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Glossary
BHE

c
CW

Dielectric Propeies

Dosimetn

e.g
EMF

ERF

Exposure Matri

FDTD

FIT

Bio Heat Equatio. Partial Differential equation describing temperatur
distribution inside the body.

Specific heai(J/k¢°C)
Continuous Way

Electric propertie of dielectric materials that can be polarized by

applied electric field at a defined frequency fisldescribed by a complex

number:é, = ¢, — je! = &, —jm‘;g whereg, (dimensionless number. It
0

is & =1 in vacuum) is the relative permittivity of theaterial,c (S/m) is

the electric conductivity, ang= 8.85418781710 ** F/m

The discipline devoted iquantify the thre-dimensional distribution of &
agent in tissues and organs of individuals expdsethat agent (in this
thesis EMF).

VectorElectric Field (V/m)
Exempli gratii, it means “for examplt

Electrc Magnetic Field is a physical vectfield due tothe combination ¢
electric field and a magnetic field produced byceleally charged objects.
It affects the behavior of charged objects in tranity of the field. The
electromagnetic field extends indefinitely throughspace and describes
the electromagnetic interaction.

Effective Radiated Power (W or dB\of a transmission system (anter

Three-dimensional distributic of EMF and of the other quantities ti
allow to estimate the dose of EMF inside tissueb@gans

Finite-difference tim-domain metha. It is anumerical analys technique
used for modeling computational electrodynamicadffig approximate
solutions to the associated system of differeiglations).

Finite Integration Techniqi method. It is a numerical technique base
a spatial discretization scheme to numerically salectromagnetic field
problems in time and frequency domain.
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HF

HPA

HRA

IARC
ICNIRP
IEEE
ie.

LF

MW

K

Q

Reader (RFIC

RF

RFID

RR

Convectivi heat transfer rate (W/-°C)
VectorMagnetic fielc (A/m)

High Frequenc. Range of RF betwee3 — 30 MHz (wavelength 1- 100
m)

Health Protection Agency (Ul

Health RiskAssessme.. It is the process aimed to estimate the nature
probability of adverse health effects in humans wiy be exposed to
potential environmental stressors.

Average threshold level for the magnetic fiin the space necessary
activate the RFID tag. It is one of the technigadfications of HF RFID
systems.

International Agency for Research on Ca

International Commission on N-lonizing Radiation Protectic
Institute of Eleclical and Electronics Engine:

Id est. It means “that i

Low Frequenc Range of RF betwee30 — 300 kHz (wavelength — 10
km)

Microwaves. Range of RF betwe300 MHz — 30C GHz (wavelengtt
1mm - 10 cm)

Thermal conductivit (W/m-°C)
Metabolic heageneratiorrate (W/kg)

One of the components of a RFID systeit is a two-way radio
transmitter-receiver. able to transmit and decodégaal to/from the tag
via EMF. Depending on the frequency of communigaitoconsists in a
coil or an antenna. It can be, depending on thdicagpien, movable or
fixed.

Radio Frequent. Range of frequencies of EM wave oscillating bt
3 kHz and 300 GHz (wavelength 1 mm — 1000 km)

Radio Frequency Identificatiitechnology

Read Range distanr Maximum distance at which the reader ipable tc
activate the tag.
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SAR SpecificAbsorption Rate (W/k¢ It is the metric used at the RF to accc
the EM power absorbed by a body per mass unit.

WbSAR Measure of SAlaveraged over the whe-body

psSAFo; Maximum of all mesurements of SAR averaged over s cubes of 109
of the same tissue

SAR,; Maximum of psSAkqsfound over the head and trt

SAR  Maximum of psSAk found over the limk

SCENIHF Scientific Committee on Emerging and Newly Identifiddalth Risls
T Temperature (°(
Tag (or Transponde Label that contains electronically stored informat that univocally

identifies the person/object to which is attached.
Tiner Temperature increase (¢

TSL Tissue Simulating Liquid. Used in experimental itegtapplication witt
phantoms to simulate the average dielectric prigseadf a body

ToU Time of Use of the reader near the tag. It's theetihe reader needs
read the tag.

UHF Ultra High Frequenc. Range of RF betweei300 MHz - 3 GHz
(wavelength 10 cm — 1 m)

Voxel Voxel (volumetric pixel or Volumetric Picture Element) is a volur
element, representing a value on a regular griree dimensional space

WHO World Health Organizatic

& Permittivity (F/m). It's a measure of the resisfe that is encountered by
dielectric medium, when forming an electric field.

p) Density (kg/m?)

o Electrical conductivity (8n%). It measures a material's ability to conduct
an electric current.

) Volumetric blood perfusion ra(m¥kg-s)






Abstract

Abstract

Gli ultimi anni hanno visto un massiccio incremeuiosorgenti di campi elettromagnetici (CEM)
nelle piu svariate applicazioni, tanto da indurtenerosi organismi internazionali a richiedere alla
comunita scientifica sforzi volti a valutare il ctio per la salute legato a tale esposizione. Ed no
come una corretta valutazione del rischio non pogssscindere da un’accurata valutazione
dell’'esposizione del soggetto, intesa come miselka dlose dellagente in esame (in questo caso i
CEM) assorbita dal soggetto.
Fra le tipologie di popolazione che piu destaneridse e preoccupazione, ci sono sicuramente i
bambini.
Questo &, in primo luogo, dovuto alla relativaretezza di studi scientifici che li riguardanatal
che tutta la ricerca scientifica si & concentraadecenni sugli adulti e solo negli ultimissimicdeni
sui giovani ed i bambini. Di maggiore rilievo sdiéino sono invece le considerazioni relative
all'esposizione sia di individui in rapido sviluppohe di individui che, proprio a causa
dell’esposizione precoce, potenzialmente verraspogi per piu anni.
Peraltro, negli ultimi 4-5 anni si sono andati difflendo nella vita quotidiana tecnologie emergenti,
basate su campi elettromagnetici a varie frequelze di esse, di gran lunga fra le piu diffuse € la
tecnologia RFID (Radio Frequency I|Dentification}jlizzata in un numero enorme e sempre pil
crescente di applicazioni , allo scopo di pernmettea rapida e sicura tracciatura di merci, prtadot
persone, ecc.... La loro diffusione é tale da coiger I'intera popolazione, quindi includendo anche
i neonati e i bambini. Nonostante questo, gli stuglii alla valutazione del rischio sulla salutgdéo
all'esposizione ai CEM generati da questi dispasitisultano ancora limitati.
Il lavoro descritto in questa tesi &€ quindi indzato in particolare alla:

1) Valutazione dell’esposizione ai campi elettromamnet mediante tecniche di

elettromagnetismo computazionale

2) In feti (donne gravide), neonati e bambini
dovuta ad esposizione a lettori RFID a 13.56 Mtéz880 MHz.
| risultati indicano che, al fine di evitare la sagsposizione del neonato, si deve porre partigolar
attenzione alle specifiche tecniche e al tempotitizzo dei dispositivi a 13.56 MHz. Per quanto
riguarda la seconda classe di dispositivi invecbyeilli maggiori sono stati trovati considerando
I'esposizione delle donne incinte, che tuttavia nommportano un significativo aumento di

temperatura sul feto.
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Abstract

Abstract

In the last few years, the incredible diffusion safurces of electromagnetic fields (EMF) used in
ubiquitous applications, has induced the main hatonal organizations for health protection to
encourage efforts on the potential health effedtEMF exposure. Every process of health risk
assessment includes, among the others steps, jbewr assessment, aimed to quantify the levels of
the potential harmful agent (in this case EMF) tock the people are exposed.

Among the class of population exposed, childneepnates and fetuses have been for a long
recognized as possibly more susceptible to EMRgelecause of the precocity of their exposure, and
because the time of the exposure coincided withdidaelopment and maturation of their system.
Despite that, their exposure to EMF has been lithestigated till now, most of studies addressing
only the exposure assessment of adults.

Moreover, in the last 4-5 years, the new emergiutpriologies revolution, has led to the diffusion of
new sources of EMF in a countless number of geneunblic applications. Among them, Radio
Frequency IDentification (RFID), born for purposeantomatic identification of people or objects, is
becoming particularly pervasive. lIts diffusionlilely to involve the entire population, thus also
including children, neonates and fetuses. Alsth#d regard, studies aimed to assess the hedhth ris
related to RFID exposure are almost completelyitark
To this purpose, this thesis wants to address:

1) the exposure assessment of EMF using computatieckahiques;

2) in fetuses (pregnant women), neonates and children
due to HF RFID systems operating at 13.56 MHz aHé BRFID operating around 880 MHz.
The results show that attention should be paitiéachoice of the optimal reader-tag HF RFID
technical specifications and that exposure timeikhbe reduced to avoid in particular newborn
overexposure. As to the UHF RFID, exposure levielsecto the existing exposure guidelines on
pregnant women were found. Moreover, the relataghégature increases on fetuses result to be far
from the threshold of biological effects even cdesing the worst case exposure conditions.
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Summary

Summary

The surging growth of exposure to Electromagneiidds (EMF) represent one of the main factors
of people concern about negative biological effgeiserated by environmental stressors. Reasons of
that concern are not totally irrational, since gneat efforts, aimed to estimate those effectsiezhon
in the last few years have produced contradictesylts, thus convincing some experts that the threa
is real and thus leading the International AgermyResearch on Cancer (IARC) to classify EMF as
possibly carcinogenic to humans (Group 2B).

In view of the increasing rate of exposure duehtodevelopment of new technologies which make
use of EMF, the “Health Risk Assessment” (HRA),iledl as the process aimed to estimate the nature
and probability of adverse health effects in humahs may be exposed to potential environmental
stressors, addressing precisely EMF, become uraed That process, among the others steps,
include the specific assessment of the levels oFBEM whom people are exposed, also known as
“exposure assessment”, which is the goal of thisedtation.

The high rate of increase of EMF exposure is infityespeed up by the nonstop proliferation of
wireless technologies, which make use of EMF ajiemcies still unexplored.

That is the case of RadioFrequency IDentificatidRFID) technology, a generic term for
technologies that make use of EMF to automaticialgntify people or objects. It is substantially
based on the communication of information towar8i&FEbetween a label, named “RFID tag” or “
RFID transponder”, which unmistakably identifiee therson/object to which is attached, and an
interrogator, named “RFID reader”, able to transtmithe tag, to receive from the tag and to decode
the EMF signal. On the basis of the operating femqy of the reader, which is the frequency of EMF
used for the physical coupling, three classes dbDRIxist: Low-Frequency or LF (around 125 KHz),
the High-Frequency or HF (13.56 MHz) and the Ukligh-Frequency or UHF (860-960 MHZz).

RFID applications can be find everywhere: assetcking, manufacturing, supply chain
management, payment systems, security and accag®lcdransport systems, electronic passports
and ID cards, animal identifications, medical aggions, sporting events, and any other application
that can take advantages by an automatic identdicaf people and objects.

However, if the RFID great diffusion is surely jifistd by the advantages that it offers in terms of
automatism, reliability, safety, versatility, speatreading and tracking, relatively low costs,. etise

lack of accurate exposure assessment studies remmaimotivated and should be urgently addressed.
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Summary

This is even more true considering the lack ofctaly of the RFID exposure, which can involve
subjects who are considered more vulnerable to Ekffosure, and the lack of studies which address
the peculiarity of their exposure.

To this purpose, children, newborn and fetuses t@en for a long recognized as possibly more
susceptible to EMF, either because of the precatfittheir exposure, and because the time of the
exposure coincided with the development and maturatf their system.

Therefore, the EMF assessment here discussed islymadldressed to their exposure. That
substantially means to identify, by solving Maxwedjuations, the three-dimensional distributionp als
known as “ 3D exposure matrix”, of EMF and of thhey quantities that allow to estimate the dose of
EMF inside tissues and organs.

The importance of this topic has led the IntermatioCommission on Non-lonizing Radiation
Protection (ICNIRP), in cooperation with the Enviroental Health Division of the World Health
Organization (WHO), to provide, within the procedsexposure assessment, guidelines for limiting
EMF exposure that will provide protection againsbWwn adverse health effects. An adverse health
effect is defined as the one which causes detectaigairment of the health of the exposed subject o
of his or her offspring. A biological effect, onettother hand, may or may not result in an adverse
health effect [WHO_http://www.who.int/peh-emf/abMihatisEMF/en/index1.htrhl A long process

of review of different experts opinions, togetheithwan exhaustive summary of the results of
laboratory and epidemiological studies, have drithesn draft of these guidelines, which resulted in
1998 a comprehensive publication [ICNIRP, 1998} ttmvered frequency range up to 300 GHz. The
limits provided, are intended to give an adequatell of protection from exposure to time-varying
EMF for both public and occupational exposure, &y will be considered for comparison in every
EMF exposure assessment process, including thedisesssed in this dissertation. In particular, at
the frequencies of RFID devices, i.e. radiofreqiesic(RF), dosimetric studies and exposure
guidelines usually refer to the Specific AbsorptiRate (SAR) as the metric used to account theatate
which energy is absorbed by the body when exposdtit EMF and to the temperature increase to
directly quantify the heating produced by that apsgon. In particular localized SAR and whole body
SAR levels are here discussed and compared t&tiHRP limits, chosen to avoid the risks for health
that result from localized rises in tissue temperiand from the physiologic stress due to excessiv
whole-body heat loads, respectively.

The great advances in technology of the last yémge made particularly valuable and reliable to

perform that assessment through computational (roatetechniques on computers-based models.
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Those techniques present the great advantagedordee EMF inside the tissue non invasively, to
investigate a wide range of exposure scenariosaanide range of frequency, stimuli, objects, to
perform an easy sensitivity analysis of model patans, and allow a flexible design phase and post
processing.

Computational exposure assessment includes ircpkati the source modeling and validation, the
definition and discretization of the source andhef exposure scenarios.

In this thesis numerical methods, which provideiscrétized resolution of Maxwell equations, as
implemented by commercial platform CST (CST EM STOy CST GmbH, Darmstadt, Germany)
and SEMCAD (Schmid & Partner Engineering AG, ZuriSlwitzerland), are used.

The dosimetric models of the human body used mwlirk consist of whole-body voxel models. The
first very simple prototypes of these models weoenbseveral decades ago for ionizing radiation
dosimetry studies. Recently, progress in medicabimg technology (in particular CT and MRI) has
enabled the development of very accurate whole-badkel models for a wide variety of humans,
from newborns to children to adolescents to adultsle and female of different races, height and
weight, as well as pregnant women. In particulae models used in this work are based on high
resolution MRI scans, from which a large number rgnthan 80) of tissues and organs have been
segmented and reconstructed as three-dimensioraldbjects.

After the definition of human voxel models, whicaitliudes also the critic choice of the dielectric
properties parameters of the tissues, the last istepe computational modeling consists in the
modeling of the source of EMF, here representedhey RFID reader, and the related exposure
scenarios, which depend by the type of RFID apiitina

Up to now, HF and UHF systems are the most diffisempplications which can expose general
public for more than few seconds, and for thatoedbkey are investigated in this thesis.

In particular in the first chapter of this disséda (Chapter 1), the exposure to EMF generatedrby
High Frequency HF RFID system for a specific aglan of patient identification in hospital is
assessed. Among the others RFID technology fottitgarheck, the specific one for newborn-mother
identity reconfirmation was simulated. Since iteigpected to be particularly useful to avoid risk of
miss-match of newborn and respective mother, #soming relatively diffused even in some Italian
hospitals. Moreover, the subject involved can betiqdarly sensitive to EMF exposure, as outlined
above. That RFID application consists substantiallg bracelet, usually placed to the wrist, whb t
passive RFID tag attached, which is provided tdboother and newborn; and the reader provided to
the hospital personnel (nurse or doctor), able tdevahe communication by EMF to read the

information in the tag. The computation is perfodmom realistic anatomical 2 mm resolution voxel
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models of the mother and of newborn, this lattéaimled scaling, on the basis of realistic anatoimica
literature data, a voxel model of a six years dliidc The reader is modeled as a circular coiltiex
the mother and the neonate wrist, in the threecudfft positions expected to be the worst cases
achievable. The current in the coil, is calculadadhe basis of the technical specification prositie
devices which faces the same purpose of ideniificalThese specifications, which include the Read-
Range (RR) distance, that is the maximum distaheéich the reader is still capable to activate the
tag, the average threshold level for the magneétid f{Hy) necessary to activate the tag, and the
corresponding current calculated from them, arédatio allow to enlarge the results to a large eang
of devices (i.e. 5 cm < RR < 10 cm and<9dy, < 130 dBuA/m).

The electromagnetic computations was performedguaithe Low Frequency Solver within CST
EM STUDIO. In all simulations the magnetic field)(Hnd the electric field (E) levels are estimated
together with SAR levels on sub-body regions. Thengliance of the SAR generated by RFID
systems exposure with the ICNIRP guidelines [ICRIR998] was investigated as a function of the
time of use of the system close to the body antth@fchange of maximum permitted,ldnd RR in
typical ranges of commercial devices.

The results show that attention should be paidhim identification of the optimal reader-tag
technical specifications to be used in this typablication in particular for what concern newborn
exposure, being the compliance with ICNIRP guidsdistrongly affected by the choice of thg dhd
the time of use of the device close to the bodyileARR variability resulted almost irrelevant fdwet
compliance both for mother and newborn exposurealfareader positions. More precisely, the need
to reduce as much as possible the exposure timen (ess than 20 seconds foy B 120 dBpA/m)
suggests the importance of specific training ofitlwelved personnel to the practical use of theDRFI
device.

Chapter 2 starts from these last results goingsteye further, by considering the possible factor of
uncertainty introduced by the newborn modeling thiclw they are mostly affected. Those
comprehend the scaling of the 6-years old childntmdel newborn and the use of adult dielectric
parameters to newborn tissues, disregarding tlessiple variation with age due to the changes in
body tissues composition. To that purpose, the saperiment performed in Chapter 1 was repeated,
considering the same range of the RFID system teshspecifications and the same exposure
scenarios, on a realistic newborn model and thdtseaere compared with the previous one. The new
exposure matrix shows that the system complies thithlCNIRP guidelines almost ever, being the
area of no compliance restricted to the couplénoé tof use and Rlonger than 2 minutes and higher

than 125 dBYUA/m and such suggesting one time nfatthe great difference in the two models,

15



Summary

particularly in terms of geometry, number and tgbelielectric tissues included, forms and position,
is decisive in an accurate exposure assessmerhanthe use of the previous scaled model is more
conservative than the realistic newborn one. Iramggo the second open issues, four models for the
assignment of dielectric properties to newbornuéissand the corresponding four exposure matrix
calculated by the computation, were compared. Treerhodel, named “Adult Dielectric Properties” -
ADP model, is the classical approach used in ddsinstudies, based on data measured on adult
animals. The second and the third model (named ‘GVBrelectric Properties” - WDP and
“Dimbylow Dielectric Properties” - DDP are takenofn parametric models developed by two
different research groups and here readapted toetlvborn model and the RFID operating frequency.
The fourth model (i.e. “Literature Dielectric Propes” — LDP) is proposed by the author of this
work, by reviewing the scattered data availablenfiiterature for all tissues of the model and by
integrating them in a model which is expected thestraccurate possible. The comparison of the
exposure matrices in terms of electric field showgeneral terms, an average difference of no more
than 0.5 dB for WDP, DDP and LDP when compared BdPAln particular not well defined trend was
identified. Same considerations held also for thmmliance in terms of SAR is considered, being the
very slight (< 15%) maximum distances between adles in the plane “Fmaximum time of use of
the reader” . This result, however, continues tppsut the consideration that there is no clear
evidence of which is the best choice in terms efatitric properties for newborn model, even if a
trend towards a slight underestimation of the exposising adult properties was found.

In Chapter 3 the focus is shifted to the other<tafsRFID system here investigated, that is the UHF
RFIDs. As discussed before, these systems workndr@30 MHz and are able to read objects at
longer distances (up to 10 m) than HF systems avifdsster data rate. Therefore, they are partigularl
suitable to be used in the great range of apptinatihat require longer read ranges and hence their
exposure can involve people that occasionally amitlantally pass close to the system. The reader,
since those systems generally desire omnidiredtiagareading, was modeled as circularly polarized
patch antennas. Exposure levels were quantifiediffierent scenarios and subjects. In particular
accidental head exposure was identified to reptdberworst case exposure scenario for children (5-
6-, 8-, 14- years old) and adult for comparisogdanen exposure as the worst case for pregnant
woman (both 7- and 9-months pregnant) and non-prggfor comparison. The results of the
computation are presented in terms of whole bodRR $AbSAR) and peak spatial SAR (psSAR10g)
averaged over 10 g to allow the comparison withlihsic restrictions of the exposure guidelines and
normalized to 1 W radiated power and 100% of dytiecto allow an easy rescaling of the results

depending on the type of antenna and the standattie country. Maximum levels of wbSAR largely
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below the suggested ICNIRP limits were found (frdi to -22 dB depending on the model), but, as
expected, they present an increasing trend with @igeilar conclusions hold also for local exposure
of children and adult (maximum peak SAR levels 2dB far from the limits) but on the contrary,
more concern can be raised with respect to abd@xgosure where the maximum psSAR10g levels
for the 7- and 9- months pregnant female resuldiighan the exposure guidelines [ICNIRP, 1998]
(+2.2 dB and +2.1 dB, respectively). These laglifigs, even if in the most countries of Europe the
scaling factor discussed above is of 0.05, couldidge an overexposure of the fetus who has a limited
capability to dissipated the heat produced by pafssorption. In particular, considering the exigtin
link between SAR and the raise in temperature énbibdy organs, the temperature raise assessment in
the previous worst case scenarios in terms of [@&R values found in the 7- and 9-months old
fetuses, is discussed in the last chapter. Thahatst was performed by using the classical approach
based on the finite different solution of the Bi@tiequation BHE as implemented in the Thermal
solver within simulation platform SEMCAD X. Howevethe temperature exposure assessment
performed in those critic exposure scenarios, tesulnegligible average temperature increaseen th
fetal body core (i.e. 0.004 °C at the steady-stfatelpoth exposure scenarios.

Maximum temperature increase at the steady-stabet 0.2 °C and 0.6 °C over 7- and 9- months
fetuses, respectively) was found on the superfitisdues. However, the great spread of the
temperature raise distributions together with tbasideration that RFID exposure is unlikely to last
the 2-3 hours needed to reach the steady-statgeaghat those values represent a great consarvati
estimate of maximum temperature increase and, firetfeUHF RFID are very far to be a potential
harmful source for fetus.

To sum up, this dissertation aims to give a quiteaastive assessment of EMF generated by the
exposure to devices, such as RFIDs, pervasiveletpsing into our life, considering potentially
harmful exposure scenarios that can be really mairactice. In this process, which represent an
unavoidable step in the whole process of healthassessment, several issues related to the complex
modeling of children exposure assessment will lmedaup and a quantitative estimate of exposure
matrix and temperature raise will be presentedpideshe limitlessness of possible RFID exposure
scenarios investigated, that dissertation wantg #tafill the many gaps in knowledge related to
children exposure to RFID devices and, maybe, kgepeople aware to the potential health risk due
to the practical use of this technology.
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Introduction

Introduction

Electromagnetic fields (EMF) represent one of the@simpervasive and fastest growing
environmental stressors, about which anxiety amt@ming are spreading. Exposure to electric and
magnetic fields from 0 to 300 GHz has been increpiemendously as people take advantage of the
many new technologies, such as telecommunicatibhese levels will continue to increase, even
because this seems to be an irreversible process.

In this scenario the need to know the possiblethedfects of EMF, the levels below which EMF
exposure provokes no human health risks, the existef some people more likely susceptible and
more exposed to such an environmental agent becdifaetors such as age, genetics, pre-existing
health conditions, ethnic practices, gender etan@voidable. The answers to these open issues are
addressed by applying to EMF and health issuessthealled “Health Risk Assessment” (HRA)
process, which includes, among the others stepgjuhntification of the levels of an environmental
stressor, in this case EMF, to whom people are saghaalso known as “exposure assessment”.

In the previous decades, the incredible diffusiboadiular telephony, has driven all the efforttoin
assessing the EMF generated by mobile phone omajenglic exposure.

To this purpose the Commission already launchedrésearch projects on the potential health effects
of microwaves (300 MHz — 300 GHz) under tH& Framework Program for research (FP7; 2007-
2013). The first one was MOBIKITOSa case-control epidemiological study aiming atdatning
whether there is a link between mobile phone usk lamain cancer in children and adolescents,
whereas the second one is SEAWINB project aiming at developing instrumentatiod procedures
for the accurate assessment of exposure to micesvdn parallel, the recent findings about the
possible connection between leukemia and exposutew frequency (i.e. 50 Hz) magnetic field
exposure, has inspired the last FP7 project (i.MARORA °).

& MOBI-KIDS - “Study Risk of brain cancer from expwms to radiofrequency fields in childhood and adoémce”
(01/03/2009-28/02/2014; Grant Agreement n. 2268 T®p://www.mbkds.net/

b SEAWIND - “Sound exposure and risk assessment ioéless network devices” (01/12/2009-30/11/2012arGr
Agreement n. 244149)http://seawind-fp7.eu/

¢ ARIMMORA - “Advanced Research on Interaction Metisans of electromagnetic exposures with OrganisnsRisk
Assessment{01/10/2011-30/09/2014; Grant Agreement n. 28284it}p://arimmora-fp7.eu/
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However, these projects are addressing only a wapend of the RF spectrum, whereas the so-
called wireless revolution technology, driven b tburging growth of new technologies, is heavily
affecting the completely unexplored band of theriimediate frequencies .

The increasing use of various sources operatitigisnband is considerably changing the level and
the type of everyday public exposure both in timed aspace, leading to unknown highly
heterogeneous exposure patterns which have tosbstigated.

Among these technologies, one of the most knowndiffigsed, but also less investigated, is the
Radio Frequency ldentification (RFID). RFID is angec term for technologies that use radio waves
to automatically identify people or objects. The@&lepment of RFID technology started more than 60
years ago [Stockman, 1948], through a series dfefHarrington, 1964; Koelle et al., 1975]. Ndw i
has become the most reliable, safe, and quick rdetfiddentification through the storage of serial
numbers and others information that identify persombject, on a microchip that is attached to an
antenna (the chip and the antenna together aredc&fFID transponder” or “RFID tag”). When a
reader is asking for identifying information, thetenna enables the chip to transmit back themeo th
reader antenna, which decode them [Finkenzelle®]199

RFID devices are used in a huge number of appbieati(see Figure 1): asset tracking,
manufacturing, supply chain management, paymentmsgs security and access control, transport
systems, electronic passports and ID cards, anideadtifications, medical applications, sporting
events, and any other application that can takarstdges by an automatic identification of peoplkd an
objects.

Depending on the operating frequency, three maissels of RFID exist: Low-Frequency or LF
(around 125 KHz), the High-Frequency or HF (13.5612f1 and the Ultra-High-Frequency or UHF
(860-960 MHZz). The choice of the most appropriate i usually made on the basis of the maximum
distance at which that tag can be still read byrdegler (read range distance). Generally LF RFIDs
provide a shorter read range distance (< 0.5m)@mndously, a lower read speed than the RFID of the
other classes, but has the strongest ability td tags in objects with high water or metal content.
Typical low-frequency RFID applications includes cass control, animal tracking, vehicle
immobilizers, healthcare applications, product entltation and various point-of-sale applications.
High Frequency HF RFID systems has a typical reage of 1 meter and a good ability to read tags
on objects with high water or metal content. Thegdems are used in smart cards and smart shelves,
to track library books, healthcare patients, produghentication and airline baggage. Ultra High
Frequency RFID devices have a Read Range is uf m, the greatest one with respect to the other
RFID classes, with a fast data transfer rate {00 kbit/s versus 10 and 100 for LF and UHF,
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respectively) One drawback of UHF systems is a limited abitityread tags on objects with
surrounded by high vtar or metal content. This is typically the RFIDIugimn recommended fc
distribution and logistics applicatio

Figurel Example of applications of RFID technolog

As an example of the global diffusion of RFID systehe latest RFID markeesearch provided
by IDTechEx, which is one the most important conigsrwhich offers independent research
advice about emerging technologies, finds thahatehd of 2012 the value of the entire RFID ma
will be $7.67 billion, up from $6.51 billn in 2011 ad it's expected to reach $30 billior2@22 (more
detailed forecasts are available in the recentijatgd [‘RFID Forecasts, Players and Opportun
2012-2022" atwww.|DTechEX.com/foreca, last accessed on Decemb&r, 2012])

The great diffusion of such a pervasive technc is not counterbalanced by a parallel expo:

assessment aimed to define the potential heakleteftaused by the public exposure to these dev
Based on a wght of three evidences (epidemiological, animad &mvitro studies) for exposure
radiofrequencies (3 kHz 300 GHz, the main health protection organizas (e.g., Word Health
Organization WHO, Health Protection Agency HPA) auientificcommissios (e.g., the European
Commission DG SANCGscientific Committee on Emerging and Newly Ideetfi Health Risk
SCENIHR) have concluded that exposure at levels below thmeposed ICNIRP guideline
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[ICNIRP, 1998] is unlikely to lead to adverse heaffects. However, so far the possible influenge o
these health assessment related to new exposunarissegenerated by the diffusion of RDIF devices
were practically not yet investigated.

That applies even more to children. They are dmmed possibly more sensitive than adult to
EMF for two main reasons. On the one hand because grecocity of their exposure, which causes
that they are exposed much greater part of tHegsdan than adults. On the other hand, because that
exposure coincides with the development and maduraf critical organs, such as the central nervous
system and the hematopoietic and immune systemeghmeductive system.

It is well known that the developmental processesvalnerable to disruption by agents that may
not be toxic to mature systems [Grandjean and ligady 2006] and hence the possible influence of
EMF exposure on the children development cannalissharged.

As previously stated, an accurate and reliable sxmoassessment (often referred as “dosimetry”,
which is the science of quantifying the three-disienal distribution of an agent inside tissues and
organs) is an important key requirement of sciengifudies on EMF biological effects.

Computational studies on children exposure starged recently (i.e. [Findaly et al. 2009; Bakker
et al. 2010; Wang et al. 2006; Conil et al. 2008hK et al. 2009]). In 2010, WHO dedicated the entir
research agenda to children exposure, identifyirey improvement of the exposure assessment in
children as one of the highest priority issuesecabdressed. Exposure assessment can be performed
both by experimental and computational technigtifesvever, in the recent past the availability on
one side of the realistic whole body computatiomaldels and, on the other one, of low-cost high-
performance computing systems, generated an irerads interest in results achieved by
computational techniques. In that perspective, spehking of children, despite large differences in
the size, shape, and tissue distribution, for ntben two decades, due to the lack of accurate
anatomical dosimetric models for children, the ®sdon adult models have been considered
enlargeable to children. With the progress of cae®, morphing techniques, such as uniform [see
e.g., Gandhi et al. 1996] and non-uniform downiegahave been developed (see e.g., Dimbylow,
2002; Hirata et al. 2007; Conil et al. 2008]). Heer these approaches still miss the issues refated
the different rates of growth of the various tissughich led to local inaccuracies of SAR [Wiarkkt
2011]. In the last 2-3 years many realistic higbetetion whole-body computational models of
children, infants and fetuses have been develapddnade available (see i.e “Virtual Population” by
IT'IS foundation [Christ et al. 2010], “HPA phantsinby [Dimbylow 1997, 2005, Dimbylow and
Bolch, 2007], “NICT Japanese models” [Nagaoka e28D4], “Korean models” [Lee et al. 2009a].

Moreover recently, due to the ubiquity of RF sosrcthe need of new models, in particular of
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pregnant women and newborn, has been pointed cagsess their exposure. The numerous efforts
carried on to this purpose have made availableethosdels (see i.e. [Cech et al., 2007; Dimbylow,
2006; Xu et al., 2007; Nagaoka et al. 2007, 2008jsCet al. 2012, Dimbylow et al., 2010]), allowin

to increase, even in children, the reliability loé texposure assessment studies.

Computational electromagnetics applied to the EMposure assessment in biological systems
needs the identification as accurate as possitileeadielectric properties of all the modeled bgbbal
tissues. Although many studies were published @nsthibject in the last 15 years [Gabriel et al.6199
Peyman et al. 2001, 2010, 2011], this still remaim open issue, considering the difficulties in
performing this type of studies and the consequmegih level of uncertainty still present in the
available data. Moreover, the mass of this inforomatis relative to adult data only, and their
applicability as they are to children is still gtiesable. This is also considering that the diglect
properties of tissues are highly frequency and tatpre dependent and exhibit systematic changes
due to the tissue water content [Peyman, 2011]lather strongly age-dependent. Scattered measures
of some animals young tissues have been made.&se@hurai et al.,, 1984, 1985; Lu et al.,1996;
Gabriel, 2005; Olawale et al., 2005; Schmid andrb&eher, 2005; Peyman et al. 2001, 2005, 2007])
and some models to account the dependence on tigsiee content have been proposed (see i.e.
[Wang et al. 2006; Dimbylow et al., 2010]) up teegent study by [Peyman et al. 2009], who provide
a systematic review of most of young body tissuekedtric properties to use in dosimetric studies o
children.

This dissertation aims to provide responses to softtkese open issues about the computational
EMF exposure assessment related to exposure toftgighency and UHF classes of RFID devices.
An EMF exposure matrix, which includes the levdlsnagnetic field H (A/m), electric field E (V/m),
and specific absorption rate SAR (in W/kg whiclhie metric used to account the rate at which power
is absorbed by the body when exposed to radio émecjas), will be estimated case by case. In
particular this thesis will address the exposurérimastimated in neonate exposed to high frequency
HF RFID systems and of fetuses (and related pregmamen) of different gestational ages exposed
to UHF RFID. In this latter case, the increaseenfperature of fetal tissues due to the exposurk-(we
known health effects of high level power radiofrencies) will be also addressed.

This will contribute in providing answers to spécibpen questions, such as what are the exposure
levels of neonates and fetuses to these deviced, izvlthe influence of dielectric properties vadat
with age on the exposure assessment, what is thaldemperature increase due to the exposure to

such electromagnetic fields due to RFID.
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This route will run across four chapters, builtfoor papers already published or submitted by the
author of this thesis to international peer reviéyaurnals. All those works have been In Chapter 1
(built on: “Fiocchi S, Parazzini M, Paglialonga Ravazzani P. 2011. Computational exposure
assessment of electromagnetic fields generatednbRFEID system for mother-newborn identity
reconfirmation. Bioelectromagnetics. 32(5): 408-3X6close examination of EMF levels generated
by a specific RFID medical application for motherariborn identity reconfirmation will be discussed.
The levels of electric field, magnetic field and BAstimated will be compared to EMF exposure
guidelines [ICNIRP, 1998] as a function of the dpann reader-tag specifications (magnetic field
threshold and maximum distance of the reader tkkawze tag) and time of use of the reader close to
the body. These limits, drafted after a long precefsreview of different experts opinions, together
with an exhaustive summary of the results of latmoyaand epidemiological studies, are intended to
provide an adequate level of protection to timesvey EMF for both public and occupational
exposure against known adverse health effects, inegaded as the one which causes detectable
impairment of the health of the exposed subjeatfdris or her offspring. A biological effect, oneth
other hand, may or may not result in an adversdtthesifect [WHO http://www.who.int/peh-
emf/about/WhatisEMF/en/index1.html ].

Since individual anatomy and exposure conditiomshaghly diverse, while the threshold dose is
unique for different groups of people, Chapter @il{ton “Fiocchi S, Parazzini M, and Ravazzani P.
2011. RFID System For Newborn Identity Reconfirmatin Hospital: Exposure Assessment Of A
Realistic Newborn Model And Effects Of The Changé The Dielectric Properties With Age.
Progress in Biophysics and Molecular Biology, 107@®43-448) propose an improvement of the
previous one, taking into account in particular tb&ues related to the model of newborn exposure
which can affect the results of the computation #metefore the comparison with the limits. In
particular the previous results obtained on a scaiedel of a child will be compared to the ones
calculated on a realistic newborn model (“Baby”s #econd aim, the effects of the change of the
tissue dielectric properties with age on the “expesmatrix” is addressed, by proposing different
models of dielectric properties assignment.

The Chapter 3 (built on: “Fiocchi S, Markakis I, \Razani P, Samaras T. 2012. SAR assessment in
human anatomical body models exposed to handheld RIHD reader antenna” under final phase of
revision to Biolectromagnetics), shifts the focus the UHF RFID system, by addressing a
computational exposure assessment of the electrogtiagradiation generated by a realistic UHF
RFID reader, and by quantifying the exposure leireldifferent exposure scenarios and subjects (two

adults, four children, and two anatomical modelZ-odind 9-months pregnant women).
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In light of the rather high levels of SAR estimatedase of pregnant women exposure, the 4
Chapter (built on: “Fiocchi S, Markakis |, Paraid¥l, Samaras T, Ravazzani P. Estimate of the
human fetus temperature increase due to UHF RFtiDsexe” in final phase of preparation for
submission) will provide an estimation of the temgpare increase in the fetal tissues, which could
results from the physiological stress due to pdwezt loads. In particular the increase in tempegatu
will be assessed in the worst case exposure scenaerms of SAR met in the previous work, by

applying the classical approach based on the résolof the Bio Heat equation.

The work discussed in this dissertation has beew db the Department of Bioengineering of the
Polytechnic of Milan and at the Institute of Bioread Engineering ISIB of the National Research
Council CNR, under the supervision of Prof. Paolv&zzani. Moreover, the works discussed in
Chapter 3 and Chapter 4, have been performed laboohtion with the “Department of Physics” of
the “Aristotle University of Thessaloniki” and witthe company “THESS-Thessaloniki Software

Solution S.A.”, under the supervision of Prof. THems Samaras.
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Exposure assessment HF RFID Chapter 1

Computational exposure assessment of EMF generatbg
an HF RFID system for mother-newborn identity

reconfirmation

(This chapter is based on “Fiocchi S, ParazziniRéglialonga A, Ravazzani P. 2011. Computational
exposure assessment of electromagnetic fields gmeby an RFID system for mother-newborn
identity reconfirmation. Bioelectromagnetics. 32(&)8-416")

1. Introduction

Among the countless application based on RFID teldyy, recently some innovative health
applications for patient identification (ID) havedn introduced in healthcare. They consists iingett
new standards in the ID process by replacing tmemtional ID barcode wristband with one that is
RFID-enabled. This solution allows to increase tyafad security levels, together with the speed of
tracking and recording process. The RFID systenisaged for this application usually operates in the
Low Frequency LF band (120-135 kHz) or in the Higlequency HF band (13.56 MHz). The RFID
tag is usually embedded in an anklet or wristbamd] avith the patient or parent consent, the tag ID
number is linked to the database of the hospitedwang a rapid check of identity and often other
information. Among this type of applications, orpesific is the use of RFID systems for newborn-
mother reconfirmationused in particular, to address the problem of a-umpiof newborns or false
association with their mothers.

This unfortunate scenario can be caused by martgkeis, most of them falling in the human error
category: misreading infant or mother bracelet nmiation, bracelet falling off ankle or wrist, bed
mix-ups and mix-ups of babies with similar or ideat names, misreading of sequential names or ID
numbers, etc. RFID technology is supposed to bicpkarly suitable to prevent these scenarios, and
therefore several projects based on this idea arerntly running worldwide [see e.g. Dalton et al.,
2005; Thuemmler et al., 2007; Ngai et al., 2009jetBy they are planned as follows: at birth, an
RFID programmer generates two identical tags basethe mother unique hospital identification
number; one tag is inserted into the mother’s wriatcelet, the other is inserted into the infaniist

(ankle) bracelet. For the mother-baby mix-up préieensystem, the RFID reader verifies all mother-
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baby transactions and, at discharge, verifiesigig match between mother and baby in a final check
before the discharge can proceed.

Despite its growing diffusion and the sensitivitiytbe two subjects involved, this application has
not been yet object of research on the possiblétheffects of exposure to the EMF generated,
neither for patients, nor for staff and, more galigr into the healthcare environment, being the
available studies limited to some reports on pésshkectromagnetic interferences [see e.g., Cheiste
al., 2008; Van der Togt et al., 2008]. Besides, yrdifferent body regions are potentially involved b
the EMF emitted considering varying device confions, both in terms of reader-tag relative
position, geometry and electrical parameters.

The work discussed in this chapter addresses thmate by computational techniques of the EMF
distribution in body regions of newborn and motlgemerated by passive RFID at 13.56 MHz,
simulating reader-tag technical specificationsainges similar to what applied in commercial devices

2. Materials and Methods
2.1. Model of newborn and mother

Two realistic models of newborn and mother wekeafrom the Virtual Family (available for
research purposes through the IT'IS Foundationi¢Clet al., 2010a]) . They are based on high
resolution magnetic resonance (MR) images of hgaitiunteers, segmented in a voxel-based format
at a resolution of 2 mm, thus allowing to distirgflumore than 80 tissues. The two models are shown
in Figure 1.1, together with three reader positiossd in this study. The mother is a 26-year-old
female adult model (“Ella”, Body Height 1.60 m, Bod/eight 58 kg) . As to the newborn, the model
was obtained scaling the 6-year-old male child éfohious”, Body Height 1.17 m, Body Weight 19.5
kg). The scaling was performed by considering tre¥age ratio between the average size of the upper
limbs (i.e. those ones on which the bracelets app@sed to be positioned in this study) of newborn
and that one of a 6 years-old child (sizes derived from [Singh and Gupta, 1994; International
Commission on Radiological Protection ICRP, 20027lhe corresponding ratio is of 0.58. To
estimate the error introduced by the scaling methed morphological factors, the Body Mass Index
(BMI) and the Body Surface Area (BSA) and two dedvparameters (“BSA/ weight” and “weight
Y3y were calculated.
The comparison between the indexes computed fratoarical data of the newborn average data
[ICRP, 2002], and from the sizes of the scaled rhosled in this study, are as follows:
[BMI] reference13.4 kg/mi; [BMI] mesem11.1 kg/mi (difference of +17.7%)
[BSA]eterencz0.00751 11y [BSA]mode= 0.00861 ri(-14.6%)
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[BSA/weight]eterence0.00215 rYkg; [BSA/weight]uese=0.00226 rikg (-5.4%)
wherereferencerefers to anatomical data, whereasdelrefers to the child scaled model used here.

Figure 1.1 Voxel models of the mother and the newbo male (on the left). The newborn model is not a
scale drawing, being the height of the newborn modl®.42 times that one of the mother

The RFID tag-reader placements considered in thistgdy are shown on the right: a) Position_1: readein
the coronal plane, in front of the body; b) Positio_2: reader in the sagittal plane, next to the wris c)
Position_3: reader in the sagittal plane, in frontof the body. In this figure and in all the figuresof this
thesis, faces and genitals of the models have betdiaguised in a non-recongnizable manner accordingt
the agreement for the use of Virtual Family.

The two morphological factors, BMI and BMA, showitgusignificant differences passing from
referenceto modeldata. This is due to the choice of the scalintedd, aimed to fit the upper limb
dimension (i.e., the body region closest to the RF¢ader). However, when the differences are
estimated on the derived data (“BSA/weight” andit™*"), the results show lower differences than

for the morphological factors. To this purpose, samcent publications have shown a relationship
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between the derived parameters and the Whole Bédy @vbSAR) [Dimbylow and Bolch, 2007,
Hirata et al., 2007; Kihn et al., 2009]. These istmidound a good agreement of woSAR in the down-
scaled models. Therefore, from the EMF point ofwyig¢he applied scale could be considered
acceptable. This is also in accordance with theltefrom different studies [Conil et al., 2008;r3h

et al., 2010b], which found that, under specifiaditions and at frequencies far from the whole-body
resonance frequency, the scaling from adult taldidesn’t affect the solution.

The tissues dielectric properties were taken from data set available [Gabriel et al., 1996a;
Gabriel, 1996b] and set according to the frequesfche specific simulation under investigation (in
this case, 13.56 MHz). Possible variations of thesees in newborn were not taken into account
here, according also to Wang and Gabriel [Gab2i@Q5; Wang et al., 2006] that have shown small
variations of dielectric properties with age, batdinafter in this section.

2.2. Model of the RFID system and RFID technical paramse

Typically, the technical specifications of RFID deas and tags used in patient identification
applications, show high variability because thesgiabs are supposed to be general purpose. In
general, these systems are based on passive iwalgotipling RFID, mostly working at 13.56 MHz.
Both reader and tag are air coils. The reader Spatdbns provide, typically, the Read-Range (RR)
distance, that is the maximum distance at whichrélagler is still capable to activate the tag and an
average threshold level for the magnetic fielg)(Hecessary to activate the tag.
In order to identify RR average values for thisetyld applications, a reader from DATALOGIC s.r.l.
(DATALOGIC J-Series) was considered to start thalgsis here presented, as it is used in clinical
applications for newborn-mother reconfirmation italian hospitals Hrrore. Riferimento a
collegamento ipertestuale non valido.]. The RR starting value was set to an RR distarfced cm.
The classes of decoded tag were then identifiedrdomly to the technical specifications of the
reader itself. The check of the related tag tecirspecifications allowed to calculate an @ ¢t 104
dBupA/m (see, e.g., the class of tags Texas Tagat15693 at http://www.ti.com).
For the sake of generality, the analysis was the@rged from the values identified above (RR = 10
cm, Hy = 104 dBuA/m), ranging RR from 5 to 15 cm angfrbm 90 to 130 dBuA/m.

The reader coil was modeled in all simulations adreular air coil of radius 3.5 cm, roughly
estimated from the dimensions of the case of th&BIAOGIC J-Series readers used for identity

reconfirmation. For the sake of simplicity, thelasas modeled by only one turn.
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As to the tag, its dimension is highly variablenag|, so it was considered just as a passive elemen
interposed between the reader and the body, armh#tisted in a circular ring of copper with extérna
and internal radius of 0.15 cm and 0.13 cm, regpedyt

Reader and tag were placed near the models, ie tliffierent positions as shown in previous
Figure 1.1, named as follows:

1. Reader in the coronal plane, positioned in frorthefbody (Figure 1.1a)
2. Reader in the sagittal plane, positioned next ¢éovthist (Figure 1.1b)
3. Reader in the sagittal plane, positioned in frdrthe body (Figure 1.1c)

In the first two cases, the tag is positioned andRis of the reader at a distance of 1 cm from the
reader, whereas, in the last case, the tag isipusit on the reader coil plane, at a distance ahl
from the coil edge, close to the wrist to accoumtthe worst case exposure scenario. The minimum

distance between the reader and the body was ahi.2

2.3.  Simulations

The electromagnetic computations were performeagusicommercial software package [CST EM
STUDIO by CST GmbH, Darmstadt, Germany], which jdeg a solution to the time-dependent
Maxwell's equations under magneto-quasi-static @gpration . using a frequency-domain variant of
the finite integration technique (FIT), based oa tode originally described by Weiland [Weiland,
1977]. The whole computation domain was discretigsithg an automatic non-uniform hexahedral
meshing algorithm, made available by the computatigoftware itself. As a consequence the mesh
cell resolution ranged from 0.32 to 2.4 cm, depegdon the total volume on which the EMF
computation was performed and on the relative posdand dimension between the biological models
and the RFID system.

In all simulations the magnetic field (H) and tHectric field (E) levels were estimated and they
will be shown as root-mean-square values of angsditems). The point-SAR levels were estimated
by exporting Electric field data in Matlab formathe MathWorks 2007b, Natick, Massachusetts,
USA], by means of the well known expression bindingith the electric field E through the values of
conductivity and density of each involved tissube whole body volume was partitioned into sub-
body regions and the SAR was obtained by avergming SAR values over these sub-volumes.

2.4. Compliance with exposure guidelines
The compliance of the EMF generated by RFID systeims newborn-mother identity

reconfirmation, with the International Commission blon-lonizing Radiation Protection ICNIRP
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guidelines [ICNIRP, 1998] was investigated caldnfatthe maximum permitted gHand RR as a
function of the time of use of the reader clos¢h®body. The basic restrictions for SAR were taken
into account in terms of both whole body averag&RFAbSAR) and localized SAR (head and trunk,
SARy and limbs, SAR, averaged over 6 minutes. Due to the SAR definitised here (i.e. peak
instead of mass average), the peak localized |8AR-was calculated in place of the same measures
averaged over 10 g of tissue (SAR However, since the peak values of point-SARrelefinition
higher than the SAR,, the obtained results represent a conservativeapp in terms of compliance

to the guidelines. In the following, for the salectarity, the terms “compliance” should be always

interpreted as “compliance” by the conservativerapph described above.

2.5.  Sensitivity to the variation of dielectric propediin newborn

In order to take into account possible changesrapgrties with age in this study the newborn
dielectric properties were varied . In the lastaikr; several studies [Peyman et al., 2001; Gabriel,
2005; Wang et al., 2006; Peyman et al., 2009; Diowaet al., 2010; Peyman and Gabriel, 2010],
addressed this issue, finding a strong correldtiemveen the dielectric properties values and tlee ag
of the corresponding tissues. This is associatel thie decrease of water content with time of the
tissue itself.

Applying an approach recently proposed in literatibimbylow et al., 2010], an estimate of the
variation of the newborn dielectric properties etpto the adult ones was derived from the ratios
between the dielectric properties of newborn rat ault rat (data from [Peyman, 2001]) calculated a
250 MHz. These ratios were then used to multipty@abriel adult’'s properties values at 13.56 MHz
to compute the corresponding newborn’s dielectripgrties.

Dimbylow and colleagues [Dimbylow et al., 2010] epgch is as follows: newborn tissues are
classified in four classes, that is bone, skin swoid tissues, where soft tissues include the reimzgin
tissues of the body except those ones whose preperbuld not change with age (e.g. air, blood,
CSF, gallbladder bile and vitreous humor, i.e. fimarth class). In this study these four classes of
tissues were applied to “Thelonious” model. Froguantitative point of view, the conductivity ratios
were set to 3.9, 2.2 and 1.5 for bone, skin anttssues, respectively, while the permittivityioat
were set to 2.2, 1.9 and 1.25, setting the ratibodii conductivity and permittivity for the remaigi
tissues (fourth class) to 1 [Dimbylow et al., 2010]
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3. Results

Figure 1.2 shows an example of the results obtaimede three tag-reader positions for newborn
and mother. Magnetic {row) and electric (¥ row) fields magnitude have been shown on the sarfa
of the two body models, ford+ 104 dBuA/m and RR=10 cm. The distributions wémgtéd to the
reference values for human exposure defined byl@dRP guidelines [ICNIRP, 1998] at 13.56
MHz: that is to 0.073 A/m for the magnetic fielddato 28 V/m for the electric fieldAs expected,
magnetic field distribution is not affected by theesence of biological tissues, since their magneti
properties are the same of the vacuum (i.e. magmetimeabilityp=p, since =1 and magnetic

susceptibilityy=0).
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Figure 1.2 Distribution of the magnetic field H (£' row) and the electric field E (2% row )
amplitude on the surface of the two body models ithe three different coil positions. The
distributions are limited to the value specified bythe relative scale corresponding to the ICNIRP
reference values for E- and H-field at 13.56 MHz. fie newborn and mother models are shown in
different scales to enhance the readability of thigure.

To better investigate the differences of the fiefddifferent regions of the body, Figure 1.3, Figu
1.4 and Figure 1.5 show the amplitude mean valfiek & and point-SAR, respectively, obtained for
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Hy= 104 dBuA/m and RR of 10 craveraged over the various body regions, for theetlsonsidere
reader positions, considering both mother and newbrposure

3,5 4
. mNewborn_1
3,0 - ENewhorn_2
] ENewborn_3
2,5
OMother_1
g 2,0 . O Mother 2
< 1 O Mother 3
= 1,5
1,0 -

Figure 1.3. Amplitude mean \alues of the magnetic field H, averaged over diffent body
regions, for the 3 configurations of mother and networn. “prox.” and “dist.” indicate proximal
oand distal body districts,respectively, in regarc to the position of the reader. Th: term “wrist”
in the “prox. wrist” and “dist. wrist” should be re ad as “hand plus wrist”. The dashed line
indicates the to the ICNIRP reference value for I-field at 13.56 MHz.
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10.0 OMother 2

bl
8,0 O Mother_3

Figure 1.4 Amplitude mean \alues of the electric field E, averaged ovedifferent body regions,
for the 3 configurations of mother and newborn. prx.” and “dist.” indicate proximal and distal
body districts, respectively, in regarc to the position of the reader. The term “wrist” in the
“prox. wrist” and “dist. wrist” should be read as “hand plus wrist”. The dashed line indicags
the ICNIRP limit.
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These figures clearly show that for both mother aedborn the regions of the body closer to
reader are exposed to substantially higher lev&lMF compared to the distal on(mean reduction
of about 57% for H values, 64% for E values and 7#é%SAR values) and that E, H and S.
exposure levels in the newborn are always higham the corresponding values for the mother (n
increase of about 6.6, 6.4 and 41.4 times reively). Moreover, Figure 13 shows that in the
newborn model the region of the body exposed tdnitiger level of H are not only the proximal wi
and arm but also the trunk, the genital organsthedhead/neck regions, whes in the mother model

the highest levelsf H exposure is restricted to the proximal wristl arm.
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Figure 1.5. Mean walues of poin-SAR, averaged over different body regions, for the3
configurations of mother and newborn. Legend: “prox” and “dist.” indicate proximal or distal
body districts, with respect to the position of theeader. The term “wrist” in the “prox. wrist”

and “dist. wrist” should be read as “hand plus wrig”.

Figure 16 shows the results of the study of the compliamite the ICNIRP guidelines. The curv
represent the levels ofibelow which the exposure complies with EMF guidedifor a given Tim
of Use (ToU). The three paneshow the maximum permittedHersus the ToU for the three S/
restrictions (WbSAR, poinBAR;; and point-SAR from top to lettom, respectively)

In each panel the three reader positions for eamffeirare considered. Basically, the area bethe
curvescorresponds to pairs of ToU ang, values in compliance with ICNIRP guidelines. Bethg
typical range of the ToU in clical practice from few s to 20 s, the vertical daslwes on the pane

divide them into two regions corresponding
1) a Critical Region, in which the ToU is lower thah £
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Figure 1.6. Maximum permitted Hy, as a function of ToU of thereader close to the bod for

mother and newborn exposure inall tested reader positions, takeninto account the basic
restrictions for SAR. The vertical dashed line represents the boundary lb&een the Critical and
the Non-Clinical Practiceregion. A reader position not representd in the graphsmeans that the
compliance is always achieve The values on the vertical axis are in dgtA/m, where 100, 110
120, and 13@B pA/m correspond to 0.100, 0.316, 1.00 and 3.16 A/mspectively
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2) Non-Clinical Practice Region, in which the TadJbetween 20 s and 6 minutes, less probably
occurring in practice. | values corresponding to ToU above 360 s are moivistbecause
they are by definition in compliance.

In the Critical Region non compliance was foundyofdr the three reader positions related to
newborn exposure, limited to wbSARigure 1.6, top panel) and SARigure 1.6, bottom panel). In
these cases, the worst case in which the newbguseare was found not in compliance was for ToU
higher than about 6 s and,téf 130 dB uA/m (SAR Newborn_1 position). Furthermore, for ToU up
to 20 s the compliance was always achieved fpldds than 125 dB pA/m.

In the Non-Clinical Practice Region, for any ToltlwHy, lower than 113 dB pA/m compliance is
assured. On the contrary, mother exposure showsampliance for wbSAR and SARnly in the
Non- Clinical Practice Region. Atof 130 dB pA/m non compliance was found for Toghar than
about 45, 135 and 194 s for Mother_3, Mother_2 ldinther_1 positions, respectively (SARigure
1.6 bottom panel). Compliance of mother was achieteany ToU for i lower than 121 dB pA/m.

As to SARy, only newborn exposure raises some issues of ¢angel (Newborn_2 and Newborn_3)
but at H, and ToU levels higher than the ones calculatedhferother SAR estimates, which means
that those levels are higher than paigsadd ToU already not in compliance for wbSaR] SAR

The compliance is obviously affected also by theeptechnical parameter of an RFID system, that
is the RR. Mother exposure complies with the gungsl for any ToU and RR (data not shown here).
Roughly the same consideration holds also for nemlexposure, considering that compliance was
found for any ToU lower than 240 s and for any RRdr than 14 cm.

The influence of possible variation with age of thelectric properties of tissues in the newborn
model was studied considering only “Newborn_1" fiosi the one which has been found to be the
worst case scenario in terms of compliance withIRINguidelines. Table 1.1 shows the effect of the
change in dielectric properties on the whole bodgrage SAR (WbSAR) and on the localized SAR
(head and trunk, SARand limbs, SAR. The effect is provided in terms of ratio betweabese
guantities estimated by means of the Dimbylow apgihdDimbylow et al., 2010] with respect to the
ones calculated by means of the adult dielectripgrties (“Newborn_1" position). Data in the table
clearly show that varying the dielectric propertiesults in negligible changes in the SAfbout 5%
lower) and more noticeable changes in the woSAR $AR (an increase of about 23% and 19%,

respectively).
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4. Discussion

The ubiquity of RFID technology, including healtppdications, does not correspond to a parallel
increase of studies on its possible impact on haalterms of EMF exposure. To date, no studies
addressed this issue, neither on possible advegdthteffects nor on exposure assessment, thakis o
of the most crucial steps in any risk assessmertegses related to potentially hazardous agents. In
this work, the exposure assessment to EMF geneiayedn increasingly diffuse RFID health
applications, such as that one of systems for ijergconfirmation of mother and newborn by use of
tagged wristbands, is addressed.

Results show that the mean values of E, H and SARaged over different body regions are higher in
the body’s region closer to the reader than indisal one, with a trend of higher values in the
newborn model compared to the mother for all reqasitions (see Figures 1.3-1.5). Moreover, for
newborn exposure, the field distribution acrossytsodegion shows that the part of the body exposed
to the highest value is not only restricted to fineximal limb, but tends to extend up to the trunk,
genital organs and head/neck region, including efioee more sensitive organs. This results
particularly clear looking at the H field distriliom (see Figure 3). As a consequence to posititvenw
possible, the RFID tag on the ankle in place ofwhist, as sometime is done in clinic for newborns,
could be advisable. So doing, the reader wouldtrasmajor distance from the more sensitive organs
exposing those body regions to lower levels ofdfiehnd thus reducing the whole body averaged
power absorption. The influence of the differerdider positions varies as a function of the body
region or of the model taken into account (i.e. lbema vs. mother). For example on average, the
highest values were found for newborn exposurereader in the coronal plane positioned in front of
the body (Newborn_1), . On the other side, theeeadthe sagittal plane, positioned next to thistwr
(Newborn_2) is the more advisable to reduce thesxe levels.

The study of the compliance of EMF levels generditedRFID systems with the basic restrictions of
the ICNIRP guidelines [ICNIRP, 1998] was investaght as a function of the variability of some
reader technical specifications, such as the maxgfield level H, needed to awake the tag and the
read-range distance RR, and the Time of Use (TétHeodevice close to the body.

In the Critical Region, that is the region corresginog to ToU lower than 20 s, the compliance was
found related to | variability, only for newborn exposure (even falI of few seconds).

In the Non-Clinical Practice Region (i.e., for To&hging from 20 s up to 360 s), both the compliance
of newborn and mother exposure were found a funabbH,, (Hy higher than 113 dB pA/m for

newborn and i higher than 121 dB pA/m for mother exposure). Gosely, the RR variability
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resulted almost irrelevant for the compliance bmthmother and newborn exposure, for all reader
positions.

As to the sensitivity to the variation of dielectproperties with age, major variations were foiumd
the wbSAR and SARwhile almost negligible variation were found iretSAR;; (see Table 1.1).

Table 1.1. SAR values calculated modeling “Thelonis” model by the Dimbylow approach (2°
column from the left) and by the adult’s dielectricproperties (3¢ column from the left). The last
column from the left shows the ratios between thede/o quantities estimated.

Ratios

Dimbylow  Adult 10 ow/Adult)

WbSAR (W/kg) 0.0141 0.0115 1.23
Point-SAR; (W/kg)* 0.00114 0.00121 0.95
Point-SAR(W/kg)* 0.350 0.294 1.19

* The units indicated refer only to “Dimbylow” arfddult” columns.

That difference could be explained considering diféerent rate of variations of the tissues
conductivity in the various regions together witle torresponding negligible changes in the electric
field. For example the increase in conductivitytod limbs tissues is higher than that one for reeati
trunk tissues. However, one should take into accthat these results were obtained considering only
a roughly estimation of the dielectric propertiesiewborn. Hence, the concluding remark of previous
authors [Gabriel, 2005], who stated that elaboratibthe question of the exposure of children versu
adults must await more appropriate dielectric datatill valid.

Same considerations hold also for the newborn expoassessment, which could be affected by
the use of a scaled model of a child. On the omel has suggested by Bakker and colleagues [Bakker
et al., 2010], the down-scaling shows good agre¢fioenwhole body SAR as was done in this work.
On the other hand, additional studies should bépaed using a non-uniform down scaling thus
taking into account the variation of the developtritening of different body tissues or, even better,
using a real newborn model when it will be avaiabl

To complete that analysis, the human variabilityfam thickness due to pregnancy could, in
perspective, affects the results and should beideresl. To that purpose in the mother model the rat

between fat and muscle mass was increased andféloe @ this change was evaluated in terms of
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SAR variation. Both whole-body SAR and localizedFSASAR and SAR) resulted mildly affected

by the increased fat/muscle ratio: in particulaS&R, SAR and SAR; showed a decrease of 12.3%,
11.3% and 6.1%, respectively. These results arsistemt with previous studies [Dimbylow, 2007;
Nagaoka et al., 2007] and suggest that the valosned using the mother model. and suggest that
the values obtained using the mother model (EHa)aaconservative predictor of SAR in a pregnant

woman.
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RFID system for newborn identity reconfirmation:
exposure assessment of a realistic newborn modeldan

effects of the variation of the dielectric propertes with age

(This chapter is based on “Fiocchi S, Parazziniad Ravazzani P. 2011. RFID system for Newborn
identity reconfirmation in hospital: exposure Assaent of a realistic newborn model and effects of
the change of the dielectric properties with AgeodPess in Biophysics and Molecular Biology,
107(3):443-448")

1. Introduction

In the previous chapter the great advantages instaf reliability, safety, speed and automatism
that RFID application can offer has been discussgelther with an accurate exposure assessment by a
computational approach of EMF generated on mothdrreewborn by a specific RFID system for
identity reconfirmation. Results of that study @lktd in [Fiocchi et al., 2011]) showed a trend of
higher exposure in newborn compared to the mothdridicated that the time of use of the reader
close to the body plays a crucial role in the agsesit of the compliance with current EMF exposure
guidelines.

In particular has been found that the use of resaygical for such RFID application, even for less
than 10 s, could produce an overexposure of theboewin terms of SAR levels compared to the
International Commission on Non-lonizing Radiatrotection [ICNIRP 1998] limits. However, that
study presented two critical issues to be addred3est of all, the newborn model used was derived
by scaling uniformly a six-year old child, methdtht could introduce uncertainties in the results of
dosimetry as reported by several authors [Ganddli,et996, 2002; Schénborn et al., 1998; Wang and
Fujiwara, 2003; Wiart et al., 2005]. Secondly, tise as dielectric properties of the data avail&dile
human adults [Gabriel et al., 1996 and Gabriel,6],98isregarding their possible variation with age,
should introduce additional uncertainties.

The detailed knowledge of the dielectric propertiégthe biological tissues is essential for the
understanding of the interaction of the EMF witle thody. For that reason, the variability of the
dielectric properties with age due to the changebddy tissues composition has been object of
different studies both in the past [e.g. Thuraiakf 1984, 1985], particularly on brain tissue for
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newborn, young and adult species of mice and rabditd also more recently [e.g. Gabriel, 2005; Lu
et al., 1996; Olawale et al., 2005; Peyman e8I01, 2007; Peyman and Gabriel, 2010; Schmid and
Uberbacher, 2005]. In general, these studies shanéddcreased conductivity and permittivity of the
young tissues with respect to the old ones. Howeliese results were mainly found investigating the
microwave frequency range (higher than 300 MHzawpundreds GHz), addressing the exposure to
communication systems, whereas little is known abminfluence at lower frequencies.

The study presents hereafter aims to address aletgxposure assessment of the EMF generated
by a realistic RFID system at 13.56 MHz on a réialisewborn model, starting from both these two
open issues. On one hand, the exposure was eslimata realistic voxel model of a newborn (only
recently made commercially available). On the oteand, in the same newborn model, the influence
of the variation of the dielectric properties witpe is investigated.

2. Materials and Methods

The EMF induced in a newborn model generated bypdl RFID system for newborn-mother
identity reconfirmation were estimated by compuatadl techniques implemented by a commercial
code (CST EM STUDIO by CST GmbH, Darmstadt, Germany

2.1 Newborn Model

Figure 2.1 shows the newborn realistic voxel moutethe following called “Baby”, together with
the model of the RFID source for newborn-motheondicmation, used in the simulations.

The Baby model belongs to the so called CST VoaehiFy (CST GmbH, Darmstadt, Germany), a
group of seven human models of different gendes, agture and weight. Baby is an 8-week female
(size 57 cm and weight 4.2 kg) based on high réisolumagnetic resonance (MR) images segmented
in a voxel based format at a resolution of 0.855%48 mm. The segmentation, made partially
automatically by GSF (GSF National Research CefdareEnvironment and Health, Neuherberg,
Germany) allows to distinguish 30 tissues typesed in Table 2.1 together with the correspondence
between them and those ones considered by thetiielproperties database of the National Research
Council, Institute for Applied Physics “Nello Carad [IFAC CNR] (see the two columns on the left
of Table 2.1). The voxel model has originally beeade for ionizing radiation dosimetry purposes. It
is a hybrid model, in which testes have been iedeinto the originally female model to be able to

cover both sexes without the need of two separatiei.
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Figure 2.1. Left: Realistic newborn voxel model andRFID source. The coil used in the
simulations, modeling the reader, is visible overhe right wrist. Right: Longitudinal section of
the Baby model that also allows to distinguish sontéssues.

2.2 Tissue dielectric properties

As discussed above, four models of dielectric patars were applied to “Baby” tissues

1)

2)

Adult Dielectric Properties (ADP) model is based on the data measured by [Gabriel. et a
1996] and made available on the web by a calculptovided by the National Research
Council, Institute for Applied Physics “Nello Carad [IFAC CNR] according to the
frequency of the specific simulation under investiign (in this case, 13.56 MHz).

Wang Dielectric Properties (WDP) mod&Vang and colleagues [Wang et al., 2006] derived
an empirical formula for the complex relative pdtivity of various tissues as a function of
age in a range of frequencies from 900 to 1800 MHus formula allows to calculate the
dielectric properties as a function of the totatlypevater content which varies with age. This
mechanism, based on the polarization of tissuerwiatéypical of the dispersion rangdi.e.

in the GHz region). However, due to the lack ofadat low frequency, this approach has been
extended to the tail end of tifedispersion (i.e. in the kHz region), based onablsumption
that changes in the water content at lower fregesnare similar to those at microwave
frequencies. In this study, the extension of thengVapproach at the frequency of 13.56 MHz

was performed using as relative permittivity of @raa value obtained applying the approach
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3)

4)

proposed by Kaatze [Kaatze, 1989], and calculatéaeafrequency and at the temperature (37
°C) of interest.

Dimbylow Dielectric Properties (DDP) moddbimbylow and colleagues [Dimbylow et al.,
2010] estimated the newborn dielectric propertesudating the ratios between the dielectric
properties of newborn rat and adult rat (usingdat& measured in the study of Peyman and
colleagues [Peyman et al.,, 2001]) and by usingethesios as multipliers of the adult
dielectric properties in a frequency range from Bz to 6 GHz. They proposed a
classification of the newborn tissues in four graumone, skin, soft tissues and a set of tissues
whose properties would not change with age (e.g. @ood, CSF, gallbladder bile and
vitreous humor, i.e. the fourth group). As to cladsthe soft tissues, it includes all the
remaining tissues of the body whose properties gdavith age. The conductivity ratios were
set to 3.9, 2.2 and 1.5 for bone, skin and sdftids, respectively, while the permittivity ratios
were set to 2.2, 1.9 and 1.25, setting the ratibath conductivity and permittivity for the
remaining tissues (fourth group) to 1. Here theesamproach was used with the same ratios
at 13.56 MHz to compute the corresponding newb@tectric properties, applied to the adult
properties values (ADP approach).

Literature Dielectric Properties (LDP) modéh this model, additional tissues with respect to
the DDP approach were included. For all considéesties, the ratios between the dielectric
properties of adult and newborn were estimatedhenbiasis of data available in literature
[Gabriel, 2005; Lu et al., 1996; Peyman et al., 208005, 2007, 2009; Thurai et al., 1984,
1985; Schmid and Uberbacher, 2005]. That ratio sedgo 1 for the tissues of the model for
which information are available only on adult date properties. In case of more than one
ratio identified in literature at different frequses for the same tissue, the one at the
frequency closest to 13.56 MHz was selected.

The full list of the tissues and the related ratised in this study for the various approaches are

shown in Table 2.1, where also the correspondeateeen the tissues of the “Baby” model and the
IFAC CNR database are reported.
Particular attentions should be given to the dieleqroperties of the bone, whose dielectric

properties are particularly different in adult actdldren, due to the physiological changes between

them and to its variegate composition.

As a common approach to all models, the dielegimperties of the bone structure were estimated

as a weighted average of the properties of its cmapts, based on the relative percentage of the
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composition as published by International Commissim Radiological Protection ICRP in 2002

[ICRP, 2002].

Table 2.1. Column 1 and 2 from the left: Correspondnce between the tissues of the Baby model
and the IFAC CNR database of dielectric propertiedissues. Column 3, 4 and 5: Conductivity
ratios used in the different models. As to the bonstructure (Bone*) see the text for details. The

permittivity ratios are not reported due to the magieto quasi-static approximation.

. Correspondence wDP . DDP . LDP -
Baby Tissue Conductivity ~ Conductivity Conductivity
IFAC CNR . . .
Ratios Ratios Ratios
Adrenals Glands 0.85 1.50 1.00
Bone average Bone* 2.61 3.90 3.91
Brain Grey/White matter (avg) 0.74 1.50 1.23
Breast glandular tissue Glands 0.85 1.50 1.00
Colon contents Colon 0.73 1.50 1.00
Colon wall Colon 0.73 1.50 1.00
Eye bulb Eye sclera 1.02 1.00 0.96
Eye lens Lens 0.82 1.50 1.42
Fat Fat 1.50 1.50 3.60
Gall bladder Gall bladder 0.92 1.50 1.00
Gall bladder contents Gall bladder bile 0.87 1.00 .001
Heart Heart 0.70 1.50 0.58
Kidney average Kidney 0.68 1.50 0.51
Liver Liver 0.78 1.50 0.82
Lung Lung inflated 0.93 1.50 2.00
Muscle Muscle 0.83 1.50 1.01
Oesophagus Oesophagus 0.76 1.50 1.00
Ovaries Ovaries 0.69 1.50 1.00
Pancreas Pancreas 0.85 1.50 1.00
Skin Skin dry 0.63 2.20 1.22
Small intestine contents Small intestine 0.64 1.50 1.00
Small intestine wall Small intestine 0.64 1.50 1.00
Spleen Spleen 0.65 1.50 0.85
Stomach contents Stomach 0.77 1.50 1.00
Stomach wall Stomach 0.77 1.50 1.00
Testes Testis 0.65 1.50 1.00
Thymus Thymus 0.85 1.50 1.00
Thyroid Thyroid 0.84 1.50 1.00
Urinary bladder conts. Bladder 1.16 1.50 1.00
Urinary bladder wall Bladder 1.16 1.50 1.00
Uterus cervix Uterus 0.69 1.50 1.00
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This is because the bone structure experiencesdenable changes in composition with age [Peyman
et al., 2001]. The full list of the bone structw@mponents and the related percentages used in the

weighted averaging approach are shown in Table 2.2.

Table 2.2. Bone structure components for adult andewborn. The relative percentage for adult
and newborn bone composition was derived from [ICRP2002].

% in the bone tissue

Component of bone tissue

Adult Newborn
Bone cortical 52.9 46.1
Bone marrow 34.8 13.6
Cartilage 10.5 35.1
Miscellaneous 18 59

(average blood-periosteum)

2.3 Model of the RFID system and RFID technicabpagters

The source of the RFID system (i.e. the reader)madeled as a coil in which the current flows at
a frequency of 13.56 MHz, whose technical spedifices were derived by commercial devices as
described in the above mentioned study [Fiocclail,e2011]. The Read-Range (RR) distance, that is
the maximum distance at which the reader is sdifiable to activate the tag and the magnetic field
threshold level (i) necessary to activate the tag were consideradcamical specifications of the
RFID system. They were set to an average valueR=RL0 cm, K, =104 dB pA/m and used to
calculate and to model the source (one turn ciraitacoil of radius 3.5 cm, current of 0.31 A the
reader, a coil with external and internal radiu®9df5 and 0.13 cm respectively for the tag). Fer th
sake of generality, the analysis was then enlafigea the values given above (RR = 10 crg, #104
dB pA/m), ranging from 5 to 15 cm for RR and 90180 dB pA/m for K, The tag was placed
coaxially between the reader and the Baby modstadce tag-Baby of 1 cm), in the frontal plane.

The positioning of the reader (and hence of thg teas set according to the worst exposure
scenario identified in the previous publicationdéghi et al., 2011], i.e. reader positioned in froh
the body in the frontal-plane near to the wrists shown in Figure 2.1. The minimum distance
between the reader and the body was set to 1.2 cm.
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2.4 Simulations

The commercial software package used for electrogtag computation (CST EM STUDIO by
CST GmbH, Darmstadt, Germany) provides a solutmthe time-dependent Maxwell's equations
using a frequency-domain variant of the Finite gm&tion Technique (FIT) under magneto quasi-static
approximation. The whole computation domain wascrdiized using an automatic hexahedral
meshing algorithm. The applied meshes were of 73820cells, with a minimum and maximum mesh
resolution of 0.85 mm and 4 mm (corresponding &rttinimum and maximum voxel size in the three
different dimensions). The mesh was non-unifornthi@ Baby model, while it was uniform in the
background. The magnetic fieldY and the electric fieldH) were calculated as the root-mean-square
(rmg) values of their magnitudes.

The SARBasic Restrictiongvere taken into account in terms of both wholeybaderage SAR
(WbSAR) and localized SAR (head and trunk, S£dRd limbs, SAR, averaged over 6 min. Due the
SAR definition (i.e., peak instead of mass averagl)pted here, the peak localized point SAR was
calculated in place of the same measures averagadl0O g of tissue (SAR10g). However, since the
peak values of point SAR are, by definition, higtrean the SAR10g, the obtained results represent a
conservative approach in terms of compliance with guidelines. For clarity, in the following the
term “compliance” should be interpreted as coraptie using the conservative approach described
above. The point-SAR levels were estimated by akpgpdata of the electric field in Matlab format
(The MathWorks 2007b, Natick, Massachusetts, US#)d computing using the well-known
expression binding it with E through the valuescohductivity and density of each involved tissue.
The whole body volume was divided into body regigmeoximal and distal limbs, head/trunk). The
point SAR levels over limbs (SARand over the head and trunk (SARvere computed, considering
the maximum point SAR values among the levels tivertissue in the sub-volumes considered. The
whole body SAR (WbSAR) was obtained averaging thiatiSAR levels.

3. Results

3.1 Baby model with ADP dielectric properties

Figure 2.2 shows the analysis of the complianch thi¢ ICNIRP guidelines [ICNIRP, 1998] when the
exposure of the Baby model is considered. The surgpresent the levels ofyHbelow which the
exposure complies with EMF guidelines for a givemd& of Use (ToU). The blue lines show the
maximum permitted K versus the ToU for the SAR basic restrictions cotag for the Baby model.
The area below each curve corresponds to pairoof dnd H, values in compliance with ICNIRP

guidelines. As discussed in Fiocchi et al., 20hg, tiypical range of the ToU in clinical practice is
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from a few seconds to 20 s, and the vertical dathedlivides them into two regions corresponding
to: (1) a critical practice region, in which theI'@s lower than 20 s; and (2) a non-clinical preeti
region, in which the ToU is between 20 s and 6 mmopably less occurring in practicey, Malues
corresponding to ToU above 6 minutes are not sHmaause they are, by definition, in compliance.

In the same figure the results obtained in the tidehcondition with the scaled child model
[Fiocchi et al., 2011] are shown.

The curves relative to the Baby model (blue cuimdsigure 2.2) are totally inside the non-clinical
practice region, running from a minimum ToU of ab&@0 s (for the wbSAR curve) with anytf
130 dB pA/m. SAR. is not shown because results in compliance for 8oy and H, values
considered here. Therefore, this means that, st feathe range of gflconsidered here, the system is

always in compliance inside the critical practiegion for all SAR restrictions.
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Figure 2.2. Maximum Hy, as a function of the time of use ToU of the readerose to the body for
Baby exposure in the tested reader position, takingnto account the SAR Basic Restrictions. The
vertical dashed line represents the boundary betweethe critical and the non-clinical practice
region (see text for details). The values on the ieal axis are in dBpA/m, where 100, 110, 120,
and 130 dBpA/m correspond to 0.1, 0.316, 1.00, and 3.16 A/nespectively. The blue curves are
relative to the Baby model, while SAR; curve is not shown because results in compliancerfany
ToU and Hy, considered in this study. The results on the scalenewborn model obtained in the
same condition and published in [Fiocchi et al., Z01] are shown for comparison (red curves).
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Noticeable differences can be found among thesdtseand those ones obtained with the scaled
child (red curves), being the red curves fully ut#d in both regions (critical and non-clinical
practice regions), at least for woSAR and $A&Ss an example, the point wbSAR and the $AR
estimated with the scaled child resulted of ab@utB and of about 14 dB, respectively, greater than

in the Baby model, on equal average technical §pations (H,=104 dB1A/m and RR=10 cm).

3.2. Effect of change of the dielectric propertieth age

Figure 2.3 shows the Y9ercentile of the magnitude of the electric fiebwmputed in different
tissues (bone, brain, fat, hearth, liver, lung, drisovaries, skin and testes), for all four diglec
properties models considered in this study, dubdexposure of the Baby model to the RFID system.
As one can expect, the maximum values were foumdskon disregarding the model considered
(values from 4.6 to 5.6 V/m). As to the differendedween the approaches, considering the ADP
model as reference, the average variation was aftah61 dB. The maximum increase is shown by
the WDP model in the brain (4.17 dB) whereas thaimam decrease of E is in the ovaries (-9.85
dB) using the LDP model. Excluding skin, brain andries, the average variation decrease to 0.30
dB, with a maximum increase of 0.95 dB in the band a maximum decrease of 3.86 dB in the heart
tissue, both obtained using LDP model. In genenahs, the LDP model was found the one with the
maximum average change across tissues (-1.72 digreas the WDP model showed the minimum
average change (-0.01 dB). Similar computation peatormed for magnetic field, but as expected, no

significant differences were obtained among the fmproaches.

Figure 2.4 shows the curves of compliance with IRRlIguidelines [ICNIRP, 1998] for wbSAR
(Figure 2.4a) and SARFigure 2.4b). SAR is not shown because in compliance for any contisina
of Hy, and ToU. The details of the structure of the fegare the same argued for the Figure 2.2 above.
As discussed for ADP model (corresponding to thee laurves of Figure 2.3 above), also for all the
other models, the curves are well inside into thwe-dinical region (the curves start from a minimum
ToU of 60-80 s). However, the DDP model shows aewf compliance closer to the critical region
(i.e., with ToU lower than 20 s) with respect to RRnd the other models, at least for wbSAR. For

SAR the curve related to WDP model is the closesttorike critical region.
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Figure 2.3. 99" percentile of the magnitude of the electric fielcE in different body regions for
the four considered dielectric property models.
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Figure 2.4. Maximum Hy, as a function of time of use of the reader close the body for Baby
exposure in the tested reader position, taking int@ccount the basic restrictions for SAR (4a
WbSAR; 4b SAR). Details as in previous Figure 2.3. Each curve ilative to one of the four
Baby model tested (as described by the label in thmanel).

4. Discussion

As previously discussed there are very few studieEMF exposure assessment of nhewborn and
this lack of knowledge is particularly critical cgdering the spread of a new technology, sucheas th
RFID. Starting from two critical issues of modelihighlighted in a previous study on assessment of
EMF generated by an RFID system for mother-newlidentity confirmation in hospital [Fiocchi et
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al., 2011], this work investigated the exposurerioes (including induced magnetic field, electric
field and SAR levels) computed on a realistic nesmbanodel (Baby) applying adult dielectric
properties. After that, using approaches and deadadle in literature, the effect of the variatioof
the tissues dielectric properties with age wasesdrd versus the adult properties.

Considering the average technical specificationseatly in use, the exposure matrix in Baby
shows the systems comply with the ICNIRP guidelitf@slIRP, 1998]. Only for Time of Use longer
than about 2 minutes and fog,Malues (i.e., power level of the reader) highanti25 dBuA/m, the
computation shows no compliance, at least for woS&ke SAR This is different from what was
obtained using a scaled child [Fiocchi et al., 30fdr which the compliance is not fulfilled eveorf
Time of Use of just a few seconds. Moreover, ugafy, the SAR compliance curves (see Figure 2.2
above) are completely in the non-clinical practiegion, differently from the SAR compliance curves
for the scaled child, partially in the critical feg.

These results, and the consideration that the lzekav each curve is largely wider for the Baby
curves than for the scaled child ones, suggesttiigatomputation obtained in the previous study is
more conservative than for a realistic newborn rhotlee large discrepancy in the SAR values is
probably due to the great difference in the two etedparticularly in terms of geometry, number and
type of dielectric tissues included, forms and fosi

As to the effect of the variation with age of thieléctric properties for this application (at 13.56
MHz), three different approaches were implementedHe Baby model, and compared with a model
based on the adult dielectric properties. The coispa of the exposure matrices in terms of electric
field shows, in general terms, an average diffezasfano more than 0.5 dB (see Figure 2.3 above). In
particular not well defined trend can be identifidtat is no model shows similar differences (Mg
of value and sign) across tissues. When the cormgditn terms of SAR is considered, all curves were
still found in the non-clinical region, distant frothe critical one. However, some more specific
differences can be identified. For wbSAR, the mduded on the DDP approach [Dimbylow et al.,
2010] is not in compliance after a ToU of aboutnihute (i.e., half the value for the adult model
ADP). For SAR both DDP and WDP [Wang et al., 2006] models dofuifill the compliance at ToU
shorter than ADP (about 1 minute for WDP and 2 td@ador DDP). On the contrary, the model built
on literature data (LDP) is the only one showingnptiance for ToU longer than ADP, for both
WbSAR and SAR

Results of this study could lead to the concludioat the effects of the changes in dielectric
properties at 13.56 MHz on SAR levels cannot bdigibte. However, these changes are lower than

one could expect, considering the variation ofdleectric properties among the models, i.e., @ th
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average: -20% for WDP tissues, +45% for DDP tissared +1% for LDP tissues (see Table 2.1,
above).

In summary, the choice of the dielectric propertisezdel does not change the final conclusion
about compliance, but could influence the maximamtted time of use of a given RFID system for
newborn identification in hospital. Moreover, thessults could suggest a trend towards a slight
underestimation of the exposure using adult progsert

This result, however, continues to support the iclemation that there is no clear evidence of
which is the best choice in terms of dielectricpeuies for newborn model. This reinforces the need
of further investigations based on measures on agwhielectric properties in the low frequency

range.
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Exposure assessment of a UHF RFID reader in adult,

child, pregnant woman and fetus anatomical models

(This chapter is based on “Fiocchi S, Markakis §vdzzani P, Samaras T. 2013. SAR exposure from
UHF RFID reader in adult, child, pregnant woman detus anatomical models” Biolectromagnetics,
in press”)

The author wishes also to thank Dr. Sven Kihn wiwiged the measurement data for the
validation of the antenna

1. Introduction

Among the various RFID system categories, recethtyy Ultra High Frequency (UHF) RFID
systems started to find large use in a great desgplications, most of them in the class of theegal
public. UHF RFID generally operates at about 900zviblit the frequency allocation is variable with
country: in Europe it is in the frequency band 88- MHz, in North and South America in the
frequency range 902-928 MHz, and in Japan and Asiantries in the band 950-956 MHz [Rao et
al., 2005].

In a passive Ultra High Frequency (UHF) RFID systéme reader transmits a modulated RF signal
to the tag, consisting of an antenna and an Integr@ircuit (IC) chip powered only by the received
RF energy. It responds via the modulation of itskisaattering aperture (or radar cross sectiongtink
to its input impedance. Thus, the reflection otelemagnetic waves is used for the transmission of
data from the reader to the tag and vice-versa kffireller, 1999]. Generally, because
omnidirectional tag reading is wished in most dohd, the UHF RFID reader antenna are circularly
polarized. To this purpose, and even for their nfecturing simplicity, patch antennas, as the one
proposed in this study, are preferred for the UHHHRreader.

Depending on the application, they can either lgapte and handled by an operator or placed at
fixed positions. In particular, the former, is miginsed in occupational or industrial environmests,
affecting only occasionally and accidentally thengml public exposure. On the contrary, the latter
can be found in several general public applicatiand, as a consequence, the customers and the
professionally not-exposed personnel, can be inrg¢hd range of these devices (i.e., in some stores

near the dressing room entrance and connectedaionational video to allow the costumers to read
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specific information about that product, as a tigagystems in marathons/sprint, as well as in cgclin
and golf races, in the libraries to provide andaste self-service operations, and to increase the

speed and the security of inventory functions)etc.

Despite the penetration of this technology in sackide number of applications, the literature on
the exposure assessment and dosimetry of thosensyss still scarce. To the best of author
knowledge only [Kainz et al. [2003]; Martinez-Buldl&t al. [2010]; Fiocchi et al. [2011a,b]) assésse
the EMF generated by RFID and electronic articleveillance (EAS) systems on various human
models, but at completely different frequencies apglications. In the UHF range, the only studies
conducted were the one by Fung et al. [2007], wérfopmed the exposure assessment of a 900 MHz
radiofrequency identification (RFID) baggage hanglisystem at the Hong Kong International
Airport, and another by Hong and Yun [2010], whaleated the EMFs generated by a 900 MHz
RFID circularly polarized patch antenna in an aduidel.

The study described below aims at addressing thgpatational near-field exposure assessment of
the EMF generated by an UHF RFID reader antennpatticular the exposure levels together with
the identification of the worst-case exposure sibmaand the corresponding compliance conditions
for the RFID system has been identified in anataimicodels of adult, children, pregnant women at

different gestational age and respective fetuses.

2. Material and Methods
2.1 RFID Antenna Model

The RFID reader antenna was modeled from commbraakilable fixed and handheld UHF
readers (Figure 3.1).

Figure 3.1 Numerical model of the RFID reader antena.

In this work an antenna with the geometrical angsjal characteristics as shown in Table

3.1 has been considered.
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Table 3.1. Characteristics of the RFID reader antena.

Component Notes Size [mm] Material
ground plane 180x180x4 PEC
dielectric polystyrene
substrate 106x106x13 (6=0.00047S/mg=2.54)
patch 106x106x%2 PEC
radome External dimension 220%210x%120 kydex

(6=0.00252S5/mg=2.46)

kydex

radome Internal dimension 220x200%80 (6=0.002525/mg=2.46)

The antenna resonance frequency in free space Wad8lz, i.e., close to the upper limits of the

frequency range of UHF RFID applications in Europe.

2.2 Antenna Model Validation

The validation of the simulated antenna was peréarwith an elliptical phantom [IEC 62209-2
standard] filled with a TSL (tissue simulating lidy using DASY52 for SAR measurements at
SPEAG (Schmid & Partner Engineering AG, Zurich, Befiland) under the supervision of Dr. Sven
Kahn.

s oo
oo i am
i wia i
= om 4
e 01z
B o
L,
aa o
o om "
a0 a
s
o4 1,
20|
ass|

Figure 3.2. Measured (left) and simulated (right) dcal SAR (W/kg) distribution in a plane parallel tothe
flat phantom and the antenna ground plane, at a dap of 5 mm inside the liquid. X- and Y- axes unitare
meters.
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Figure 3.2 shows the measured SAR (W/kg) distridvufileft) and the simulated one (right). The
maximum measured SAR local value was 2.12 W/kglfét input power, whereas the simulation
provide a corresponding value of 2.39 W/kg, witheacentage difference of 12.73%.

The return loss of the antenna, measured with tovaetwork analyzer was below -20 dB in air and -
5 dB when measured in front of the phantom, thedandicating a good matching of the antenna with

the body simulating phantom.

2.3 Anatomical models

Eight human voxel-based anatomical models develofpeth magnetic resonance images of
volunteers were used in the computation. Six modedstaken from the Virtual Family [Christ et al.,
2010a], i.e., Duke (adult, male, 34-year-old), Biméus (child, male, 6-year-old), Roberta (child,
female, 5-years old), Eartha (child, female, 8-gyead), Louis (child, male, 14 years old) and Ella
(adult, female, 26-year-old). The two remaining misdare two adult female models in two
gestational ages of 7 and 9 months, respectivelgri$C et al., 2012], derived from partial

deformations of Ella’s womb (Figure 3.3).

Figure 3.3. Anatomical body models. From left to ght: Duke (adult male), Louis (14-year-old male),
Eartha (8-year-old female), Thelonious (6-year-oldmale), Roberta (5-year-old female) , Ella (adult
female) from the Virtual Family, 7 months pregnantfemale and 9 months pregnant femaldn this figure
and in all the figures of this thesis, faces and g#als of the models have been disguised in a non-
recongnizable manner according to the agreement fadhe use of Virtual Family.
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In all models up to 80 tissues can be distinguistedhe case of the pregnant woman models, the
tissues considered include also up to 20 tissudsifietus models. A minimum voxel resolution of 1

mm was kept for all the models.

2.4 Dielectric Properties

The dielectric tissue properties for the four adadtdels (adult male, female, and adult tissueb@frt
and 9 months preghant women) were assigned acgaaliine parametric model described by Gabriel
et al. [1996].

The tissues dielectric properties of the four aigifdwere calculated by the well-known Cole-Cole
expression [Cole and Cole, 1941] at the patch-awateperating frequency (870 MHz), using the
values measured by Peyman and Gabriel [2010] d«}igs, corresponding to a child of 1 to 4 years
of age (attributed to Roberta, Thelonious and Earthe available data being mostly close to their
age) and on 50 kg pigs, corresponding to a child214 years of age (used for Louis). Since the
available data cover only partially the tissueduded in the anatomical models used in this sttity,
adult dielectric properties [Gabriel et al. 199&Jrey applied for the remaining tissues.

To investigate the effect of the change with agehef tissue dielectric properties, the exposure
matrix was also estimated applying the adult diglecproperties [Gabriel et al., 1996] to all
Thelonious tissues.

Data on the dielectric properties of fetal tissaes almost completely lacking and were reported for
specific frequencies [Lu et al., 1996]. Recentlyiman et al. [2011] provided data of Cole-Cole
parameters for human placenta, umbilical cord anxiatic fluid, which were applied in this study.

For that reason to all the fetal tissues, excludhmy three ones mentioned above, were assigned
properties applying the approach proposed by Dimkdt al. [2007], in which the ratio between the
dielectric properties of fetus (at different geistaal ages) and adult tissues were estimated on the
basis of the corresponding ratio of water content.

2.5 Exposure Scenarios

The reader antenna was placed at three differggiesafR1, R2 and R3) and at three different
distances for each angle: 10, 20 and 50 cm frometiee of the skin of the head (Duke and child
models) or from the skin of the pregnant/non-pregnaoman wound, considering the reference
systems, whose detail are reported in Figure i flositions was chosen to simulate some exposure

scenarios that can be met in practice.
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The simulated scenarios assume the head exposadHeoside and the back (to reflect accidental
exposure of a worker or a child), whereas the alahoexposed from the side and the front, to account

for the accidental exposure of the fetus.

y y
RR2
- Abdomen/Fetus
= 4 :
X
Y
Z(e e
X
Head
1

Figure 3.4. Schematic representation of reader pd&n with respect to the body models. The center dghe
coordinate system was found through the arithmetiomean of maximum and minimum X, y, and z
coordinates, and coincides with the center of themo anatomical structures (head for Duke and child
models; and fetus or abdomen in the case of Elld)eft: for child models and Duke heads the antenna &as
placed in three positions R1 (0°), R2 (90°) and R&5°) with respect to the x-y plane. Right: for Ek and
pregnant woman fetuses the antenna was placed inrte positions R1 (-90°), R2 (0°) and R3 (-45°) with
respect to x-y plane (z=0). Distances between readmnd reference system were calculated between skin
and the center of the ground plane in both the expure scenarios, at z=0.

Recently, some authors [Findlay and Dimbylow, 200iGdlay et al 2009; Lee and Choi, 2012] have
stressed the importance of tackling the changendy Iposture, which can affect the radio frequency
exposure pattern. They found noticeable SAR diffees among standing arms down, standings arms-
up and sitting postures of adult and children fanp-wave exposures around the corresponding body
resonance frequency (about 80 MHz and 120 MHz)nbgtigible (under + 10%) differences at about
900 MHz. As to the fetus posture, in both pregnaoman models it was modeled with the head
down, and this in agreement with data derived fpmegnancy survey that reported about 98% and
62% of cases in such configurations at the end laetsheen 25 and 27 weeks of pregnancy,
respectively [Wiart et al., 2011]. Besides thatjméto and colleagues in their study addressing the
pregnant women exposure to portable radios [Akinett@l. 2010], identified that position as the

worst case position for fetal exposure when theram is irradiating the fetal trunk.
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2.6 Child models and antenna position variability

The effects of child variability with age was intigated reproducing the exposure scenario
identified as the worst case by the simulationsciilesd above, to the other child models (i.e.,
Roberta, Eartha and Louis).

The change in the antenna position was investigatethe 9-months pregnant woman model
identified as the worst case scenario in termstfsf exposure, estimating the exposure matrix when
the antenna was placed 10 cm over (R4) and undgrtfie center of the fetus and on the same plane
as R1, R2 and R3 (see Figure 3.4), in a positigrosife (i.e. behind the body) to R3, close to e s
(R3compl).

2.7 Computational approach
All the simulations were performed using the Fifidiéference Time-Domain (FDTD) technique, as
implemented in the simulation platform SEMCAD X (&ud & Partner Engineering AG, Zurich,
Switzerland), which provides a hardware accelerapgdion for faster calculations of large
electromagnetic problems. Non-uniform mesh withaximum spatial step of 4 mm in free space was
generated. The mesh step was restricted to 1 ntheianatomical models, to account for numerical
dispersion, and to 0.2 mm in the fetal skin towslbbgood discretization of this thin layer of thedlp.
The computational domain was terminated with pélsfenatched layers (PML) absorbing boundary
conditions. A distance of one wavelength betweedybor the reader and the boundaries of the
computational domain was maintained.

The exposure assessment is presented in termsadé Whdy SAR (WbSAR) and maximum 10g-
averaged (peak spatial) SAR over head/trunk (ps§fpRhormalized to 1W input power of the
antenna.

3. Results
3.1 Adult and Child Exposure

Table 3.2 shows the wbSAR levels obtained for theltamale (Duke) and the 6-year-old boy
(Thelonious), when exposed to the RFID reader enthivee configurations and distances described
above (see Figure 3.4). In both models the wors¢é-@xposure scenario was found considering the
reader in position R3, whereas the wbSAR valuesvi@und higher for Thelonious than for Duke

(about 5 dB in the worst case position R3 withahtenna at a distance of 10 cm).
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As to the variations of the wbSAR over distance, 8AR decreases as the source moves away
from the body, as expected. However, the decrezmmsto be model dependent, the rate of decrease
being slightly faster (-2.0 dB vs -1.7 dB at 20 and -5.3 dB vs -4.7 dB at 50 cm) for Thelonious

than for Duke, averaging the rate of decreaseefhitee antenna positions.

Table 3.2. wbSAR for the adult (Duke) and the 6-yaaold child (Thelonious) for head exposure.
Antenna positions R1, R2 and R3 (around the headya shown in Figure 3.4. Results are
normalized to 1 W CW input power of the reader antana.

Model Duke WbSAR [mW/kg] Thelonious wbSAR [mW/kg]
Angle R1 R2 R3 R1 R2 R3
10 5.4 4.9 55 16.4 13.1 17.4
Distance
20 3.6 3.3 3.8 9.8 9.2 10.1
(cm)
50 1.8 1.7 1.9 4.4 4.5 4.7

Table 3.3 shows the maximum psSpRevels and their locations. In both models thsues
most affected by the highest SAR levels were fotnlde the cerebrospinal fluid CSF, skin and grey

matter but in a different order depending on theleho

Table 3.3. psSARy values, antenna worst case position around the hetaand tissue peak
location as a function of the antenna distance irhe two male models (Duke and Thelonious).
Results are normalized to 1 W CW input power of theeader antenna.

10cm 20cm 50cm

Duke

PSSARoq [MW/kg] 754 301 77
Worst Case Position R3 R3 R1
Peak Location (skin)  (skin)  (skin)

Thelonious

PSSARoq [MW/kg] 623 244 54
Worst Case Position R3 R2 R2
Peak Location (CSF) (CSF) (CsF)

The psSARy levels in the body tissues are, on average, high€helonious than in Duke by
3.7 dB, with the largest increases in spleen, ptesthymus gland, heart, kidney, lung, adrenaidjla
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and bronchi. However these variations could betdube different distances among the above organs

and the reader in the two models.

3.2 Variation of Dielectric Properties

The SAR levels estimated in Thelonious, when tlaglee was positioned in R3 (worst case
position using adult dielectric properties) anchgghe set of dielectric properties as proposed by
Peyman and Gabriel [2010], show a slight decreasébBAR (-0.1 dB) and a more noticeable
increase of the maximum psSAR(+ 0.6 dB) with respect to the case in which theliadielectric

properties were used for all Thelonious tissues.

Table 3.4. Difference in tissue conductivity and AR,y Obtained in the worst case position for
the child model (Thelonious) exposure R3, comparinghe values using the child dielectric
properties with the “adult approach” (see text fordetails).

Conductivity ~ psSARq Conductivity =~ psSARq
Tissue increase increase Tissue increase increase
[dB] [dB] [dB] [dB]

Bone 51 4.1 Mandible 5.0 2.6
Bone Marrow 12.8 8.0 Medulla obl. 0.6 -0.9
Brain grey matt. 0.2 -0.5 Midbrain 0.4 0.4
Brain white matt. 0.6 -0.3 Muscle 0.5 0.1
Cartilage 2.7 15 Pons 0.6 -0.1

Cornea -1.0 -3.0 SAT 6.8 4.9
Diaphragm 05 -1.0 Skin -0.3 -1.0
Ear cartilage 2.7 2.0 Skull 7.3 5.8
Ear skin -0.3 -0.5 Spinal cord 0.2 -1.1

Fat 6.8 4.4 Teeth 5.0 1.9
Hippocampus 0.2 -1.0 Tongue 0.5 -1.4
Intervert. disc 2.7 25 Trachea 2.7 1.0
Larynx 27 3.3 Vertebrae 5.0 3.4

The most remarkable differences between the ps§ARthe tissues (Table 3.4) obtained with the
two approaches were observed in the bone marrddwdB), where the conductivity increases by 12.6
dB.

3.3 Pregnant and Non-Pregnant Woman Exposure
The wbSAR values calculated in Ella, in the pregrmemmen, and in the fetuses, considering case-

by-case the worst-case scenario for the positioafrige antenna, are shown in Table 3.5.
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The SAR levels in the pregnant women were fourgh#ly higher, with an increase of 0.07 dB and
0.4 dB at 10 cm for the 7 and 9 months pregnant empmespectively, than the values estimated in
Ella. The 9 months fetus absorbs higher valueoafep than 7 months one, with an increase of about
0.7 dB at a distance of 10 cm, whereas the whSAR#@ses 0.3 dB in the 9 months pregnant woman
compared to the 7 months pregnant woman. Tablest®®/s also the changes (in dB) in the SAR
values with the distance of the model from the ramée As expected, the fetuses were found more
sensitive to the distance than the pregnant woifiablé¢ 3.5).

Table 3.5. wbSAR computed by simulating the worstase position of the RFID antenna at 10
cm in front of the abdomen (indicated inside the backets) and mean difference (across the
three antenna positions) in the whole body SAR (whit respect to the corresponding wbSAR at
10 cm) at 20 cm and 50 cm. Results are normalized 1 W CW input power of the reader
antenna.

WbSAF Mean difference of whSA
[mW/kg] across the antenna
positions [dB]

Distance 10 cm 20 cm 50 cm
Ella 11.1[R1 -1.2 3.1
7mo pregnal 11.3[R1 -1.4 4.1
9mo pregnal 12.2 [R3 -2.2 -3.6
7mo fetu: 41.6 [R3 -2.2 -1.7
9mo fetu: 486 [R3] -4.2 -9.0
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Figure 3.5. Examples of 10g psSAR distribution. (AR over Ella with the reader antenna in
position R1. (b) SAR over the 9-month pregnant bodwith the reader in position R3. (¢) SAR in
a sagittal plane of the 7-month pregnant in positio R1 (the little cube in this panel denotes the
maximum location of 10g psSAR). R1 and R3 positionare described in Figure 3.4. Results are
normalized to 1 W CW input power of the reader antana.

Figure 3.5 shows some examples of psgpBistributions obtained from Ella (non-pregnantyl ine
two pregnant women, with the antenna positionedifferent positions; as expected the maximum
psSAR levels were found in the regions close to the ee@ositions.

Table 3.6 shows the psSAlRcomputed in Ella, in the pregnant woman modelsiariie fetuses,
considering the antenna in its worst-case posititth and R3 as a function of the model). ps@4R
shows rather high values of about or even above/\W¢hen the antenna is 10 cm away from the
body. Even for all the other antenna positionspgb8AR oy were found around 2 W/kg (not shown in
the Table). However, the levels decrease with ticecase of the distance between the body and the

antenna. The most exposed tissues for every expasenario are the ones close to the model surface
(skin, muscle, uterus and amniotic fluid).
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Table 3.6. psSARyy estimated in Ella, pregnant women and fetuses msidering the worst case
position for the antenna in front of the abdomen (udicated inside the brackets).The psSAR,
was found in the skin in all cases but one (in thamniotic fluid, 9-months pregnant woman).
Results are normalized to 1 W CW input power of theeader antenna.

PSSARy [W/kg]

10cm 20 cm 50 cm

Ella 1.98 0.68 0.15

[R1] [R1] [R1]
7mo  pregnant| 3.29 1.20 0.25
woman [R1] [R1] [R1]
9mo  pregnant| 3.22 0.25 0.08
woman [R3] [R2] [R2]
7mo fetus 0.53 0.17 0.04

[R3] [R1] [R1]
9mo fetus 1.97 0.13 0.04

[R3] [R1] [R1]

3.4 Human and Source position Variability
WbhSAR and psSAR, as a function of age, computed in the children ef®dworst-case antenna
scenario R3 at a distance of 10 cm) are shown bieTa7. It is clear from that figure, that wbSAR

and psSARyy decreases with age.

Table 3.7. wbSAR and psSARy values as a function of age. The data are showrrfthe four
child models. In all cases the antenna position wd®3 around the head (that is the worst case
exposure scenario), at a distance of 10 cm. The dafor Thelonious has been previously
calculated using the approach which consider dieléic properties dependency with age, and
they are here reported for the sake of readabilitypsSAR;q, values were found on CSF in all
child models. Results are normalized to 1 W CW inpupower of the reader antenna.

Child Age WbSAR PSSAR g

Model [years] [mW/Kkg] [mWI/kg]
Thelonious 6 17.0 715
Roberta 5 18.2 684
Eartha 8 12.6 673
Louis 14 6.8 547
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They show similar values for the youngest childf€helonious, Roberta) and a decrease for Eartha
and (mainly) for Louis. The dielectric propertigs all models were set using the approach which
considers their dependency with age described af2Zo#éDielectric Properties

The effect of change in the source position arotived abdomen is shown in Table 3.8, where is
evident that the worst-case position of the antésifk8.

Table 3.8. WbSAR and psSARy values estimated in the 9-months pregnant woman dnin the
corresponding fetus with the antenna placed in diffrent positions in front of the abdomen, at a
distance of 10 cm. In the Table the data about theame models estimated in position R3 as
shown in Table 3.5 and Table 3.6, are copied her@rfthe sake of readability. Results are

normalized to 1 W CW input power of the reader antana.

Antenna WbSAR
N Model pSSAR [W/kg]
position [mW/kg]
Pregnant 12.2 3.22
R3 woman
Fetus 48.6 1.97
Pregnant
8.63 1.19
R3compl woman
Fetus 0.23 6.08*1d
Pregnant
4.03 0.41
R4 woman
Fetus 7.88 0.13
Pregnant
5.32 0.59
R5 woman
Fetus 21.70 0.30

4, Discussion

Before entering into discussion and interpretatifrine results of this study, one should take into

consideration that, as stated above, the expossessment of UHF RFID operating in the European
UHF RFID frequency range was explored. Europeandstals [ETSI, 2010] define the technical

characteristics for short range devices, includRfdD; specifying a maximum radiated power of 500
mW for non-specific-use applications (in this stuall/the results were normalized to 1 W radiated
power) and a duty cycle of 10%. Therefore, forititerpretation of the results presented in theemntrr

study (see, e.g., Table 3.3 and Table 3.6) witheeisto the compliance of an RFID reader with the
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International Commission on Non-lonizing Radiati®totection (ICNRIP) exposure guidelines
[ICNIRP, 1998], the data should be rescaled by iplylhg them with a factor of 0.05.

The great variety of RFID applications and corresfiiog readers models, makes impossible to
enlarge the results of this study to any RFID expesituation. But since the modeling charactessti
(dimensions, materials, resonance frequency) ofréfaeler antenna used here are derived from a
comprehensive market survey, the simulated anteande considered as a typical UHF RFID reader
model.

The maximum levels of WbSAR (see, Table 3.2, Tabke Table 3.7 and Table 3.8) are largely
below the limits of the ICNIRP guidelines [1998hi3 is not true for the adult exposure (more than -
12 dB, -8.6 dB, -8.5 dB, -8.2 dB from the wbSARitimf 0.08 W/kg for adult male, adult female, 7
and 9 months pregnant woman, respectively), but fals the child (-6.5 dB) and the fetuses (more
than -2.8 dB and -2.2 dB for fetuses at gestatiagak of 7 and 9 months, respectively) exposure. An
increasing trend with age in wbSAR levels was foumdvery exposure scenario (see Table 3.7). This
trend can be explained by considering the higheraming mass for the same equivalent power
sources in the adult model than in the child artdsfenodels. The position of the source affects
especially the fetus exposure (Table 3.5 and Tal8e

The fetal wbSAR varies on average towards diffeegiosure configurations by about 4.1 dB,
while the wbSAR of the preghant woman remains godestant (mean variation of about 1 dB);
similar results was obtained even when the locpbsure is considered (i.e., psSAJR as shown in
Table 3.6. This is mainly due to the different diss distribution in front of the sources, due te th
different geometrical development of the tissueh \gestational age and to the different valuedef t
conductivity of the tissues. As stated above, tl¥SAR levels in the pregnant models were found
slightly higher compared to the ones of the norgpaat adult female model (Table 3.5). This is due
to the addition to the non-pregnant woman moddligli conductivity fetal tissues, including amniotic
fluid without a realistic thickening of the low cdunctivity fat layer. As a matter of fact, as disped
by several authors (see, e.g., [Christ et al., Rq@®nil et al., 2008]) the increase of fat/muskdo
and the consequent rise in Body Mass Index (BMpical of pregnancy, produce a decrease in SAR.
However, this assures that the results obtainethenpregnant models here can be considered as
conservative predictors of SAR levels.

The psSARy levels (Table 3.3 and Table 3.7) are not critisah respect to the ICNIRP [1998]
basic restriction, the maximum levels being lowesrt about 5 dB from the 2 W/kg provided for in the
guidelines. The obtained values are in agreemetht tlvose reported by Hong and Yun [2010] in a

similar exposure scenario for a UHF RFID readere Ttaximum psSARy is slightly lower (from -
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0.4 to -1.4 dB) in the child than in the adult migddut its location varies between them and with
distance (Table 3.3 and Table 3.7). On the contnaugre concern could be raised with respect to
trunk exposure (psSAR, values in Table 3.6), where the maximum psgfRvels (Table 3.6) for
the 7 and 9 months pregnant female resulted hititer the exposure guidelines [ICNIRP, 1998]
(+2.2 dB and +2.1 dB, respectively). As a diffemnthe SAR values are close to the ICNIRP
guidelines when non-pregnant woman and the fetasgaistational age of 9 months are considered (-
0.04 dB, and -0.06 dB, respectively).

As to the change of dielectric properties with @be,results obtained using for Thelonious tisgshes
dielectric properties proposed by Peyman and Ga2@4.0], show very slight differences compared
to the ones obtained using adult properties, withaximum change in wbSAR of -0.1 dB and in
maximum psSAR,, of about 0.6 dB, the only major change being ire¢dGAR estimated in isolated
tissues.

These results are consistent with the results fdyynother authors [Mason et al. 2000; GajSek et al.
2001; Keshvari et al., 2006; Dimbylow et al., 20@0&yman et al., 2009; Christ et al., 2010b], who
have shown that the change in dielectric propedtes not necessarily lead to a significant chamge
the averaged psSAR values and that only for specific single tissupasure, such as bone marrow,
bone, and fat, the differences should not be ntgfled he great differences of psSaRvalues found
in those tissue, besides the large differencesmauactivity experienced, can be also explainedhiy t
increased reflection coefficient at the boundakiesveen different tissue layers (skin/fat, musaty/f
and to the consequent gain absorbed energy by ®rgiin rather low conductivity and low primary
SAR values from surrounding high conductivity orgavith high primary SAR values.

As a final remark, one should note that, besidesuincertainty due to the choice of dielectric
properties, there are several other factors, sitrito the computational simulation, that can iefice
the reliability of the estimated SAR values. Thbsterogeneous sources of error are mainly related t
the numerical limits of modeling of the source amé&tomical body, discretization, resolution of the
FDTD grid at a specific frequency, choice of thgaaithm for SAR calculation [Huber et al., 2003;
Laasko et al., 2010; Kuster et al., 2006; Bakkeal€2010]. The worst-case total expanded unceytain
of the numerical modeling with 95% confidence ingdr(k=2) can reach 58% for the psSAR
according to Bakker et al. [2010].
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Estimate of the Human Fetus Temperature Increase
due to UHF RFID Exposure

(This chapter is based on “Fiocchi S, Parazzini Mlarkakis |, Samaras T, Ravazzani P.
“Temperature elevation in fetus exposed to UHF RF#Haders” submitted to IEEE Trans Biomed
Eng on April 2013 ")

1. Introduction

Children and adults have almost the same capabililissipate whole-body heat loads, but children
are more disposed to have a higher rate of heatptien than adults and, moreover, dehydration may
have a more damaging effect on children becauseeaf greater dependence on elevated skin blood
flow to dissipate heat. Hyperthermia during pregiyacan cause embryonic death, abortion, growth
retardation, and developmental defects. In humgpisiemiologic studies suggest that an elevation of
maternal body temperature by 2°C for at least 2drdaduring fever can cause a range of
developmental defects. In addition, young infargeda2-3 months are even more vulnerable than
neonates because of their higher metabolic ratiterbssue insulation, and slightly lower surface
area/mass ratio [Kheifets et al. 2005].

Thermoregulation is an important aspect of fetalspdlogy and has attracted the attention of many
researchers with respect to exercise during pregn@ell and O’Neill [1994], Soultanakis-Aligianni,
[2003]) perinatal management of the fetus [Asak@f)4] and teratogenicity [Ziskin and Morrissey,
2011]. The fetus develops in the uterus under é&erabtabolism. Its metabolic rate is higher and its
temperature remains 0.3 to 0.5 °C higher thandhah adult [Asakura, 2004]. Since fetal tempematur
is higher than maternal temperature, heat is teared from the fetus to the mother. Gilbert et al.
[1985] found that in sheep 85% of the heat produmethe fetal lamb is transferred to the mother via
the umbilical circulation. The remaining 15% of fw®duced heat is conducted through the fetal skin,
the amnion and, finally, the uterine wall to thetemaal abdomen. If heat production and loss froen th
fetal body remain balanced, fetal temperature staysstant. However, if the heat transfer to the

mother is disrupted for any reason, the fetal teatpee may increase. Several biological, chemical
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and physical agents, can change the temperatuferahd heat load of either the fetus or the mother
and, thus, disturb normal fetal thermoregulation.

Being the main macroscopic effect induced by RFosupe the heating of tissues [ICNIRP, 1998],
the increase in temperature due to RF exposureeignant women and hence fetus is of particular
concern. This is for example at the basis of thestjan whether a pregnant woman can undergo an
MRI examination without any risk for the fetus dwepotential thermal effects from RF radiation has
been the subject of several works (Hand et al. g20@/u et al. [2006]; Gowland and De Wilde
[2008]; Pediaditis et al. [2008]; Ruckhaberle et[2008]; Hand et al. [2010]; Kikuchi et al. [2010]
Murbach et al. [2011]). The assessment of the $ewél exposure to RF is often limited to the
estimation of the Specific Absorption Rate (SARyuantity directly related to thermal effects, Tisis
in Hand et al. [2006]; Pediaditis et al. [2008]; Mach et al. [2011]. Some other studies went ogye st
further by assessing the increase in fetal temperatue to RF exposure using computational methods
based on the application of a modified versionhef bio-heat equation (BHE) introduced by Pennes
[1948]. This is, for example in Wu et al. [2006]ait et al. [2010]; Kikuchi et al. [2010] O’Connor
[1999]; Kainz et al. [2003]; Dimbylow [2007]; Nadea et al. [2007]; Lee et al. [2009b]; McIntosh et
al. [2010]; Takahashi et al. [2010].

In the previous chapter (see Chapter 3 and [Fioethl. 2012, submitted]), which was focused to
assess the exposure to UHF RFID devices of pregmamten, high levels of SAR values in some
fetal tissues were found In order to better ingegtd the possible effect induced by such a high
exposure, in this chapter the temperature raishdrsame exposure scenarios are estimated applying

the classical approach based on the BHE resolution.

2. Material and Methods

2.1 Anatomical models and exposure scenario

The two pregnant women models are obtained fromrtigbdeformations of the womb of the adult
female model named “Ella” of the Virtual Family [t et al., 2010a]. In particular the 7th month
pregnant woman model was obtained by integratiriglila” the segmented MR images of a pregnant
woman abdomen, while the 9 months is based oroftthe 7th month, but the fetus model was
replaced by a model of a scaled newborn [Chriat.e2012].

In addition to fetal tissues, placenta, amnioticdi(and umbilical cord for the 7 months pregnant
woman only) were also integrated in the anatonitadels.

Temperature increase in fetal tissues was estimatetsidering the two worst cases exposure

scenarios in terms of SAR levels obtained in the &hputation (see previous Chapter 3). These
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coincide in particular with the RFID reader positd at 10 cm from the 7 months pregnant woman
skin in front of her fetus (in the previous chaptamed R1), and at 10 cm from the 9 months pregnant
woman, at -45 °C in the x-y plane, considering réference system shown in Figure 3.4 of Chapter 3
(named “R3") in which high peak SAR levels haverbémund even over the ICNIRP limits. For the
sake of simplicity, in this chapter the two exp&swscenarios will be indicate as “7 months fetus
exposure” an “9 months fetus exposure”.

2.2 Thermal model
Temperature increase inside the tissue exposeEodenerated by UHF RFID system, was
calculated using the Pennes bioheat equation (BPiE)nes, 1948] as implemented by the thermal
solver of the simulation platform SEMCAD X (SchnddPartner Engineering AG, Zurich,
Switzerland). This provides a finite different b of the following differential equation:

pcZ = V-(kVT) + pQ + pS — pypcppa (T — Ty) (1)
WhereT is the temperature of the tisstigs the time,p, candk are the density, the specific heat and
the thermal conductivity of the tissue/medium, extjpely. Q is the metabolic heat generation r&te,
is the specific absorption rate (SAR) due to EMpasurew is the volumetric blood perfusion rate
andpy,, G, andT, are the density, the specific heat and the temperaff the blood.
When the goal of the simulation is to obtain thaperature increaséif.) due to SAR exposure and
such increase is expected to be small (< 1 °C)tisbae parameterg,(c, k,w, Q, Tp) and the
parameters necessary to define boundary conditienghe heat transfer rate due to convection
cooling through air contatt, the temperature outside the boundary, and theflogadue to
perspiration) can be considered time and temperatdependent. Morever, subtracting the equations
(2) for the exposed and unexposed conditions cameelthe common terms (i.e. the one linked to the
metabolic hegtQ and the one linked to the fixed blood temperalyré,c,wTy) and it's possible to
consider a simplified version of the previous eguatfor further details on this approximation see
[Bakker, 2012]):

pcTt = V(kVTiner) + pS — PyCup@Tincr 2)
with mixed boundary conditionls% + hTi,.r = 0 at the interface between maternal skin and air
(h=8 W/(nf-K) as in [Bakker et al. 2011]); Neumann boundarydiﬁonsk% = 0 at the interface

between maternal air tissues (i.e. internal aionbhi lumen, esophagus lumen, pharynx and trachea
lumen) and the other tissues in contact with thBxmichlet boundary condition¥;,,.. = 0 at the

interface between blood (i.e. artery and veins) alhdhe tissue perfused by blood (all the tissue
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except air tissues, maternal and fetal CSF, mdtamd fetal humor vitreous, amniotic fluid, teeth,
stomach lumen and small intestine lumen.

In this work that second formulation (as implemeénie the Thermal solver of SEMCAD) is used
since the goal is the estimate of temperature @&serelue to the SAR distributions generated by the
exposure to UHF RFID, which is expected to be lgwm 1 °C, even for long time exposure
formulation (see for comparison the works of Wamgl Fujiwara [1999], Bernardi et al [2000],
Ibrahiem et al. [2005], who evaluated the tempeeatacrease in the head due to the exposure to
mobile phone antenna at 900 MHz and comparableubutpwers, finding lower temperature
increases). In case the results should be higlagr 1h°C the evaluation should be repeated using the
complete BHE.

Temperature rise were calculated for each expostgeario both at the steady state (by assuming a
zero temporal gradient in Equation (2)) and as rectfan of time (considering a simulation time
exposure of 3 hours as suggested in [Hirata e204l8]) to get information about transient effect i

time.

2.3Thermal parameters

Dielectric properties and density of the tissuethefpregnant women models are the same assigned in
the electromagnetic simulation to determine SARafitér 3) distributions, which represent one of
the entry data of the BHE.

In addition, thermal simulations require thermaigpaeters of the tissues (i c, ¢, ). Mothers
tissues thermal parameters are taken from [Bakket. 2011] with exception of the values of the
amniotic fluid and placenta that were taken fromnéiaet al. [2010] and umbilical cord whose
properties are considered as for blood. Thermapgnties of fetal tissues are considered here
equivalent to the one used for the correspondinif idsues.

3. Results

Figure 4.1 shows the temperature increase disinib@t the steady-state on the surface of the fetus
computed using the “7 months fetus exposure” aed‘®hmonths fetus exposure”. As expected the
location of the maximum values was the same ofntlagimum peak SAR value (see Figure 3.5,

Chapter 3) and in correspondence with the posdfahe reader.
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Scaling Scaling
0,220 =C 0.665 =C
0.175 0.532
0.132 0.39%
0.038 0.206
0.044 0.133
0.000 =C J - 0.000 =C

Figure 4.1. Temperature increase distribution at tle steady state on the surface of the fetus for
the “7 months fetus exposure” (left) and the “9 moths fetus exposure”. Color bars are clamped
to the maximum value if temperature found in the féal tissues. Results are obtained considering
1 W CW input power of the RFID reader antenna. In tis figure and in all the figures of this
thesis, faces and genitals of the models have bedisguised in a non-recongnizable manner
according to the agreement for the use of the Virtal Family.

Maximum and median of the temperature increasélisions calculated at the steady-state in the “7
months fetus exposure” and in the “9 months felgwsure” conditions are reported in Table 4.1 and
Table 4.2, respectively.

Median value in place of mean value was chosenlattar descriptor of the distribution. The term
“Fetus” in the table refers to all the tissueselisabove the term itself, as a consequence theidved
Tiner is the median value of the distribution of.fover the whole fetus, and the “MaximumqT is

the maximum value of the distribution of,Jover the whole fetus (which coincides with maximaim

the “Maximum T, of the same fetal tissues listed above the téseifi
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Table 1 Maximum and median values of i, distributions at the steady-state for fetal tissug,
amniotic fluid, placenta and umbilical cord for the two exposure scenarios “7 months fetus
exposure” and “9 months fetus exposure”. The termFetus’ in the Table refers to all the tissues
listed above the term itself. The corresponding vaks are associated to the total distribution of
Tiner OVer the whole fetus. Results are obtained considley 1 W CW input power of the RFID
reader antenna.

Tissue 7 months fetus 9 months fetus
Median T Maximum Trer Median T Maximum Tner
[°C] [°C] [°C] [°C]

Adrenal gland 0.004 0.013
Bladder 0.006 0.016 0.020 0.059
Bone 0.006 0.143 0.002 0.166
Brain 0.000 0.019 0.000 0.002
CSF 0.001 0.003
Esophagus 0.003 0.006
Eye lens 0.022 0.051 0.001 0.001
Eye vitreous humor 0.001 0.003
Fat 0.012 0.196 0.008 0.528
Gallbladder 0.004 0.006 0.002 0.005
Heart_muscle 0.002 0.016 0.000 0.003
Kidney_cortex 0.000 0.014 0.002 0.021
Liver 0.002 0.035 0.001 0.006
Lung 0.002 0.064 0.001 0.013
Muscle 0.012 0.161 0.005 0.283
Ovary 0.020 0.037
Pancreas 0.004 0.009
SAT 0.022 0.220 0.006 0.590
Skin 0.015 0.217 0.005 0.662
Small_intestine 0.001 0.013 0.002 0.085
Spinal_cord 0.002 0.008 0.008 0.064
Spleen 0.000 0.001 0.011 0.053
Stomach 0.001 0.002 0.007 0.027
Thymus 0.000 0.001
Thyroid gland 0.000 0.000
Uterus 0.023 0.032
Fetus 0.004 0.220 0.004 0.662
Amniotic fluid 0.019 0.264 0.006 0.719
Placenta 0.000 0.007 0.000 0.010
Umbilical cord 0.061 0.141
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Figure 4.2 (7 months fetus exposure”) and FiguBe(® months fetus exposure”) show the
normalized fractions of the volume of the six tissin which the highest values of “Maximuri.T)
were found, i.e., fat, muscle, SAT, skin, fetus anthiotic fluid, versus the experienced. They tfear
show that the distribution of temperature incraagose tissues is strongly focused next to the
maximum, but rapidly decrease moving away from thEhat means that most of the volume is at

very low T
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Figure 4.2 Histograms of the temperature increaselistribution at the steady-state of six
representative tissues for the “7 months fetus exgare”, normalized with respect to the
“Maximum T ;,,” of each distribution.
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This effect is particularly clear in the “9 monfietus exposure” (Figure 4.3) where in all the six
tissues, more than 80% (versus the range 50 %% ifbthe “7 month exposure” tissues of Figure

4.2) of the total volume of the tissue itself isd;,, within the 10% of the “Maximum 1"

Fat Muscle
1 1 1
c c
20,8 20,8
Q Q
206 - 206 -
LL LL
204 - 204 -
=) =)
2 0,2 A S 02 -
> >
0 - — 0 - —
01 02 03 04 05 06 07 08 09 1,0 0102 03 04 05 06 07 08 09 1,0
Normalized Temperature Normalized Temperature
SAT Skin
11 1
c c
20,8 - 20,8
[8] (8]
206 - 206 -
LL LL
204 £ 04 -
=} =}
2 0,2 A S 02 -
> >
0 - — 0 -
01 02 03 04 05 06 07 08 09 1,0 0102 03 04 05 06 07 08 09 1,0
Normalized Temperature Normalized Temperature
Fetus Amniotic Fluid
1 - 15
c c
20,8 - 20,8 1
(8] Q
C06 - 06 -
LL LL
£ 04 - £ 04 -
=} =}
5 0,2 1 5 0,2
> >
0 | — O A
01 02 03 04 05 06 07 08 09 1,0 01 02 03 04 05 06 07 08 09 1,0
Normalized Temperature Normalized Temperature

Figure 4.3 Histograms of the temperature increaselistribution at the steady-state of six
representative tissues for the “9 months fetus exgare”, normalized with respect to the
“Maximum T ;.. of each distribution.
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Figure 4.4 Temperature increase distributions at te steady state for “7 months fetus exposure”
(left) and “9 months fetus exposure” (right) on coonal (1* row), sagittal (2" row) and
transversal (3 row) plane where maximum value of temperature indtus was found. Scaling
bars are clamped to those maximum values. In eaclice fetus model is superimposed to allow
the reader understanding its position with respecto temperature distributions. Results are
obtained considering 1 W CW input power of the RFIDreader antenna.

Figure 4.4 shows temperature distributions for B@tmonths fetus exposure” and “9 months fetus

exposure” on coronal {1row), sagittal (2 row) and transversal {3ow) planes. The sections were

identified as those ones in which the maximum valuemperature in the fetus was found. Scaling
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bars are clamped to those maximum values. In deehfetus model is superimposed to allow the
reader understanding its position with respethéotemperature raise distributions.
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Figure 4.5 Behavior with time of the “Maximum Ti." over fetus for both “7 months fetus
exposure” and “9 months fetus exposure” scenariomi7 months and 9 month fetal tissues).
Results are obtained considering 1 W CW input poweof the RFID reader antenna.

Figure 4.5 shows the behaviour with time of the slaum T, over all fetal tissues estimated
where the maximum of fetus,d distribution was found at the steady-state (iseshown by the
“Maximum T, listed in Table 4.1, in the SAT for the “7 montfedus exposure” and in the skin for
the “ 9 months fetus exposure”). The figure showesresults for both “7 months fetus exposure” and
“9 months fetus exposure” scenarios in 7 months @anabnth fetal tissues (named “Fetus” in Table
4.1, Figure 4.2 and Figure 4.3).

Table 2 Percentage differences of the MaximumE; calculated in fetal tissues (Fetus) at some
temporal instants (£' column) with respect to the Maximum T, at the steady state for the 7
months and the 9 months Fetus exposure.

;I'r:]rlr;]e) % of steady state
7 months Fetus 9 months Fetus

1 3.2 10.6

6 17.9 39.3

10 28.2 53.6

60 87.7 97.0

120 98.7 99.7
180 99.9 100.0

Moreover, Tables 2 displays the percentage of ‘tbepletion of the steady state”, which is

calculated as the percentage difference betweetMhrimum T,..,” calculated, at a certain time, in

80



Fetus Temperature Increase UHF RFID exposure Ghapt

the position of the “ increase found at the stestdye, and the “Maximum;[;" at the steady state

itself .

4. Discussion

Temperature rise from RF radiation exposure hag wen recognized as the major adverse effect
in the RF frequency range [ICNIRP, 1998] which irgs the operating frequencies of UHF RFID
(i.e. 870-915 MHz). This effect could be more harhiibr fetus since it has more limited capability t
regulate its own temperature.

ICNIRP guidelines [ICNIRP, 1998] indicates thataddished biological and health effects in the
frequency range from 10 MHz to a few GHz are caasiswith responses to a body temperature rises
of more than 1°C which has been correlated to amam whole-body-averaged specific absorption
rate (WbSAR) of 4 W/kg for 30 minutes. From thateghold, reduction safety factor were applied to
WbSAR limits to provide adequate protection for umational exposure and public exposure. To
prevent excessive localized tissue heating, adwitisestrictions on the localized maximum 10g-
averaged peak spatial SAR (psSAJrRare provided. These localized peak SAR, as showthe
previous chapter, can be exceeded in case of getbnse of UHF RFID close to pregnant woman.
However, since an absolute threshold temperaturesifoh excessive heating is not given, it is not
possible to determine if these restrictions arepl@nt. For that reason in that discussion thelined
raise in temperature of 1 ° C will be considered #disreshold for comparison as suggested in [Bakker
et al. 2011].

Maximum T, at the steady-state due to UHF RFID exposure wexamd around 0.2 °C in sat,
skin, fat, muscle bone for the “7 months fetus expe” and around 0.6 in the same tissues for%he “
months fetus exposure”. Differences between tentperancrease values in the “9 month exposure”
with respect to “7 month exposure” are probably ttu¢he higher volume (of the high electric and
thermal conductivity amniotic fluid and the high®sSAR, (see Table 6 of Chapter 3) values found
in the first exposure scenario, even if, as foopdBakker et al. 2011], position and value of p§SA
don’t correlate exactly with position and valuetlid maximum temperature increase.

Variation of thermal parameters (i.e k, ¢, ab), were not taken into account in this thesis, since
distribution of the variance with age of those pagters has not been determined yet. However,
considering that literature values can be desciilyed normal (Gaussian) probability distributicas
supposed in [Bakker et al. 2011], the maximum ulad&tly in the peak temperature exposure should
remain under the 25% for all thermal parametees &thours of exposure, being the volumetric blood

perfusion raten the one that more affect that peak.
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Moreover, the same authors found a maximum 4% datan on the peak temperature increase
after a variation of 30% in the heat transfer dogfht between skin and air (hskin-air).

Considering the most exposed tissues (Table 44) peaks of the temperature increase are found in
the most superficial tissues of the fetus and tiesalose to the high conductivity amniotic flu@h
the other hand the same tissues are also the miestded ones and present distributions strongly
shifted towards the low temperatures (Figure 4@ Rigure 4.4). That is evident also looking at the
skin (surface) temperature increase distributioRigufe 4.1.), which is very focused near the
maximum values but decrease rapidly moving awamy ftioem.

Maximum asymmetry in the distribution of,J was found considering the “9 months fetus
exposure”: 92 % of fetal volume is at a temperatoweer than 0.065 °C (one tenth of the maximum).
Smoother distributions were found in case of “7nthg fetus exposure” where, as an example, the
percentage of fetal volume lower than one tentthef maximum (0.022) is 75%, thus indicating a
decisive influence of the position of the sourcéhwespect to position of the fetus, besides adifit
absorption pattern over the two exposure scenarios.

Median values (Table 4.1) give further details dabbaose statements. Tissues which experience the
major maximum F, have median i, values considerably low ( < 0.03 °C), thus assutirag most
of tissue is weakly thermally stressed (i.e. comsidy the whole fetus, ratio between Maximug, Tng
Median T, , was found to be 50 and 175 for the “7 monthasfexposure” and “9 months fetus
exposure”, respectively). Major mediapflevels have been found over umbilical cord, SA@ aye
for the “7 months fetus exposure”, over uteruadder and ovary for the “9 months fetus exposure”.
That becomes clear considering the position oféhés in the three view shown in Figure 4.4, tkat i
7 months fetus with the back on the right and tim® fetus facing backwards with respect to the
coronal plane view.

The different worst- case scenarios of RFID expesuand the relatives different SAR distributions,
should also explain the different time course (€abb and Table 4.2) and time constant, whichds th
time that the system takes to reach the value--g&E 63.2% of its final steady-state value, fetaf
tissues maximum J; (i.e. about 29 minutes and 14 minutes for the 6hths fetus exposure” and “9
months fetus exposure”, respectively). Moreovergameral, RFID (and SAR exposures) will be
shorter than 2 hours (Table 4.2), which is herémeded as the time of RF exposure for fetal
temperature to reach the equilibrium, and the teatpee rise will depend on exposure time. For
reasonable and realistic time of ), UHF RFID expesarder of minutes, temperature increase is very

far to be a potential harmful source for fetus.
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Conclusions

Conclusions

In view of the incredible diffusion of Radio Freaquy Identification RFID among a huge
number of general purpose applications, includhmg anes that can frequently expose children and
pregnant women, an exposure assessment of the lefrelectromagnetic fields EMF generated by
these devices has been strongly encouraged bytificieommunity.

So far, although the interest aroused by this teldgy from its commercial inception and its
possible adoption in a great number of areas ofexts) studies on the levels to which the general
public and the workers are exposed, are compléteking. Similar considerations held also for the
specificity of children exposure, whose patterregposure could be even more harmful because of
their possible biological susceptibility and be@usd their early exposure , but are completely
unknown.

Considering these gaps in knowledge and open gmsstbout children exposure to RFID
systems, these dissertation aimed to give clearsamahtific answers to such an essential topic. The
results found, in terms of levels of EMF, EMF povadxsorption, and temperature raise in the organs
and/or body tissues, represent a mandatory inpihieiprocess of health risk assessment relatealyto a
technology that makes use of EMF. This process$sis particularly urgent to be addressed, as far as
the general public exposure to RFID devices ivarsibly increasing.

RFID devices generally operate at low power lewslth very short duty cycle (generally about
10%), so they are supposed to be far from genepzdger and fields close to the exposure limits
provided by the competent organizations [ICNIRP9&]9 On the contrary, the exposure levels of
EMF assessed in this work, show that for both fhescof devices taken into consideration (i.e. HF
RFID at 13.56 MHz and UHF RFID at 880 MHz) hergyaiions in which the compliance with the
exposure limits is not achieved could exist.

The existence of critical situations for exposurettie HF RFID systems in general, and in
particular for the ones used for newborn-mothentithe reconfirmation is strictly related to the #m
of use of this devices close to the subject and¢heested power to read. In other words, some of
these systems, actually available on the markete hachnical specifications, for instance the
magnetic field threshold necessary to read thernmdition stored in the tag, which can lead to an
overexposure of the patients if used more thamadd time (20 seconds). The practical utility loé t
exposure assessment conducted here is also cateliny some general indications about the use of
these devices in healthcare: first, the resultgyssig the need to reduce as much as possible the

exposure time and hence indicate the importanspefific training of the involved personnel, often

85



Conclusions

inclined to come closer to the subject to shortenreading time, to the practical use of the RFID.
Secondly, the choice of the optimal reader-tag esysts particularly determinant for newborn

exposure so as to make desirable to place theatedgoin some sensitive organs (i.e. on the anklet i
place of wrist) .

The second class of RFID systems reviewed (UHF RFEesents different issues, since most
of them, and in particular the ones fixed in a pléke as at the cash desk and checkout, are dmbkign
to be continuously turned on and generates powesidw communication at a distance of more than
1 m long. While negligible exposure levels haverbfeeind for children and adults, pregnant women,
ant their fetuses could be overexposed, being dsémum peaks SAR over the maximum allowable
levels for public RF exposure [ICNIRP, 1998]. This particular could justify some concerns in
countries where technical standards don't provigietsduty cycle ( > 10%) and high maximum
emitted power (> 0.5 W Effective Radiated Power ERP

However, the results related to temperature asssgspmovided in the last part of this work
showed that, despite the highly localized RFID expe, the hypothetic short exposure duration of
RFID exposure makes both maximum and average tetyperincrease largely far from a possible
biological effect.

In conclusion, the great flexibility of RFID devieallowed their pervasive presence in a great
number of general purpose applications and, asisecmience, it involves people diversified in gender
and age. The result of the exposure assessmerntiBfgenerated by those devices suggest that it's
reasonable and advisable to choose devices takingatcount the balance between power emission
and the ease, speed and distance of reading td angisituation of overexposure. In addition, the t
analysis addressed on HF and UHF RFIDs show hovexpesure assessment should be considered
one of the key factor in the identification of thetimal reader-tag system to be applied, because ab
to give clear scientific answers about overall pe@xposure levels .

Novel improvements in computational calculationgehallowed to extend the assessment to a wide
variety of exposure scenarios, including the otidsrissing. To that purpose the broad spectrum of
children taken into account in this work, allowstieet to the demands of the international
organizations for health protection outlined in thigoduction as well as to lay the foundation ston

for their exposure to RFID devices. With regardhis latter a trend of higher EMF exposure patterns
in the newborn models (both the more approximatescand the realistic models) compared to the
mother model was found, thus suggesting that thesxe assessment of adult and children should be
kept separated. Similar considerations hold alsglddren exposure, even though the differences

with respect to adult are almost negligible andhmspecific case of UHF RFID exposure, don't
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change the situation of compliance with exposumitdi. Conversely, the main result, in terms of
relevance and possible proximity to health effectsicerns pregnant women exposure, whose fetuses
result to be higher affected by EMF source thaemslibjects. It was demonstrate that SAR alone
may not provide an adequate description of theoregithermal environment, since peaks in
temperatures are not directly related to the p&&R Bcation and value.

However, the temperature exposure assessmentiperdan those critic exposure scenarios, resulted
in not only average temperature increase in tta betdy core (i.e. 0.004 °C at the steady-state) bu
also the peak temperature increase (i.e. 0.22 8@&5 °C for the 7 months fetus and 9 months fetus

respectively) largely far from possible fetus depshental defects.

Other relevant results of these dissertation cowra the contribution to the modeling dosimetric
issues about children, newborns and fetuses expassessment. These comprehend the estimate of
uncertainty due to the choice of accurate andstéalinodels with respect to the previous calcutatio
on adult scaled model for neonates an childrentlamihvestigation of the sensitivity of the
computation results to the variation of tissuesedigic parameters.

As to the first issue, the large discrepancy foumithe exposure levels between scaled and realistic
newborn model is such as to confirm that the gilégrences in the two models should not be
disregarded, but the sign of the differences inettigosure matrix calculated in the two models is

soothing, being the scaled model more conservitiie the realistic one.

Secondly, the choice of the dielectric propertieslal was found not affecting the final conclusion
about compliance in case of RFID exposure, butesigea trend towards a slight underestimation of
the exposure using adult properties and lead @t aeygligible changes with regards to specific leing
tissue exposure, such as bone marrow. In turne tlessilts reinforces the need for further
investigations based on accurate measurementsuisione dielectric properties, particularly in the
lower frequency range (HF more than UHF), wherg tire supposed to be highly affected by the
uncertainty implied in the measurements tools. Adsthat purpose the model of dielectric properties
assignment here used should be validated andggethier to evaluate the total expanded uncertainty
which affect the results.

The results of temperature raise assessment oditf@eent exposure scenarios, involving pregnant
women at two different gestational ages, suggsstthlt a better insight of the interactions betwee
external exposure and fetal tissues , being thpdesture distributions strongly asymmetric and
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highly affected by the relative positions betweetu$ and source, can only be achieved through a
tissue-specific dosimetry.

Furthermore, additional future research in thedfief exposure assessment should include a more
specific assessment on pregnant women, addresfogtlze assessment to subjects at different
gestational ages, and to fetus in different pasitidOther factors of uncertainty, including a brette
assessment of thermal parameters for fetus atr@iffedevelopmental stages, the enhancement of
more appropriate thermoregulatory models, shoulddmebined in a more comprehensive uncertainty
budget which would allow a more complete answehéoissues aroused by the general public and the
specialized community .

The integration of all these information in a sedmposite exposure scenario, as the one led by the
exposure to devices, such as RFIDs, pervasivebasing , is a complex issue and it is not supposed
to be depleted by this work of thesis. In the sarag, a significant interpretation of results can be
only accomplished by joining the results comingrirthe whole process of health risk assessment, in
which the exposure assessment represents onlyf oine steps. On the other hand, the results
discussed here give an important contribution épfocess of filling gaps in knowledge relatedhi® t
exposure to a great pervasive technology, such-#3,Rillows to face up some important issues

related to children exposure assessment.
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