elements has to be modeled for the same accuracy, which saves computer time and reduces requirements on the computer memory.

The relation between largest dimension of the exciting head coil (0,35 m) and wavelength in a free space (4,69 m) enable the assumption of the quasi-stationary conditions. On this basis, a magnetic field distribution of exciting saddle shaped coils were calculated by Biot-Savart’s law. As described in [8] on the example of the conducting homogeneous sphere, finite element formulation is based on the A, V, and  formulation. Vector magnetic potential A and scalar electric potential V describe the field in the conducting region (model of human head), while reduced scalar magnetic potential  is implemented outside the object. At interfaces between object and surrounding space the normal component of A is set to zero according to [8,9]. At the farthest boundaries reduced scalar magnetic potential  is set to zero, as well.

III. THE HEAT CONDUCTION ALGORITHM

a. Hypotheses

In [10], the temperature distribution in a microwave-irradiated human eye is obtained using a finite-difference solution and an iterative heat transfer calculation algorithm, the Implicit-Alternating Direction algorithm or IAD. Transient as well as steady-state solution are given. However, the eye is considered as an homogeneous tissue as far as the thermal conductivity is concerned, and the eye tissue parameters are assigned the characteristics of water. This results neglects the effect of the lower thermal conductivity of the lens which acts as a thermal barrier preventing the heat flow between the anterior regions of the eye. Furthermore, the convective heat transfer that allows heat dissipation from the eye is considered to be constant over the entire surface of the eye and the heat loss from the cornea to the surrounding open environment is not distinguished from that lost across the sclera to the body core. As a result, the model does not take into account the ambient temperature, the body temperature or the evaporation rate from the anterior corneal surface.

The eye is divided into 4 regions namely cornea, aqueous humour, lens and vitreous humour (Table 1). Each region is assumed to be homogeneous. The eye cooling mechanisms are assumed to be located at the surface of the eyeball and heat is lost from the anterior corneal surface exposed to the surrounding air by evaporation, convection and radiation. Over the remaining part of the eyeball, cooling is accomplished by means of the high blood flow in the sclera region.

	Medium
	K (W/m C)
	C (J/Kg C)
	 (Kg/m3)

	Cornea
	0.58
	4178
	1050

	Aqueous humour
	0.58
	3997
	1000

	Lens
	0.40
	3000
	1050

	Vitreous humour
	0.603
	4178
	1000


Table 1 Physical constants of the ocular media
b. Formulation
The heat conduction equation is solved using the IAD method [11] and only for lattice points within the interior of the eyeball, subject to boundary conditions taking into account the cooling of the retinal blood supply and the cooling due to the ambient air. The partial differential equation of heat conduction that is solved over the volume of the eyeball is
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Where T is the unknown temperature function and Q is the heating potential due to microwave irradiation. H is related to the incident electric field by
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The boundary conditions at the surface of the eyeball, approximating the cooling of the sclera and the anterior corneal surface are respectively:
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and
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In equation (3), Tbl is taken as equal to the normal core temperature which is 37 °C. The convective heat transfer coefficient hs from the sclera to the surrounding body-core temperature is assigned the value hs = 65 W m-2 °C-1 [12]. The value of hc, which is the convective heat transfert coefficient from anterior surface of the eyeball to the surrounding room temperature is taken to be pproximatively hc = 18 W m-2 °C-1. Indeed, [12] used the value hc = 20 ((2) W m-2 °C-1, this value agrees with the one used by Scott [11] that had distinguished between the control evaporation rate, the convective heat transfer coefficient and the approximate leading to the highest temperature in this eye (worst case analysis) is used. The derivative boundary conditions are generalized from the following procedure:
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where the various points are summarized in Fig. 1.
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Fig. 1 Mesh points used with derivative boundary conditions ins 2D body

(w: first interior node, B: surface node, F: fictious node,

A: ambiant conditions)
IV. ELECTRIC PROPERTIES OF THE TISSUE

The inevitable prerequisite for performing a successful numerical simulation is the use of the as real as possible values of electric properties of tissues. The latter are defined by permittivity and conductivity. Since biological materials are not perfect dielectric, the lossy term must be considered, as well as the ohmic component contributed by the number of charges’ carriers (ions). Thus, the complex conductivity which takes into consideration all these contributions has to be applied. Used values of permittivity and conductivity for the numerical simulation are given in the Table 2.

	Tissues
	Conductivity (S/m)
	Permittivity

	Bone
	0.04
	26

	Cartilage
	0.04
	26

	White matter
	0.4
	70

	Skin
	0.73
	73

	Dura
	0.73
	73

	Blood
	1.15
	80

	Muscle
	0.80
	84

	Nerve
	0.47
	90

	Eye (vitreous humour)
	1.9
	100

	Gray matter
	0.65
	105

	CSF
	0.625
	106


Table 2 Value of the conductivity and permittivity of the tissues
V. NUMERICAL MODEL OF HEAD

Basic principle followed in the head-modeling, based on MRI images, was considering the anatomical shape and the significant changes in electric properties, i.e. following as fine as possible complicated structures of different tissue: skin, dura, white, and gray matter, cerebrospinal fluid, nerves, eyes (vitreous humour), blood, muscles, and bones. The aim of relatively fine description of the shape and internal structure (in comparison to the simpler models of homogeneous spheres or cylinders [13]) was achieved with a reasonable low number of elements. This description was necessary because of the suggestion that local power deposition can be much higher than in superficial tissues due to unhomogeneous structures [14]. The head model consists of 11 slices (1,5 cm distance between them). Each particular slice was divided into 296 elements. Our calculation does not enforce the same shape for all the elements, which is a profitable advantage for modeling complex structures, but it requires also some constraints in the modeling. One refers to the condition that all the interior angles of the elements must be smaller than the interior angles of the elements must be smaller than 180 degrees to ensure the nonsingulariry of the Jacobian operator relating the natural (global) coordinate derivatives to the local coordinate derivatives. Satisfying the convergence criteria is possible only with complete and compatible, i.e. conforming elements as well as with the same number of elements per slice and the same distribution of elements (i.e. nodes) in each slice. The last restriction is maybe the strongest limitation of the FEM applied in this kind of calculation. Applied A, V, and formulation and related boundary conditions forced a modeling a surrounding space, which resulted in two additional slices and enlargement of the number of elements per slice. Also, applied external high frequency magnetic field was generated by a saddle-shaped head coil. As mentioned, the exciting magnetic field on the interface between the two main areas (air-head) was calculated by Biot-Savart’s law. Summarizing, the model of a head with the surrounding space consists of 13 slices with 4420 macroelements with 9 different electrical properties, which can be further divided into finite elements.

VI THE EYE MODEL

The adopted procedure is an improved aye model used in [3] in order to include more tissues and better define the geometrical details. Indeed, the eye is not really a sphere even though it has a spherical shape.

[image: image7.wmf]image7.wmf



The existing eye model in the literature [10,11] present limitations inherent to modeling and imposed by the numerical method used as well as the tissue coding resolution. An excellent summary is given in [15]. The models are either 2D [11], or 3D representations [10]. For the purpose of this work, 2D models were excluded because they do not allow enough insight, exclude the irregular representation of dielectric structures and might cause an overlook of resonance effects. The only approach that seemed viable is to use a 3D model inspired from [10]. Since 3D modeling is necessary due to the above mentioned reasons, the model was upgraded slightly by modeling the oblique muscle, the adjunction of the cornea, and the use of more exact dielectric constants values. It still presents some of the limitations mentioned in [10], but presents increased accuracy. The dielectric constants are drawn from [16].

VII. RESULTS

a. Numerical results 

As shown in Fig. 2 the potential health risks associated with the use of cellular telephones exist and depends on the age of the user because electric properties of the tissue is different for each age. So a child is more exposed on the risks (Fig. 2c) than an adult (Fig. 2a). 
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Fig. 2 Power deposition (imperiled areas) in human head

b. EEG test results
Human subjects (8 males and 8 females) were exposed for about 30 minutes to 1800 MHz (GSM) from cellular telephones mounted on right side of head operating at full power (0,25 watts average, 2 watts peak) and analyzed for event-related desynchronization/synchronization (ERD/ERS) during verbal working memory tasks (Sternberg tasks). The subject had to decide if a single spoken verb given after a set of four spoken verbs was in the set of four verbs. There was no difference in incorrect answers during exposure compared to no exposure. During exposure, a significant effect in the 8-10 Hz EEG frequency band (alpha band) was observed, as well as a decreased and delayed early ERS response during memory retrieval in the 4-6 Hz band. Exposure also resulted in increased ERS responses during the initial stages of memory retrieval and decreased the later ERD responses in the 6-8 Hz, 8-10 Hz, 10-12 Hz bands. We suggested that RF fields have influences on brain electrical activity, especially during retrieval from working memory.

c. Psychological test results
The aim of this study is to investigate the effects of acute cellular telephone exposure on a range of tasks which tapped capacity and processing speed within the attentional system. Thirty-eight healthy volunteers were randomly assigned to either an experimental group which was exposed to a connected cellular telephone or a control group in which the cellular telephone was switched off. Subjects remained blind to cellular  telephone status throughout duration of study. The experimental group were exposed to an electromagnetic field emitted by a 1800 MHz cellular telephone for 30 minutes. Cognitive performance was assessed at three points (prior to cellular telephone exposure, at 15 and 30 minutes post-exposure) using six cognitive neuropsychological tests (digit span and spatial span forwards and backwards, serial subtraction and verbal fluency). Significant differences between the two groups were evident after 5 minutes on two tests of attentional capacity (digit span forwards and spatial span backwards) and one of processing speed (serial subtraction). In all three instances, performance was facilitated following cellular telephone exposure. No deficits were evident. These findings are discussed in terms of possible functional and neuroanatomical bases.

d. Microwave energy deposition results

Fig. 3 shows the local SAR induced along the axis of human eye submitted to the fields located at 25 mm distance from the eyeball. The results clearly indicate that the maximum of the local SAR is induced at the posterior region of the lens in the vitreous humour. No energy is induced after just over one third of the distance (9 mm) inside the eyeball.

Fig. 3 SAR deposition in the axis of the eye
e. Temperature distribution results
Fig. 4 shows curves drawn for the point with the highest temperature differential for various distances. This point is located in the posterior region of the lens, in the vitreous humour. Its initial unexposed temperature is 34.6 °C. The highest temperature differential is around 0,4 °C. At a distance of 5 mm the differential can reach 2.7 °C. Finally, it can be concludes that cellular telephones can induce noticiable local temperature changes.

Fig. 4 Maximum temperature differentials in the  eye at various distances
VIII. CONCLUSION
The results obtained represent a good background for a further extension of the research in the extension of the numerical method to a higher frequency band. It is shown that the use of cellular telephones have influences on brain electrical activity, especially during retrieval from working memory. In some circumstances identified by distance and time, exposue to cellular telephones radiation could constitute a danger for human and particularly for childrens.
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