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The interaction of electromagnetic fields (EMF) with living tissues or manufactured objects can produce different effects on
these exposed entities. In different circumstances, these fields are used daily in various friendly applications. Applications
of non-ionizing RF-EMF, frequencies from 100 kHz to 300 GHz have continuously increased. This involves medicine (e.g.,
magnetic resonance imaging and RF ablation), manufacturing (e.g., heaters and solders), home usages (e.g., child video
display unit and Wi-Fi), protection and navigation (e.g., radar and RFID) and particularly in telecommunications (e.g., TV
transmitting and mobile phones). This growth signifies that great amounts of the population are undergoing exposure to
RF(radiofrequency)-EMF and worry has been inflated concerning public health concerns due to such exposure.
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| 1. Characteristics of Sources and Interactions

The sources of RF-EMF are of two categories, devices functioning nearby the human body, occasionally a near field
exposure interacting highly constrained in a part of the body, and sources functioning distantly from the body that create
an entire-body uniform exposure. Approximately, far field corresponds to transmitter-receiver distance greater than a
wavelength and its strength diminishes quickly with distance. Classic near field sources are mobile and cordless phones.
Characteristic far field sources include TV posts, mobile and cordless phones base stations, Wi-Fi access points or
neighboring mobile phones.

Interaction of RF-EMF with a human body is affected by the frequency, the field intensity, the exposure interval, the field
polarization and the dielectric properties of absorbing matters. Moreover, in case of simultaneous activation of several
EMF radiating sources nearby the body we have to account for such complex interactions. The nature of interactions can
produce different BE. These effects can be due to short or long-term exposure. The most common effect is the thermal
short-term one. There are also lesser frequent short and long-terms effects. The non-thermal complex effects fall in this
category, as well as the cases exposing atypical symptoms.

The thermal effects and the cases exposing atypical symptoms will be detailed in the next subsections while the non-
thermal effects will be discussed later.

| 2. Thermal BE Due to RF-EMF

Regarding the thermal effects, exposure to relatively high RF-EMF (strength and duration) can be hazardous to living
organisms. Such exposure may lead to body heating resulting in an increase in temperature, which may cause tissue
damage. Two characteristics reinforce this occurrence. The first relates to the aptitude of RF energy to, rapidly heat
biological tissues, similarly to how microwave ovens that cook food. The second concerns the body’s incapability to
withstand or dissipate the disproportionate heat that can be produced. Note that the parts of the body least protected from
RF-EMF heating are those that lack accessible blood circulation, which is the primary means of dealing with extreme heat.
The magnitude of such heating is correlated to several circumstances involving the field intensity, the frequency of the
waves, the exposure interval, the heat dissipation capacity of the tissues, the surrounding environment and the size,
shape and positioning of the exposed body.

Note that excessive strength fields can display non-thermal effects. One of the most popular BE in this case is the
interruption of brain electro-wave due to the important external EMF that causes altered cell secretion. In addition, EM-
induced membrane electroporation also affects cell activation.



| 3. Health Safety Standards

The thermal customary biological effect induced by exposure to EMF can be quantified by the specific absorption rate
(SAR) which evaluates the energy absorbed by an element of the tissue. The SAR if multiplied by the exposure interval
signifies the EMF entire-body or part of the tissue-specific absorbed energy amount. This energy generates a rise in
tissue temperature, which can increase health risks. The SAR and corresponding temperature rise for given frequency
and exposure time can be represented by, see [ for more details:

SAR = Plp = 0 E3/(2 p) (1)

AT =0 E? At/(2 ¢ p) (2)

In (1) and (2), SAR is the specific absorption rate in (W/kg). P is the power loss density in (W/m3), E is the electric field
strength in (V/m), AT is the temperature rise in (°C) and At is the exposure time in (s). The tissue properties parameters p,
o, ¢ are the density in (kg/m3), the conductivity in (S/m) and the specific heat in J/(kg °C), respectively. Note that the
conductivity o of human tissues depends not only on matter but also on frequency. It is mostly constant with growing
frequency up to megahertz and then rises, often nearly linearly.

Expressions (1-2) indicate that the higher the SAR and the longer the exposure time, the greater and more dangerous the
increase in temperature will be. This behavior will be affected in addition to the field (intensity and frequency) and the
exposure time by the density of the tissue and its thermo-electric properties. Thus, the SAR limits imposed by health
safety depend on the part of the body considered and the nature of the subject exposed as well as the exposure
conditions. Exposed subjects can be adult humans, children or animals. The exposed parts of the body are the head,
trunk and limbs. Exposure conditions include different categories of exposed subjects (allied to the liaison with the source
of exposure): workers involved in manufacturing, testing, and installing devices, users of the device, and nearby subjects.
For all these situations, health safety standards set thresholds relating to SAR, AT and fields triggered in the human body:
magnetic flux density B, electric field E and current density J. Figure 1 summarizes the different input parameters, nature
and condition of exposure and there effects on tissue. These effects must comply with the corresponding thresholds.
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Figure 1. Input EMF exposure (parameters, nature and condition) and output effects on tissue.

| 4. AS Due to RF-EMF

As stated earlier, EMF exposure has two categories of effects on human health. The first is related to short-term exposure
to EMF, and the second is result of long-term exposure. Short-term effects are those relative to usual thermal effects as
well as that result in AS for EHS people showing non-specific symptoms mentioned earlier. Long-term ones are those
related to non-thermal effects as well as AS long-term effects on CF.

As mentioned previously, in rare cases people present AS owing to exposure to RF-EMF. Among these persons are
subjects with EHS that present with non-specific symptoms. These range widely between people and include headaches,
weakness, anxiety, trouble sleeping, skin tingling, burning sensations, muscle problems with agony and pain and other

different symptoms. Historically, this phenomenon appeared a few decades ago and in particular with the advent of
modern digital communication technologies [ZIEIAIBIEIAEIL10][11](12]{13]

These non-specific symptoms were presented for a wide range of frequencies and different types of sources, but the vast
majority involved RF sources. Even those EMF in the RF range act to the greatest danger to humans if the field strength
and SAR are relatively high; EHS symptoms can be present for non-significant values of these measures. For example,
the SAR activated in such sources could reach in certain uses about ten W/kg depending on the intensity of the field and



its frequency. For a short time, this is enough to cause a temperature rise of 1 °C in body tissues, which in a normal
healthy case is completely safe. At the same time, for SARs less than 0.1 W/kg, symptoms may be present in an EHS
subject. This negligible level of exposure seems surprising given the many radiating RF-EMF tools in the everyday
environment. Indeed, EHS subjects often fall into the category of users nearby and relatively far from the tools for which
the field decreases as the square of the distance. In addition, these tools are generally subject to electromagnetic
compatibility rules and adapted to avoid BE in the body tissues of users 141516 The EHS symptoms seem real and their
presence is associated with EMF even if the biological effect of the latter seems non-existent. Most investigations only
consider EMF-induced BE that are acknowledged by the scientific medical organization. In fact, health agencies are
gradually admitting RF EHS. Subjects enduring EHS expose symptoms in cases of field insignificant enough not to create
perceptible BE. The term hypersensivity (HS) may introduce a misinterpretation and one may use idiopathic
environmental intolerance (IEl), which signify better the state of sickness. Thus, it can be used in case of EM, EHS or
EIEI. According to patients and often verified by double blind (patient and supervisor) experiences, these symptoms
appear only occasionally at first, but then they become more prominent and more persistent. Even with such an
insignificant level of exposure, one can think that electromagnetic effects ignored today may perhaps emerge below the
established exposure intensities and elucidate the EHS symptoms. Decidedly, it is scientifically difficult to refute the
presence of a danger. Such uncertainty can constantly justify a cautious attitude 17,

As in the case of subjects with EHS, there is another similar case of AS relative to the same type of exposure but for
longer duration. This is the case of long-term effects of exposure to RF-EMF on CF. As in the case of EHS, this problem
appeared with the advent of modern digital communication technologies and in particular the use of mobile cell phones.
The RF-EMF exposure from these devices affects directly the brain tissues and consequently the cognitive function that
involve diverse cerebral abilities. These can be weighed in a sort of spheres, for instance understanding, remembrance,
rationalizing, trouble explaining, judgement acting and concentration capacity. Observation assessments can be used to
analyze these problems even that only instant effects can be observed while the needed results could only be obtained
after at least small or long-term exposure.

Different reviews involving analysis of results have been realized concerning RF-EMF exposures in both EHS non-specific
symptoms and CF long-term effects symptoms, see, e.g., 18I19]20]

| 5. Evaluation of RF-EMF BE and AS

The evaluation of BE and AS can be performed by modeling, experience or observational studies. In the case of
evaluation through modeling, the governing mathematical equations can be solved locally in the body tissues concerned
by the effects or symptoms. This can be performed by using numerical discretized techniques or other methods permitting
local evaluation, e.g., [212223][241[25][261[27][28](29]  Thjs jnvolves the EM equations and the bio-heat tissue equation B4, In

the case using measurements for evaluation, sensors can be placed in tissues (when possible) to detect the needed fields
(electric, magnetic, thermal). In addition, imagers can be utilized for the revealing of tissue comportment concerning a
stated symptom. Concerning observational assessment, this involves mainly, as mentioned earlier, tests in the case of AS
practiced on patients exhibiting these symptoms. Such tests are generally performed in a double-blind manner on a group
suffering from the same symptom.

| 6. Governing Mathematical Equations

The governing equations are the Maxwell EMF equations and the Penne’s bio-heat tissue equation B9, The external
source in the bio-heat equation corresponds to the SAR, which is determined from the EMF equations. These governing
equations can be given by:

VxH=J@3)

J=0cE+jwD+Je4)
E=-VV-jwA(®)
B=VxA(@®)
cpdT/ot=V (kK VT) + p (SAR) + ™ — ¢} 0p wp (T = Tp) (7)

In the EM Equations (3)—(6), H and E are the magnetic and electric fields, B and D are the magnetic and electric
inductions, A and V are the magnetic vector and electric scalar potentials. J and Je are the total and source current
densities, o is the electric conductivity and w is the frequency pulsation. The symbol V is a vector of partial derivative



operators, and its three possible implications are gradient (product with a scalar field), divergence and curl (dot and cross
products, respectively, with a vector field). The magnetic and electric comportment laws between BIH and DIE are
represented by the permeability y and the permittivity €, respectively.

As well in the Penne’s bio-heat Equation (7), k is tissue thermal conductivity, T is local temperature of tissue, gmet is the
basal metabolic heat source in W/m?, ¢, is blood specific heat in J/(kg-°C), op is blood density in kg/ m3, wy, is blood
perfusion rate (1/s), Ty blood temperature. V - (k VT) represents simple heat equation in differential form and p (SAR)
represents the influence of electromagnetic energy absorbed in the human tissues.

The solution of Equations (3)—(6) allows us to determine the induced EMF, for a given frequency pulsation, in the body
tissues. As well, the SAR (1) can be computed using the fields resulting from such solution. Additionally, the EMC analysis
checking the perturbations due to EMF exposers of instruments (embedded or not) can be verified from such solution.
Penne’s bio-heat equation B4 given by (7) is usually used to determine heat transfer in living tissues. Thermal behavior in
tissues due to EMF exposure through the SAR is governed by Equations (1), (3)—(7). The EMF equations and the heat
transfer equation must be solved in a coupled fashion. Due to slow thermal time behavior compared to fast EM time
behavior, weak coupling with successive solution can be used.
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