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Abstract—Exposure to electromagnetic fields (EMFs) has promi-
nently increased during the last decades due to the rapid devel-
opment of new technologies. Among the various devices emitting
EMFs, those based on Radio-frequency identification (RFID) tech-
nologies are used in all aspects of everyday life, and expose people
unselectively. This scenario could pose a potential risk for some
groups of the general population, such as pregnant women, who
are expected to be possibly more sensitive to the thermal effects pro-
duced by EMF exposure. This is the first paper that addresses the
estimation of temperature rise in two pregnant women models ex-
posed to ultrahigh frequency RFID by computational techniques.
Results show that the maximum temperature increase of the fetus
and of the pregnancy-related tissues is relatively high (even about
0.7 °C), not too far from the known threshold of biological effects.
However, this increase is confined to a small volume in the tissues.

Index Terms—TFetus, radio frequency identification (RFID),
temperature.

1. INTRODUCTION

N the last decades, the broad use of wireless systems and
I the consequent increase in the number of wireless devices
have noticeably changed EMF exposure patterns, levels, and
scenarios. These changes include the increase of exposure levels,
the extension of that exposure to almost all societal classes, a
longer time of exposure, and the exposure to devices that operate
at frequencies at which the biological effect is still unexplored.

Among the countless number of wireless communication sys-
tems, one of the most promising and fast growing makes use of
the radio-frequency identification (RFID) technology. It is based
on the communication between a reader and a label (named
“tag”) which uniquely and fast identifies the target, either an
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object or a subject [1]. RFID systems are used in many ubiqui-
tous applications that can take advantage of automatic identifica-
tion, such as asset tracking, supply chain management, payment
systems, security and access control, transport systems, elec-
tronic passports and ID cards, animal identification, medical
applications, and sports events. Among the different operating
frequencies of RFID systems, the ultrahigh frequency (UHF)
band (i.e., in the frequency range 870-915 MHz), is used in a
great range of applications that require long read ranges. Sub-
jects who occasionally or accidentally find themselves close
to an RFID reader are exposed to RF radiation (note that of
the two components of an RFID system, the reader emits the
largest amount of EMF radiation, continuously according to the
set duty cycle). Among them, pregnant women and their fetuses
are considered more potentially susceptible to that exposure than
others [2]. This, therefore, makes urgent the estimation of the ac-
tual levels of EMF to which they are exposed. At the UHF band,
the known biological effect induced by EMF exposure is the
temperature increase in the tissues. The pattern of EMF energy
absorption is a complex function of several parameters, which
can produce a nonuniform heating of tissues, which represents a
challenge to the thermoregulatory system [3]. The International
Commission on Non-Ionizing Radiation Protection (ICNIRP),
in a comprehensive review aimed at providing guidelines for
limiting exposure [4], concludes: “established biological and
health effects in the frequency range from 10 MHz to a few gi-
gahertz are consistent with responses to a body temperature rise
of more than 1 °C.” ICNIRP has proposed the specific absorp-
tion rate (SAR), which is the EMF power absorbed per mass by
a body/tissue, as the metric to quantify, eventually, the potential
heating of the body. Therefore, the most studies dealing with
the assessment of the RF exposure levels in pregnant women
and fetuses hold up to the SAR estimation (see, e.g., [5]-[10]),
but, as suggested by various authors [11]-[15], the link between
these two quantities is far from univocal. However, there are
studies [16]-[20] that went one step further by estimating the
increase in the fetal temperature due to RF exposure. In the
last years, this is usually performed by computational meth-
ods based on the application of the BioHeat equation (BHE)
introduced in [21] that takes into account the influence of the
thermoregulation system. This effect should be considered po-
tentially even more significant in the case of fetuses, taking into
account the peculiarities of their physiology. The metabolic rate
of the fetus, i.e., its metabolic heat production, is higher than
that of a woman, and hence, its temperature remains 0.3-0.5 °C
higher than that of the pregnant woman [22]. Consequently, the
heat is transferred from the fetus to the pregnant woman (heat
loss). If the heat production and the heat loss remain balanced,
the fetal temperature remains constant. Conversely, if the heat
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Fig. 1. Coronal (first raw) and sagittal (second raw) view of the Ella and the
seven months and nine months GA pregnant women models.

transfer toward the woman is disturbed for any reason, the tem-
perature of the fetus may change. Many biological, chemical,
and physical agents can change the temperature of either the
fetus or the woman, and thus, they can disturb normal fetal ther-
moregulation. The prolonged exposure to RF radiation has been
suggested to be one of those agents [23].

In a recent paper [24], the assessment of exposure to UHF
RFID devices of pregnant and nonpregnant women resulted
in high levels of SAR values in some fetal and maternal tis-
sues. The maximum peak of the SAR levels, as averaged over
10 g and normalized to 1-W radiated power of the reader an-
tenna, were found close to the limit of 2 W/kg, proposed by
the ICNIRP guidelines [6]. However, a complete health risk
assessment needs additional information on the fetal tempera-
ture increase. This paper aims to close this gap of knowledge,
investigating the temperature increase in the same exposure sce-
narios as in [24], applying the classical approach based on the
numerical solution of the BHE.

II. MATERIAL AND METHODS
A. Anatomical Models and Exposure Scenarios

The two pregnant woman models (seventh and ninth month of
gestational age, GA) were obtained from partial deformations of
the womb of the adult female model named “Ella” of the virtual
population [25], [26] (see Fig. 1). In particular, the seven-month
pregnant woman model was obtained by integrating in “Ella” the
segmented MR images of a pregnant woman abdomen, whereas
the ninth month is based on that of the seventh month, but the
fetus model was replaced by a model of a scaled newborn [26].
In addition to fetal tissues, the placenta and the amniotic fluid
(and the umbilical cord for the seven-month pregnant woman
only) were also integrated in the anatomical models to complete
the pregnant woman models. To sum up, the seven-month and

TABLE I
RANGE OF VARIABILITY OF SOME REFERENCE [27] PRENATAL TYPICAL
MEASUREMENT AND REFERENCE [1] MASSES SET ACCORDING TO THE GA IN
COMPARISON WITH THE CORRESPONDENT MEASUREMENTS AND MASSES OF
THE FETAL MODELS

ICRP
Ref(25- 7 months I(égl’_}l;ef 9 months
30 fetus fetus
weeks) weeks)

FETUS
Mass (kg) 0.99-1.7 1.42 2.3-3.5 2.78
CRL (mm) 185-235 210 265-315 270
BPD (mm) 65-79 79 82-92 81.2
FETAL TISSUES MASS (g)
Brain 120-200 285 263-370 280.4
Hearth 6.0-9.9 13.0 12.7-20 20.5
Kidney 7.6-13 34.0 17-25 20.5
Liver 38-63 443 83-130 95.4
Lungs 26-38 19.7 45.5-60 41.0
Spleen 1.1-2.7 4.6 4.2-95 9.0
Thyroid gland 0.8-1.3 0.5
Adrenal 386 26
glands
Pancreas 4.2-5 1.8
Thymus 7.8-13 6.1

nine-month pregnant women models consist of 96 and 104 tis-
sues, respectively. Table I shows the comparison between some
typical anthropometric parameters measured on the fetus mod-
els with respect to the range of the reference values of the same
parameters for fetuses at the same GA. This was done to verify
the accuracy of the models used here. In particular, the second
and the fourth column describe the range of variability of the
corresponding quantity shown in the first column as reported
in [27], while the third and the fifth ones show the magnitude
of the same quantity as in the voxel models used here. The
“Crown-rump length” is the measurement of the length of hu-
man fetuses from the top of the head (crown) to the bottom
of the buttocks (rump) with the fetus in the natural curled po-
sition. It is a typical anthropometric measurement determined
from ultrasound imagery and it is strictly correlated with the
GA. The “Biparietal diameter” is another common fetal mea-
surement which serves as a measure of the growth of the head.
From that table, it is evident that both these lengths together
with the fetal mass, measured on the fetus models fall within
the range of the reference values for both models, indicating
that they are globally realistic. On the contrary, the discrepancy
among the fetal tissues’ masses and the reference values is to
suggest that the specific morphology of the organs of the models
is affected by some errors (due to MRI quality data and/or seg-
mentation and 3-D reconstruction process) which could change
the reliability of the results. Therefore, the results variability
has been evaluated by estimating the uncertainty budget of the
maximum of the temperature increase of the fetal body due to
the variation of the mass of the fetal tissues. These latter have
been considered equal to the minimum, the maximum, and the
mean of the ranges as shown in Table I by adjusting the densities
of the corresponding fetal tissues.

The RFID reader, as described in [24], was modeled as a
circularly polarized patch antenna fed with a sinusoidal volt-
age source of 1-V amplitude, 50-2 resistance at 870 MHz, the
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Fig. 2. Schematic representation of the whole reader system (i.e., antenna
plus radome) position with respect to the pregnant women models as in [24],
view from above. The center of the local coordinate systems was found through
the arithmetic mean of maximum and minimum z-, y-, and z-coordinates (of
the original reference system outside the body) of the pregnant women wombs,
while the z-,y-,and z-axis were kept parallel to the original reference system.
The center of the ground plane of the reader antenna was placed at z = 0 (local
coordinate systems) and at a distance of 10 cm from the skin of the model,
along the direction defined by the respective angle: R1 (—90°), R2 (0°), and R3
(—45°) with respect to xy plane. The upper right panel shows the dimension of
the radome.

TABLE I
MAXIMUM SAR LEVELS (PSSAR| ) IN FETAL TISSUES DUE
TO UHF RFID EXPOSURE
DPSSAR 19, (Wikg) 7 months fetus 9 months fetus
R1 0.53 1.14
R2 0.46 0.16
R3 0.46 1.97

typical frequency of the UHF RFID applications in Europe. The
temperature increases in fetal tissues were estimated for the ex-
posure scenarios identified as the “worst-case” ones in terms
of SAR found in the previous paper [24], where, in particular,
the ground plane of the reader antenna is placed at 10 cm from
the pregnant and nonpregnant woman skin (see Fig. 2). Table II
shows the fetal corresponding SAR levels [24]. These are the
“worst-case” scenarios from a geometrical perspective because
the radome of the antenna system is placed as close as possible
to the abdomen skin. In other words, moving toward the skin
from the antenna ground plane, one can encounter for 2 cm the
radome, for 8 cm the cavity where the antenna is placed, and
again the radome for additional 2 cm. Hence, the minimum pos-
sible distance between the skin and the ground plane is 10 cm
(see Fig. 2). Although theoretically higher temperature increases
are expected for an antenna placed closer to the abdomen skin
(for an antenna in air and next to the skin, the temperature
rise decreases monotonically with the distance), the ones used
in this study represent realistic worst-case scenarios considering
commercial RFID readers (i.e., antenna plus radome). This con-
sideration is in line with the behavior of SAR with the distance
of the RFID antenna from the skin as shown in [24].

B. Thermal Model

Temperature increase inside the tissues exposed to EMF gen-
erated by the UHF RFID system was calculated using the
BHE [21] as implemented by the thermal solver of the sim-
ulation platform SEMCAD X (Schmid & Partner Engineering
AG, Zurich, Switzerland) [28]. This provides a finite different
solution of the BHE

oT

pegr =V (EVT) 4 pQ + pS — pyeypw (T = T;) (1)
where 7' (°C) is the temperature of the tissue; ¢ (seconds) is the
time; and p (kg/m3 ), ¢ (J/kg-°C), and k (W/m-°C) are the density,
the specific heat, and the thermal conductivity of the tissues,
respectively. () (W/kg) is the metabolic heat generation rate; .S
(W/kg) is the SAR due to EMF exposure; w (m3/kg~s) is the
volumetric blood perfusion rate; and p;, (kg/m?), ¢, (J/kg-°C),
and 7}, (°C) are the density, the specific heat, and the temperature
of blood, respectively.

When the goal of the simulation is to obtain the temperature
increase (7}, ) due to SAR exposure and such increase is ex-
pected to be small (<1 °C), some parameters and quantities can
be considered time and temperature independent. These con-
sist of: the tissue parameters (p, ¢, k, w, Q, Tp), the parameters
necessary to define boundary conditions [i.e., the heat trans-
fer coefficient, due to convection cooling through air contact
h (W/m2°C)], the temperature outside the boundary, and the
heat flux due to perspiration. Under this hypothesis, applying
(1) twice, i.e., once with the exposed condition with SAR dis-
tribution S and once for the unexposed condition (S = 0) and
subtracting one from the other, one can obtain common terms,
which cancel out. These include the term linked to metabolic
heat p(@Q and the one linked to the fixed blood temperature 7,
ppcywTy (for further details on this approximation see [13]).
Therefore, the previous equation in a more simplified version
becomes

aT

pegr =V (EVT) + pQ + pS — ppeypw (T = Tp) . (2)

This formulation is applied in this study, assuming that the
temperature increase due to the SAR distributions generated by
the exposure to a UHF RFID antenna with 1-W output power
is expected to be less than 1 °C, even for long time exposure.
This assumption is supported by extending the current case, on
a preliminary basis, the results of the studies [29]-[31], which
have evaluated the temperature increase in the head, due to the
exposure to a mobile phone antenna at 900 MHz.

Temperature rise was calculated for each exposure scenario
both at the steady state (by assuming that the derivative of Tj; .
over the time equals to zero in (2)) and as a function of time
(considering a simulation time exposure of 3 h as suggested
in [12]) to get information about the transient effects during the
time of application of the exposure.

In the following, the exposure scenarios used in [24] will be
referred as “seven months” R1 (or R2 or R3) and “nine months”
R1 (or R2 or R3) for the seven months and nine months of
GA, respectively, where R1, R2, and R3 are shown in Fig. 2.
To allow the solution of (2), additional conditions have to be
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Fig. 3.

Tincr distributions at the steady -state for “seven months” R1 exposure (left) and “nine months” R3 exposure” (right) on coronal (first row), sagittal

(second row), and transversal (third row) planes where maximum value of t T3, ., in fetus was found. Scaling bars are clamped to the maximum found in the body
fetus in the corresponding exposure scenario (see Table II). In each slice, the fetus model is superimposed to allow the reader understand its body position with

respect to the temperature distributions.

considered at the boundaries of the simulation domain. Because
of the materials at the interfaces of the boundaries, three types
of boundary conditions were applied, as proposed by [13].

The first one is at the interfaces of tissues with air, where the
following mixed boundary conditions were applied:
aT‘incr

on
where h is the heat transfer coefficient, and the derivative of
Tiner along the unitary vector n is directed normally to surface
of the interface. h was set t0 hgkinair = 8 W/(m?-K) at the
interface between the maternal skin and the air, whereas be-
tween the maternal cornea and the air, it was set to heornea-air
=20 W/(m?-K); and between the lung and the internal air with
hlung-air =50 W/(mQK) [26]

The second one is the adiabatic Neumann boundary condition,
which was applied at the interface between maternal tissues
and some air-filled cavities (i.e., internal air, bronchi lumen,
esophagus lumen, pharynx, and trachea lumen)

k + hTiner =0 (3)

8ﬂllcr
k =0. 4
o “
The third one is the Dirichlet boundary condition
Tiner =0 (5)

applied at the interface between blood (i.e., artery, veins, and
umbilical cord) and every tissue perfused by blood (all the

tissues except air tissues, maternal and fetal CSF, maternal and
fetal humor vitreous, amniotic fluid, teeth, stomach lumen, and
small intestine lumen).

The nonuniform mesh in the thermal and electromagnetic
simulations was kept the same as generated by the finite-
difference time-domain (FDTD) algorithm [24], with a mini-
mum step of 0.1 mm over the source and the skin thin layer and
a maximum step of 4 mm in the background.

C. Thermal Parameters

The dielectric properties and the density of the tissues of the
woman models are the same assigned in the previous paper [24].
However, the thermal simulations require estimation of the value
of the thermal parameters of the tissues under investigation (i.e.,
k,c, cb, w). The thermal parameters of the tissues of the woman
are taken from [13], with the exception of the values of the am-
niotic fluid and of the placenta which were taken from [32], and
of the umbilical cord, whose properties are considered the same
as for the blood. Thermal properties of fetal tissues considered
here are equivalent to the ones used for the corresponding adult
tissues.

III. RESULTS

Fig. 3 shows some examples of the Tj,., distributions for
both “seven months” R1 and “nine months” R3 cases on the



TABLE III
MEAN AND MAXIMUM OF THE TEMPERATURE INCREASE DISTRIBUTION AT THE STEADY STATE CALCULATED OVER SOME MATERNAL TISSUES OF THE TWO
PREGNANT WOMEN IN COMPARISON WITH THE NONPREGNANT WOMAN IN THE SAME EXPOSURE SCENARIO

Tissue “7 months” R1 “Ella” R1 “9 months” R3 “Ella” R3
Mean T Maximum Mean T Maximum Mean T Maximum Mean T Maximum
[°C] Tiner 1°cl Tiner 1°cl Tiner °c] Tiner
[*C] [*C] [*C] [*C]
Bone 0.001 0.021 0.005 0.149 0.001 0.021 0.004 0.113
Connective_tissue 0.001 0.024 0.005 0.165 0.001 0.023 0.003 0.247
Fat 0.012 0.442 0.007 0.170 0.001 0.566 0.006 0.267
Large_intestine 0.001 0.013 0.006 0.061 0.001 0.009 <0.001 0.002
Muscle 0.001 0.243 0.005 0.193 0.001 0.029 0.007 0.304
SAT 0.007 0.490 0.003 0.160 0.004 0.590 0.004 0.237
Skin 0.006 0.537 0.004 0.180 0.004 0.523 0.003 0.236
Small_intestine 0.001 0.025 0.003 0.040 <0.001 0.004 <0.001 0.003
Uterus 0.027 0.242 0.002 0.003 0.031 0.664 <0.001 <0.001
0.715
Whole Body 0.005 0.537 0.004 0.193 0.004 (anmiotic 0.004 0.304
(skin) (muscle) . (muscle)
fluid)
TABLE IV

coronal (first row), sagittal (second row), and transversal (third
row) planes. The three views for each pregnant woman model
give information about the spatial distribution of Tj, ., in the
womb.

High values of Ti,., are encountered not only in the fetus
body, but also in the amniotic fluid. This is particularly evident
in the “seven months” case, in the sagittal and transversal views.
Table III shows the 7Ti,., in some tissues of the two pregnant
women wombs in comparison with the ones calculated over the
nonpregnant women for the same exposure conditions (R1 and
R3). Tissues in brackets in the last row represent the location
of the peak Ti,., over the whole body. The most remarkable
differences in terms of maxima 71},., were found in the uterus
(few m °C versus almost 0.7 °C with respect to nonpregnant
and nine-month pregnant woman, respectively), which is also
the most deformed tissue. However, as expected, the pregnant
women tissues closest to the highly conductive and highly heated
fetus and the amniotic fluid (such as fat, subcutaneous adipose
tissue—SAT, skin) are more heated (see the columns of the
maxima 7}, ) than the corresponding tissues in the nonpregnant
women, whereas the tissues behind the womb (such as bone and
connective tissue) are less heated because of the major distance
from the source.

Table IV summarizes the 7Ti,., calculated in the body of the
fetus and in two other tissues in contact with the fetus itself,
i.e., the amniotic fluid and the placenta. For the fetus and the
amniotic fluid, the maxima of the temperature increase were
found in the “nine months” R3 (maximum increase of about
0.7 °C in the amniotic fluid and 0.65 °C in the fetus).

Similar values, although slightly smaller, were found in the
“nine months” R1. On the contrary, the temperature increases
are lower (more than 50% lower) for the “nine months” R2
and “seven months” R1, R2, and R3 exposure scenarios. The
maximum 7i,., in the placenta is negligible with respect to
the other two tissues, for both pregnant women and for all the
exposure scenarios. The mean values in the three tissues are
dramatically lower, with a maximum mean 7;, ., in the amniotic
fluid of 0.037 °C for “nine months” R2. In the fetus, the mean
Tiner reaches a maximum value of 0.25 °C for the “nine months”
R1.

Fig. 4 shows the histogram of the 73, in the body of the fetus
for the two pregnant women and the three exposure scenarios, in
terms of the body volume fractions. In each panel, 75, is shown

MEAN AND MAXIMUM OF THE TEMPERATURE INCREASE DISTRIBUTION AT THE
STEADY STATE DUE TO THE THREE EXPOSURE SCENARIOS R1, R2, R3
CALCULATED OVER THE FETUS, AMNIOTIC FLUID, AND PLACENTA

Exposure . Mean Maximum
Scenario Tissue Tiner Tirer
[°cj [°c]
“7 months” Ifet.us ‘ 0.015 0.204
RI Amniotic fluid 0.036 0.245
Placenta <0.001 0.006
“7 months” Eet.us . 0.008 0.091
R2 Amniotic fluid 0.015 0.102
Placenta <0.001 0.031
“7 months” f’e{us ‘ 0.010 0.162
R3 Amniotic fluid 0.017 0.181
Placenta <0.001 0.040
“9 months” }."et.us ‘ 0.025 0.468
Rl Amniotic fluid 0.026 0.617
Placenta <0.001 0.012
“9 months” I.E'et.us ) 0.012 0.182
R2 Amniotic fluid 0.037 0.325
Placenta <0.001 0.010
“9 months” F et'us ) 0.020 0.659
R3 Amniotic fluid 0.025 0.715
Placenta <0.001 0.010

as normalized with respect to its maximum in the corresponding
exposure scenario, as shown in Table IV. Most of the fetal body
volume is affected by a very low increase in temperature for both
pregnant women and for all the three exposure scenarios. Indeed,
at minimum, the 70% of the fetal body volume is affected by a
Tiner lower than one-tenth of its maximum in the tissues across
all the exposure scenarios and women models.

The uncertainty budget on the maximum 73, in the body of
the fetus due to the variation of the mass of the fetal tissues was
equal to 0.2% for “seven months” R1 and 0.01% for the “nine
months” R3.

Tables V and VI show the mean and the maximum values of
Tincr distribution at the steady state for each fetal tissue of the
“seven months” and “nine months” models, respectively.

Disregarding the exposure scenario, the maxima Tj,., are
located in superficial tissues (skin, SAT, fat), followed by the
muscle and the bone, for both seven- and nine-month GA mod-
els. However, one should note that the mean values per tissue are
extremely lower than the corresponding maxima. Fig. 5 shows
the temporal pattern of 7Tj, ., estimated at the point of the max-
imum at the steady state in the body of the fetus (see Tables V
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Histograms of the Ti,, ., distribution at the steady state in the body of the fetus for the two pregnant women and the three exposure scenarios, normalized

with respect to the maximum values found in the body fetus in the corresponding exposure scenario (see Table IV).

TABLE V
MEAN AND MAXIMUM OF THE TEMPERATURE INCREASE DISTRIBUTION AT THE
STEADY STATE CALCULATED OVER EACH FETAL TISSUE OF THE “SEVEN
MOoNTHS” FETUS EXPOSED TO THE UHF RFID

R1 R2 R3
Mean Max Mean Max Mean Max
Tissue Tiner Tiner Tiner Tiner Tiner Tiner
[°C] [°C] [°C] [°C] [°C] [°C]
Bladder  0.005 0.014 0.003 0.006 0.002  0.005
Bone 0013  0.131 0.006 0.047 0007 0.074
Brain white 061 0019 0001 0010 0001 0012
matter
Eye 0022 0049 0.005 0014 0005 0.013
Fat 0020 0.175 0010 0076 0014 0.137
Gallbladder ~ 0.004  0.006 0.002 0.004 0.004  0.005
Heart 0.003 0014 0001 0.006 0003 0011
Intestine  0.001  0.013  0.001 0.009 0001 0.014
Kidney 0.002 0014 0002 0027 0004 0.037
Liver 0.004 0035 0002 0022 0004 0.038
Lung 0.005 0063 0.006 0028 0010 0.059
Muscle 0022 0.148 0.009 0053 0010 0.082
SAT 0032 0200 0015 0084 0019 0.151
Skin 0027 0204 0014 0091 0019 0.162
Spinalcord  0.002  0.008  0.005 0.009 0.006 0.011
Spleen 0.000 0.001 0.001 0.002 0001 0.002
Stomach  0.001  0.002 0.001 0.001 0.001  0.002

and VI for the corresponding tissues). Considering 7i,., as the
response of the biological system to the step input represented
by the electromagnetic field, one can consider the time constant
7 as the parameter characterizing the response itself. 7 is typi-
cally defined as the time in which the system response reaches
about the 62% of its steady-state value. In general, 7 is lower
for the seven-month GA cases than for the nine-month GA. In
Fig. 5, 7 varies between 10 min (“seven months” R3) and 48 min
(“nine months” R2).

Additional quantitative information about the time course of
Tincr can be found in Table VII, showing the percentage of the
steady state reached by 7, ., as a function of time. After 60 min
of exposure, T}, ., reaches at least the 90% of its corresponding
value at the steady state for all the exposure scenarios, except

TABLE VI
MEAN AND MAXIMUM OF THE TEMPERATURE INCREASE DISTRIBUTION AT THE
STEADY STATE CALCULATED OVER EACH FETAL TISSUE OF THE “NINE
MOoNTHS” FETUS EXPOSED TO UHF RFID

R1 R2 R3
Tissue Mean Max Mean Max Mean Max
Tina Tine Tine Tina Tine Tina
[°’C] [ [°C] [°C] [°€C] []
Adrenal 0.008 0.027 0001 0001 0004 0.013
Gland
Bladder 0.039 0.081 0.008 0015 0023 0.059
Bone 0.021 0303 0.007 0095 0012 0.164
Brain white 0.000 0.001 0.000 0.003 0.000 0.002
matter
CSF 0.000 0.002 0.001 0.005 0001 0.003
Esophagus 0.002 0.002 0002 0.002 0003 0.005
Eye Lens 0.000 0.000 0.000 0.000 0001 0.001
Eye 0.001 0.001 0003 0.008 0001 0.003
Vitreous
Fat 0.033 0383 0015 0.135 0029 0.525
Gallbladder 0.008 0.013 0000 0001 0002 0.005
Heart 0.000 0.001 0.000 0.003 0001 0.003
Kidney 0.005 0.031 0001 0.002 0003 0.021
Liver 0.003 0.045 0.000 0.004 0001 0.006
Lung 0.002 0.018 0001 0011 0002 0.013
Muscle 0.028 0385 0012 0.131 0020 0.281
Ovary 0016 0.018 0.004 0.005 0019 0.037
Pancreas 0.004 0.004 0.001 0.003 0.004 0.009
SAT 0.035 0468 0020 0.170 0034 0.587
Skin 0.036 0464 0019 0.182 0030 0.659
Small 0.007 0.084 0002 0020 0006 0.085
Intestine
Spinal cord 0.063 0201 0003 0014 0020 0.064
Spleen 0.004 0.014 0005 0019 0014 0.052
Stomach 0.002 0.003 0004 0013 0008 0.027
Thymus 0.000 0.000 0.00 0.001 0.00 0.001
T;‘z’::(;d 0.000 0.000 0.000 0.000 0.000 0.000
Uterus 0.054 0.069 0.008 0011 0.024 0.032

in the “nine months” R2. After 120 min, the steady-state value

is approximately achieved in all cases but in the “nine months”
R2.
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Fig. 5. Maximum 7j,, time courses over the whole fetus models for the six
exposure scenarios investigated.

TABLE VII
DIFFERENCE (IN TERMS OF PERCENTAGE) OF THE “MAXIMUM Tjy¢;”
CALCULATED IN THE FETUS AT DIFFERENT TIME (FIRST LEFT COLUMN), WITH
RESPECT TO THE “MAXIMUM Ti, ;" AT THE STEADY STATE

Time

(min) % of Steady State
“7 months” “9 months”
R1 R2 R3 R1 R2 R3

1 4.8 53 15.2 8.4 2.1 6.8

6 25.2 36.6 514 36.1 12.5 31.0

10 38.2 53.2 65.7 51.1 20.1 44.5

60 93.2 97.1 98.0 96.2 71.0 94.7
120 98.6 99.2 99.3 98.1 91.5 99.5
180 98.9 99.2 99.3 98.2 99.2 99.9

IV. DISCUSSION AND CONCLUSION

As discussed in Section I, the limited capability of the fetus
to regulate its own temperature makes the fetal temperature
assessment an urgent topic to be addressed when the pregnant
woman is exposed to radio frequencies. This paper starts from a
previous assessment of electromagnetic power absorption [24]
due to UHF RFID reader. Some potentially crucial exposure
scenarios for the fetus exposed to a UHF RFID reader antenna
with 1-W output power were found there. To this purpose, this
study addresses the assessment of the temperature increase at
fetal tissue level in those scenarios.

Before entering in the discussion, one should bear in mind that
the results (as in [24]) are presented by considering a duty cycle
of 100% to account for the worst-case RFID practical transmis-
sion mode. Therefore, for different duty cycles, the maximum
temperature rise will be a fraction of the reported ones here.
Moreover, as mentioned before, the data presented here were
obtained considering the reader output power of 1 W, whereas
the typical UHF RFID output powers of the antenna usually are
in the range 25 mW-1.9 W [33], [34], while the maximum al-
lowed ERP in Europe is of 2 W [35]. However, since the reader
output power is approximately linear with SAR and with tem-
perature increase at the thermally steady state [36], [37], it is
possible to scale the values of the Tj,,, at the steady state found

in this study to any output power, once known the one relative
to the device under investigation.

First of all, the “nine months” fetus shows higher tempera-
ture increase with respect to the “seven months” fetus. This is
certainly due to the higher psSAR( , experienced by the “nine
months” fetus, according to [24] (see Table II). As an additional
explanation, one should take into account the presence of a
larger volume of the amniotic fluid (which has high electric and
thermal conductivities and, as shown in Table IV, even higher
temperature increase than the fetus itself) in the “nine months”
than in the “seven months” fetus. This study indicates that UHF
RFID exposure of the whole fetus results in localized heating of
the fetal tissues up to a maximum of 0.66 °C at the steady state
in the nine-month fetus and of 0.20 °C in the seven months one.
However, the largest increase is in the amniotic fluid, where it
reaches 0.72 °C and 0.25 °C, respectively. All these values are,
however, still lower than the threshold of 1 °C indicated by the
ICNIRP guidelines [4] as limits for the temperature increase in
case of whole-body exposure and used by some authors [13] as
threshold for localized exposure.

On the contrary, the placenta is not affected by the exposure
in terms of tissue heating. The reader position R1 and R3 (in
front of and in the oblique direction with respect to the belly of
the pregnant woman, respectively) are the exposure scenarios
resulting in the highest increase of temperature for both mother
models. The most superficial tissues and/or those ones close to
the amniotic fluid (e.g., skin, SAT, fat, muscle, bone) experience
the highest increase in temperature. These maxima, however, are
highly localized (i.e., confined in a small volume) in the tissues,
especially in the fetus body, where between 70% and 90% of
the volume is experiencing an increase of the temperature of
about one-tenth of the maxima. The time to reach 90% of the
steady state of the temperature increase is about 60 min for all
cases but one exposure scenario of “nine months” fetus. This
indicates that the exposure should be continued for a long time
to result in a sensible increase of the temperature. However, this
cannot be “a priori” excluded in the case of exposure to a UHF
RFID reader addressed in this study, considering that, in many
practical applications, the device is set to emit continuously, in
search of an RFID tag.

As a final remark, the shortcomings and limitations intrinsic
in any simulation based on computational study should always
be considered in the interpretation of the results. These can be
essentially grouped into two main categories:

1) computational errors, such as discretization error, staircase
effect, choice of boundary condition, as well as of SAR
calculation algorithm;

2) modeling uncertainties, i.e., variations in results caused
by different choices, simplifications, and approximations
made according to the judgment of the user, or by the
solver software. They include: the accuracy of the human
body and source geometrical modeling, the choice of
dielectric and thermal properties, and the positioning of
the source.

Specifically, the issue of the discretization errors has been

investigated in the past [38]-[41]. Among these studies, a mesh
resolution smaller than 2 mm like the one used in this study has



been demonstrated to change the results up to a maximum of
10% in both wbSAR and psSAR , for frequencies lower than
1 GHz.

The staircase effect could be of great impact at the outer
boundary of the pregnant women, but it is less important over the
(internal) fetal tissues [42]. The reflection error due to the per-
fectly matched layer absorbing boundary conditions was surely
avoided [43]-[45] by keeping a distance of more than one wave-
length (more than 30 cm) between the source and the boundaries
of the computational domain. Again, the differences among dif-
ferent SAR calculation algorithms are generally under 5% for
frequency below 1 GHz [46].

As to the modeling uncertainty sources, the ones that most
affect the reliability of the results in case of near-field exposure
(handset sources) are the positioning of the source [47] and the
variability of the model [48]. These two issues have been widely
studied in terms of psSAR ; variation in the previous work [24]
by varying the RFID reader position around the pregnant women
wombs and by comparing the exposure over different anatomical
models in the same exposure scenario.

Moreover, in this study, the reliability of the fetus model was
evaluated through a specific assessment. The uncertainty of the
maximum 7}, ., over the whole fetuses was found to be less than
1% in both cases of pregnant models, thus demonstrating that
the remarkable individual organ mass variations do not affect
the results discussed here.

In addition to that, the most remarkable limitations in the
body modeling not tackled here are:

1) To neglect the contribution given by the very thin vessels
(e.g., in the umbilical cord and the placenta) to the cool-
ing of the fetal tissues. This should better mimic the real
heat exchange and would contribute to a more accurate
temperature increase estimation [32]. However, inclusion
of these vessels tends to decrease the temperature rise
estimate, thus assuring that the results discussed here rep-
resent a conservative estimate of the temperature increase;

2) To disregard the possible change in fetal position within
the uterus. This would affect the temperature distribution
both from a global and tissue level point of view, even if
the maximum levels as well as the average temperature
increase over the fetus would be minimally affected by
this issue.

As to the variation of dielectric and thermal properties, several
authors have shown that it is unlikely to have a significant im-
pact on the whole-body SAR and maximum psSAR [49]-[55].
However, the influence of modeling parameters on the corre-
lated standard uncertainty of the peak temperature increase was
discussed in [13], indicating that it is variable among different
scenarios, but remains within the range 15%-30%.

In conclusion, the exposure of a fetus to SAR levels generated
by an RFID UHF reader results in a temperature increase which
is not negligible, even though it is highly localized and is reached
after significant exposure times. The GA also plays a role, with
larger temperature increase for longer GA. This is confirmed
by comparison with most of the tissues of the nonpregnant
woman, particularly the uterus. As to possible effects on health,
a more detailed analysis should be performed on the tissues

involved and the relationship between their heating and the fetus
health.

However, the results discussed here, even if affected by the un-
certainty intrinsic in any modeling problem, indicate that prac-
tical measures to avoid overexposure and reduce the RF heat
deposition of the fetus could be recommended. For the specific
exposure condition studied here, these measures could include:
1) to keep the reader antenna at least 20 cm away from the preg-
nant women womb and 2) to reduce as much as possible the
time of exposure.
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