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ABSTRACT

The assessment of the risk from occupational exposure to electromagnetic fields (EMF) has
attracted the attention of those involved in safety in the workplace, in particular after the
updating of European legislation, with the publication for EMFs, of Dire ctive 2013/35/EU
of the European Parliament and of the Council, which made the risk assessment mandatory
for this type of physical agents. The issue is made even more relevant by the proliferation
of industrial and health applications using EMF even of considerable intensity. However,
the rapid technological development has not always been accompanied by adequate growth
in the culture of prev ention and safety. Many devices expose both operators and personsof
the general public to significant risks, but often , these risks are not adequately reported by
the manufacturer, nor mentioned in the instruction manual, as would be expressly required

by the harmonized standards.

In this general framework is placed this Ph.D. research project, whose aim is to analyze
possible conditions of risk in the workplace, considering only the environment where the
EMF sources potentially expose the operator to risk. The research projectinvolves a joint
collaboration between two Institutions: the National Institute for Insurance against

Accidents at Work - INAIL and of course Sapienza University of Rome.

The project is developed in a multidisciplinary manner, providing experimental and
numerical investigations to achieve the required goals, also considering the literature
review and comparison for a more realistic analysis of the risk, in terms of human exposure
to EMF. The work is based on amultiphysics approach to obtain a complete evaluation of
the risk in the workplace, with the prospective to improve the current approach in the
assessment of the risk and eventually suggest some indications to the operator for better use

of the device under test.

Therefore, the starting point has been a review of the workplaces to identify any gaps and

critical issues in relation to the risk assessment and therefore for which it is considered

17



necessary to deepen the protectionistissues. A literature analysis of the state of theart on

the risk in the workplace is first carried out.

This has beenfollowed by numerical and accurate modeling of the device under test as well
as theworkers in a real reproduced work condition of exposure. O f paramount importance
is the understanding of all the parameters that can affect thedistribution of the induced EM
quantities, which are essential for the risk assessment and the verification of compliance
with the regulations system. To do this, it was necessary to study human exposurein-depth,
also using different human body models available for dosimetric analysis on dedicated

software.

All the research has traveled on two parallel tracks, on the one hand, the need to fill the
scientific gaps in the researcharea of exposure assessment of workes and on the other one
to take into account the regulatory aspects, essential for a correct evaluation of professional
exposure. Therefore, as a last step of the overall work, a possible new protocol of risk
assessment analysis is proposedo move forward on the improvement of safety and security

in the workplace.
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INTRODUCTION AND PURPOSE OF THE
RESEARCH

The rapid development of technology has not always been accompanied by the growth of a
culture of prevention and safety : many equipment based on the use of EMF expose to
important risks, especially for employees directly involved in the use of those devices
which require the presence of the operator near the source, as in the case of the use of
welding machines, electrosurgery, transcranial magnetic stimulators, magnetic resonance
imaging, etc. As a result, it follows that the number of workers exposed to EMF is really
huge and UT U U wb U 7 Uapd3Ebi@ rel@viant bttupational health risk exists for the vast
majority of occupationally exposed operators?. On a general scale, we can consider tlat,
whenever electric and/or magnetic fields or currents are used, EMF are generated, thus dl
workers could be potentially exposed, albeit differently depending on the class of the
equipment. For most workers, the field strength is of a level that does not cause harmful
effects, but in some work environments, the field strength may nevertheless present a risk.
According to this premise, the importance of an assessment of the risk from exposure in the
workplace is clear and becomeseven more importa nt depending on the type of source that
is used. Although the focus on health and safety in the workplace is currently a highly
important issue, accompanied by legislation to reduce risks and improve health in the
workplace, there are circumstances in which not all safety aspects have been investigated or

investigated appropriately .

It should be noted, in fact, that while in the industrial field , the technical regulations have
already addressed some aspects related to operator exposure with reference to the most
widespread equipment such as for example the various families of welding machines, in the
electromedical sector, if we exclude the case of Magnetic Resonance Imaging (MRI), the
international technical regulations have not yet addressed this aspect, limiting themselves

to setting only the requirements related to electrical safety and electromagnetic (EM)
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compatibility. Considering welding machines for example, a fairly complete regulatory
framework exists, consisting of a product standard (EN 6282213 and for the case ofarc
welding machines a second standard (EN 628222%) both published in 2008%¢ and updated
in 2016 and 2018 respectively. EN 628224 and even more so EN 62822 set out the
procedures that individually address the various aspects of exposure assessment and thus
provide all the indications regarding the standardization of the exposure scenario and the
measurement procedure. On the other hand, regarding MRI, for example, countless
documents relating to risk assessment are made available, also in the Italian national
framework. This is because the exposure of workersto MRI presents several critical issues,
both related to occupational exposures to static magnetic fields, (the movement of the
operator inside the magnet room) and related to variable fields (gradient and
radiofrequency fields), without neglecting the complexity of the systems and technology
used, particularly in superconducting magnets. Ther efore, the approach to risk assessment
in MRI is one of the most operationally relevant from a safety point of view and most
explored. The Section for Technical Support to the National Health System on Radiation of
the Department of Medicine, Epidemiology, Occupational and Environmental Hygiene of
INAIL is the national supervisory authority on installations that use magnetic resonance
tomography for clinical purposes, and it is because of this role, with a total of more than
2000 inspections carried out, that it has contributed decisively to the standardization of risk
assessment approaches for this specific field. In addition, there are several international
publications on the exposure of workers in MRI 78 Both of the previously described
apparatuses are extensively dealt with in the Non-Binding Guide to Good Practice®, where
it is also possible to find other assessment methods for certainapparatuses more generally

used in both medical and industrial practice.

For the Transcranial Magnetic Stimulator (TMS), conversely, it is known that to date, there
E Ul (nterdational Electrotechnical Commission (IEC) particular standards °, and in fact
observing the user manuals of the instrument, in the section concerning the construction in
conformity, the only reference is made to the general standard on electrical safety and to the

collateral one concerning electromagnetic compatibility 12 while there is nothing on how
21



to carry out arisk assessment or how to use the instrument safely. This means a gap inthe
standardization of the products, thus resulting in great variability in the design and

realization requirements of the instrumentation adopted by different countries . Further,
during the TMS treatments, the clinician is typically very close to the EM source, since
he/she keeps in position the device over the head of the patient. It is also important to

observe, that during th e work shift, the operator could be exposed to the source for several
hours, and this can happen for several days during the week and for some months, since

this is usually the protocol for treatment.

Based onthese assumptions, among all the equipment that causes potential risk for the
workers, in this work we have chosen to analyze the exposure ofthe working operator to
the variable magnetic field produced by variou s kinds of TM S, since for this specific source
we have found a lack both in the scientific literature and in the regulatory system. What has
beendone in this study is, first, to reconstruct the real working conditions of the operator,
during clinical treatments with TMS, to provide a classification of all the possible conditions
of exposure based on realistic scenarios. Successively, sincetdrequencies lower than 10
MHz, intern ational guidelines and standards adopt the electric field induced in the body as
the measure for limiting human exposure to EM fields, and in the case of realistic exposure
scenarios,suchinduced field can only be estimated using computational methods combined
with anatomically realistic body models, numerical dosimetry techniques typical of low

frequency (LF) applications have been applied to the evaluation of exposure to the TMS.

LF numerical dosimetry needs to be adopted taking care of different issues as: i) possible
numerical errors; ii) electric properties of tissues; iii) differences in human body models; iv)

estimation of neuronal stimulation threshold.

Regarding estimated electric fields, they can be affected by various sources of error and
uncertainty. To account for numerical errors, ICNIRP 314 recommends calculating the 99"
percentile of the induced electric field, which discards the highest 1% of induced electric

field values. Nevertheless, it is demonstrated that the 99" percentile can produce a large
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underestimation of the highest electric field, for localized exposure 56, Therefore, in these

casesit is suggested to also use percentiles higher than the 99", like the 99.9" and 99.99.

Considering electrical properties of tissues, in particular conductivity values, i n Laksoo et
al. 20207, two comparative simulations were performed using the human NORMAN
model® exposed to uniform magnetic fields to illustrate the effect of tissue conductivity on
the induced electric field . Two different sets of tissue conductivity values were used. Set 1
was obtained from Dimbylow's study ! and set 2 was obtained from a widely used tissue
property database from the IT'IS Foundation (Zurich, Switzerland) *°. The results, related to
the brain, show that Set 2 (higher brain conductivity) produced a significantly weaker
electric field strength than Set 1 (lower brain conductivity). Therefore, we can understand
from these results that uncertainty in tissue properties can have a strong impact on the
induced electric fields.

Regarding the anatomical differences between subjects a study by Aga et al. 2018°
considered the variability of the induced electric field between anatomical models. The
comparison between five adult models and one child model showed relatively significant
differences between them. For example, there was a 40% difference in the lowest ad highest
electric field values induced in the brains of the adult models 2. Similarly, earlier work on
two adults and six children (5-14 years) suggested similar or larger differences. But, in both
studies, the number of subjects was inadequate to draw definitive conclusions. Nonetheless,
it seems clear that larger body size tends to produce higher induced electric field strengths
due to Faraday's law of induction, but too few data currently exist to assess variability due
to other anatomical factors, precisely because human variability from an induced electric
field analysis perspective is not a sufficiently thorough issue to date.

Finally, another important aspect related to the induced electric field are the stimulation
thresholds. To this regard, the study of Soldati et al. 20182, indi cated that the order of
magnitude of the stimulation thresholds obtained using empirical models of nerve fibers
was consistent with the value of the calculated electric field. Therefore, we can consider
using the computational method to study the correlation between stimulation thresholds

and the induced electric field in human models .
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The main purpose of the present research studyis focused within this scientific context.
Thus, in Section | of the work, we want to give a general overview of the occupational
exposure, placing it in the current regulatory framework , considering the International

Commission on Non -lonizing Radiation Protection guidelines, the European Directive, and
technical reference documents.Successively,a focus is given to the EM source under test,
the TMS coil, which based on our studies, needs further information about the risk
associated with its use. Thus, it has been necessaryto characterize the model of the source
using a numerical approach and also considering experimental data and literature
comparison.

In Section Il, by meansof a review of all the possible scenarios that may occur during a TMS
treatment, a thorough numerical dosimetry analysis is carried out, with the aim to
reproduce the real work conditions of the exposure for clinicians using this device and to
provide a classification of all the possible exposure conditions. It has been particularly

important to study all the variables that can play a decisive role in the risk assessmentof
TMS treatment, trying to bring new knowledge in the field of safety, and also providing

new indications and/or suggestions that can make the worker more aware of the risk.
Therefore, the numerical assessment of risk has been based on the human male moel
Duke? (Virtual population of Sim4Life software), which represents in this contextthe model
of a generic medical operator performing the treatments. Then a successive stepwas to
reproduce the same exposure conditions with a model of a female operator, with the idea
of evaluating possible differences in exposure and thus a specificity of the behavior to be
assumed during the treatment in order to reduce the risk (gender-dependent risk

assessmeny.

Based onthe results obtained in Section I, the importance of the anatomical characteristics
of the operator (physical conformation, height, robustness, etc.) emerged,and therefore in
Section Il an improvement of the female model is performed as well asa complete and
exhaustive analysis based on aninter -subject variability : aninnovative approach in the field

of risk assessmentfor workers . Several human anatomical models have been considered in

different exposure conditions . This analysis includes a study of the dielectric properties of
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tissues, as well as thetissues distribution in the human apparatus, and their role in the
exposure. All the analysesprovided have led to results that could be useful on one hand for
greater awareness of the riskin exposure for the TMS operators, on the other hand for an
improvement in safety in the workplace where this kind of medical treatmen t is used, and

for a possible protocol of future risk a ssessment since to date no one s currently available .

Moreover, to link the numerical dosimetric assessment with physiological induced effects
due to the EM exposure, in Section Il we also evaluated the aspect of the sensory effects
and therefore the possible stimuli (sensory or muscular) that an operator can experience
during the use of TMS, if even locally (for example in the hand), the exposure limits

identified by the guidelines are exceeded (overexposure condition) .

Finally, Section IV provides an overview of the mission of the National Institute for
Insurance against Accidents at Work (INAIL ) ResearchCenter. This is because,the Ph.D.
research project is a study mutually conducted by the Department of Information
Engineering, Electronics and Telecommunications ¢+ DIET of the Sapienza University of
Rome, and the Department of Medicine, Epidemiology, Occupational and Environmental

Hygiene DIMEILA of INAIL
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SECTION |. EMF APPLICATIONS .
OCCUPATIONAL EXPOSURE AND
LEGISLATIVE
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CHAPTER

1.1.  State of art: an overview of occupational exposure in the
work environment

EMFs are produced by a wide variety of sources to which workers can be exposed in the
workplace. The EMFs are generaed and used in many work activities, for example for
manufacturing processes, research, communications, medical applications, power
generation, transmission and distribution, broadcasting, sea and air navigation , safety area,
and so on. EM fields can also be incidental, such as fields generated near electrical energy
distribution cables inside buildings, or due to the use of electrical equipment and devices.
However, it may happen that, snce most fields are electrically generated, they disappear
when the power supply is turned off 2.

As before mentioned, important exposure scenarios can occur both in the industrial
application area as well asin the medical field and in these workplaces, there are several
tools that currently attract attention due to their risk of exposing workers to excessive levels
of radiation (i.e., overexposure condition) . For example, in industrial applications, we can
consider the exposure caused by the welding machines (Figure 1.1 (a)), for which the
potential for exposures above the limits for health effects and the intrinsic difficulty of
bringing these exposures below the regulatory limits relating to the induced quantities

without having to incur in excessive costs isvell known.
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Figurel. 1 (a) Welding Machin&*;, (b) Industrial induction oven, 30 kHz24kW,

The signal emitted by the welding machines is impulsive with spectral components up to
frequencies o the order of a few hundred kHz, but it is not the only signal that can cause a
significant exposure of the operator since in correspondence to the electric arc (in the case
of arc welding machines) there are field peaks due to the transients of the quantities (current
and voltage); this field corresponding to the trigger of the arc could cause the greatest peaks
of exposure. Typically the rated operating current ranges from hundreds of Amperes up to
kA °. Welding machine operators usually stand or sit near the machines during welding, and
their hands are as close as possible to the machines. When using a spot bench welding
machine and a continuous welding machine, the operator holds the material to be welded,
and therefore the hands may be near the welding electrodes. It follows that in the vicinity
of the torch the operator is subjected to fields that exceed the relevant regulatory limits 25, as
it happens when the subject stops near the cable, or worse, for reasons of convenience, wraps
the cable of the welding machine on the shoulder. Another apparatus of particular
import ancein terms of human safety could be the industrial induction oven (Figure I.1 (b))%.
In this case the power is of the order of tens of kW and the working frequency is of the
order of afew dozen kHz. For these types of equipment, a further detailed risk assessment
is required, allowing operators to work safely. It is found that within 25 cm from the s ource
the regulatory levels are exceeded, therefore the apparatusrequires usage indications, for

the safety of the operators?.
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Conversely, considering the medical area, different working conditions could lead to an
overexposure of the operator, among these we could mention as an example the
electrosurgery (Figure 1.2 (a)), and the magnetic resonance imaging technology (Figure

1.2(b)).

Figure 1.2.(a) Electrosurgical unig4(b) MRI, figure adapted from Siemens Corporation website

The first is an instrument typically used in surgery and which obviously requires the

operator to hold it during its operation. Electrosurgical units are widely used in health

practices. Applying a sinusoidal or pulsed voltage in the frequency range of 0. 3 - 5 MHz at
the tip of the electrode, the desired mixture of coagulation and cutting is obtained. Due to
the high voltage and current in the cable, strong electromagnetic fields appear near the
electrosurgical units. The surgeon and others within the operating room such as nurses,
anesthesiologists, etc., will be highly exposed to these fields. Therefore, healthcare workers
could be exposed to the field so high that they exceed the limits2728, All electrosurgery
provides the surgeon with two basic operating modes: cutting and coagulation. In the
cutting mode, the waveform of the w orking current is approximately sinusoidal (with a

frequency of the order of hundreds kHz), the voltage applied to the handpiece is usually
between 0.5 and 2 kV peak and in some models even 3 kV peak and finally the current up

to one or a few amperes. Inthe coagulation mode, the waveform is more complex and
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consists of pulses or trains of damped sinusoids, this mode corresponds to the situation in
which the voltage applied to the blade is maximum (up to values even above 5 kV peak in
some models). The hardpiece with its blade and the conductors that connect it to the
generator are the main elements that disperse EMF in the surrounding environment . In this
case the exposure reduction measures that are suggested for example are the shielding of
the supply cable, keeping it as short as possible, and suspending it instead of letting it rest
on the body. Further, keeping distance and reducing exposure time are general
organizational measurements to reduce the level of exposure.

The second equipment is the RMI. As beforementioned, it exposesthe workers to different
sources of risk, which are: the static magnetic field (and in particular the movement in the
static magnetic field), the variable EMF due to the radiofrequency - RF gradient field, the
superconducting magnets, and also all transverse risks related to the use of the machine
(e.g., the presence of cryogenic fluids in superconducting magnet resonances and so on).
For these reasons, as explained above, MRI in healthcare is e of the most operationally
relevant aspects from a safety point of view. It is no coincidence, in fact, that the risk
assessment of MRI equipment is extensively investigated in order to provide all the
information necessary for risk reduction .

However, many other working conditions could expose workers to intense sources of EMF,
causing the overcoming regulatory limits. Along with those just described, the diathermy
device, certainly deserve to be mentioned in the healthcare field, while in the industrial one,
we can think of demagnetizers (mechanical workshops), cells for electrolysis, and also both
electrical substations and telecommunications sites, which are identified as critical
environments for occupational exposure to EMFs. In fact, the limits established for 50 Hz
electric fields (E-fields) can be exceeded in the 400 kV electrical sbstations where workers
are usually present®, while limits for radiofrequency fields can be exceeded, at
telecommunications sites, in areas accessible to workers near the antenna®. In this regard,
it is also important to point out that to date, for the prevention and early diagnosis of the
effects related to electromagnetic fields in exposed workers, no guidelines are available and

only a few indications can be found mainly related to overexposure situations 31323,
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However, at the same time, general technical and organizational preventive measures are
widely recognized, including the individual protections to be adopted in  the workplace and
the risk assessment practices to be followed. Providing adequate information to workers
about the risk, the exposure levels, and the EMFrelated effects, including the conditions
possibly inducing a particular susceptibil ity, is also a fundamental part of appropriate
prevention for EMF -exposed workers.

In thesecasesjust exposed, the physical quantities to which referring when considering the
possibility that there may be an overcoming of the regulatory limits, are clearly both the
environmental ones, that is, obtainable by radiometric measurements, but also the induced
guantities. This latter occurs, in all those cases inwhich the operator is extremely close to
the source, such as the clinician holding the source in his hand (as in the cases of
electrosurgery or TMS), the exposure itself cannot be evaluated with radiometric methods
(i.e. with measurements of the electric and magnetic field in the environment), but it is
necessary instead to resort to dosimetric methods (i.e. the numerical calculation of the E
field induced inside the human tissues) based on specific modeling of the exposure
environment. This concept is expressed in the ICNIRP-2010 guidelines'3, where it is stated:
realistic option for the exposure assessment is to determine dosimetrically the induced E-
field, case by case, and is also reiterated in the European Directive .

Actually, this exposure condition e xactly occurs with the TMS (Figure 1.3), that is another
important equipment that needsto be taken into account in the medical area, since it could

cause a possible overexposure of the worker.

Figure 1.3. TMS device, figure adapted from PAF wel3site
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This device is widely used in the clinical practice, both for the diagnosis and for the
treatment of several diseases.This instrument operates at frequencies between 13 kHz,
generating variable magnetic induction fields that can reach up to 3 T. The criticalities of
this instrument are actually due to the need of the operator to hold the device with his
hands, which for its functionality, must be hel d in place on the patient's head. This
configuration of operation implies exposure of both the limbs and the whole body of the
clinician, that during the treatment typically remains close tothe patient. Although the use
of this device is well-established in medical practice, unlike, for example, MR, it is by no
means accompanied by adequate literature dealing with the critical issues, nor are there any
product standards in the (national and international) regulatory framework (as there are for
the welding machines) that deal with the issue of risk assessment. For these reasons, this
tool is among those that need more in-depth study, precisely in order to increase safety for
the clinician. Obviously, the first measure to reduce exposure is certainly to increase the
distance from the device, but in most cases the working conditions do not always allow it |,

therefore a specific analysis should be carried out.

Finally, we can conclude that there are also many other equipments in workplaces that
produce such low EMFs that they are identified as conforming ?a priori ?. They do not even
exceed the limits set for the general public (well below those set for workers)3%. These
include, for example, computers and computer equipment, such as electric fans, fixed
telephones, photocopiers, and so on. For all this equipment, it is not necessary to carry out

a risk assessment for exposure to EMFs.
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1.2. The EM source of interest: Transcranial Magnetic
Stimulation (TMS)

TMS device consists of a signalgeneration system and a maniple that must be positioned

appropriately on the patient's head.

Magnetic Field

Electric Field

Figure I.4. Operating principleof theTMS deviceduring thetreatment

This maniple consists of a coil crossed by current, which generates avariable magnetic
induction field in the surrounding space, as can be seenin Figure 1.4. The mode of use of
TMS requires that the operator to remain close to the patient, in order to ke ep the coil in
place on the patient's head during treatment. Therefore, because the TMS magnetic field
spreads in the space around the stimulating coil®s, the clinician also undergoes an undesired
exposure several times a day during treatments. In clinical practice, different relative
positions between the patient and the clinician can be assumed, causing thelocal exposure
of different body parts of the operator, depending on the specific therapy. Furthermore,
since the operator handles the device, he/shemay hold a part of the coil with the hand or
both hands, while the device is active, for example, UO WD OE U1 EUI wU hnd sofh@3D Oz U u
could produce an induced E-field in a part of the body rich in peripheral nerve innervation
(the median, ulnar and radial nerves). From these assumptions and considering the
exposure not to be underestimated, it is clear the need to carry out further analyses

regarding the safety of the operator. The risk assessment for occupational exposure to TMS

35



has not been adequately addressed in the scientific literature, where safe distances between
the coil and the operator are suggested,derived from considerations that lack of in -depth
analysis on this topic363’. For example, astudy focused on the exposure of TMS workers was
conducted in 2006 by Karlstrom et al., and they experimentally estimated a distance of 70
cm to avoid overexposure to magnetic pulses, as recommended by the ICNIRP Guidelines
in 2003®. For several years, this work remained the only one addressing the problem of
occupational exposure during TMS treatments; therefore, it was considered a reference in
the Safety Guidelines for the use of TMS proposed in 2009° by a group of TMS experts. Since
the publication of these results, the ICNIRP 2003 guidelines and Directive 2004/40/EC have
been update'#°4; however, to date, there are no standardized requirements for the
conformity assessment of TMS', consequently, there is great variability in the adopted
methodologies. Moreover, since to date, there is neither a specific product compliant to the
standard nor a procedure for assessing conformity to the limits, the state of artleaves space
for awide variety of analysis methods, which could obviously lead t o different results. Thus,
the need for a particular international standard concerning TMS devices that could improve

safety in work environments has increased in recent years.

The present work, therefore, aims to be apossible starting point for the creation of ad hoc
protocols for risk assessment, and on the other hand it wants to be able to deepen the theme

of workers' exposure by filling those shortcomings that have been found in the literature.

Few studies have been performed over the last decade to adress this topic. Particularly,
two studies conducted in 2010*? and 2016° numerically investigated the exposure of
workers to TMS systems, finding safety distances of 110 cm and 40 cm, respectively. Despite
having the same objective, these two studies considered different human body models
(Brooks Air Force Laboratory (BAFL) “>4¢ and Virtual Population 2349 and different exposure
conditions (TMS feeding equal to 7.7 kA at 3.6 kHz in Lu et al., 2010?and 5.6 kA at 3.45kHz
in Bottauscio et al., 2016°). Furthermore, Lu et al., 201032 investigated two coil geometries
(i.e. circular and figure -of-eight) for different orientations, but the clinician body w as limited

to one vertical position, whereas Bottauscio et al., 2016 studied only the circular coil for
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different orientations and vertical positions. However, an in-depth investigation of the
exposure should account for the specificity of TMS devices, in terms of coil geometry and
(11 EDOT wUauUUI OOWEOEwWI REOCPOT wUT 1T wi RxOUUUI ,wEUWE
since each output depends on the treatment, which needs of a different sstup because of the
specificity of the disease that must be treated This is an important aspect because the
stimulation intensity in clinical practice is always related to the resting motor threshold of
the patient, and it is usually below the maximum out put available from the machine 4647,
Furthermore, many different coil positions and orientations should be considered because
clinicians may hold the coil at different heights concerning their trunk, depending on the
patient-holder support (bed, chair, or recliner), the sort of patient (tall, in pediatric age,
uncooperative), based on the bodily characteristics of the operators themselves, and finally
they may rotate the coil to optimize the treatment. Such analysis would allow the
investigation of the exposure of specific body parts and resulting in detection of the worst -
case scenario. Previous studies haveonly partially considered these aspects by aalyzing
one or the other*?43or even nothing (as the variability of the maximum stimulator output -
holding the coil, as this area is inevitably exposed to higher intensities “¢4% Determining the
entity of the exposure in this district is of primary importance since this is the first part of
the body directly exposed to the source and based on the type of treatment never can be
moved off. In this direction can be considered the study of A. De Leo et al. 2014°, which
addressed the possibility of reduction of the exposure of the operator using the presence of
a tile of ferrite on the surface of the coil. The presence of this layer on the device effectively
reduces the exposure in the operator side, but & the same time, causes a reduction in the
pulse that is less enhanced in the patient region. Further, these results are strongly
dependent on the model of the coil under test. Therefore, the possibility to cover the coll
with a tile is probably not the ri ght way to solve the problem. This is because it would mean
making a specific change directly in the manufacture of the TMS coil by the manufacturer
since the same tile cannot be used on all types ofcoils and for all available treatments.

Therefore, an agpect that needs to be addressed is the possibility of the biological effect in
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the hands of the clinician. This could mean the perception of skin disorders or tingling

sensations, therefore transient sensory effects. Even worse it could be muscle stimulatbn
effects if the fields reach high values.In the literature , no study has been found that analyzed
these aspects, neither locally (hand or otherwise) nor whole-body, therefore this aspect of

nerve stimulation is also evaluated in this work .

Finally, another important consideration is related to the way that exposure is dependent
on the human body conformation of the operator who is performing the treatment. In this
sense, the aim is to carry out an assessment analysis of the induced electric field that is
dependent on the body characteristics of the operator. This means carrying out an exposure
assessment, taking into account that the inducedquantities may operator - dependent (tall,
short, slim, overweight , and so on). The impact of human variability on risk assessment is
largely unexplored to date ; typically when the variability was addressed in the occupational
field, it regarded not the influence that th e properties of the tissues could have in the
distribution of the electric field inside the human body, but only the differen ces insensitivity
of the subjects and the inte-D OEDYPEUEOQWYEUDPEUDOOUwWPOwx Ox UOE U
to the EMF5L Typically scientific research deepens the study of how the sensitivity 52 and
human variability influence the estimated thresholds 5 for effects and doseresponse
relationships, thus for the quantitative risk assessment. In the frame of the risk assessment,
a recent study by Hirata and co-workers>* addressed the topic of the importance to use
accurate human body models jointly to the right dielectric properties, highlighting the
necessity to carry out an accurate measurement of dielectric human tissue properties for
evaluating the induced field strength. However, the paper aimed to make review of the
most up to date dosimetric studies (considering human body modeling and tissue dielectric
properties) and to analyze the standardization process for compliance of certain products
based on exposure standards such as huma safety in wireless energy transfer (WPT). It
does not conduct a comparative study on how the body anatomy could influence the
induced E-field. Conversely, a study conducted by S. Gallucci et al. 2022° shows that a
difference in terms of exposure-response exsts due to gender. In this study, a numerical

assessment of the risk of human exposure to RFEMFs emitted by a wearable antenna is
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performed. Results showed how the value of SAR depends on gender, which means that

the anatomy models could impact the exposure level.

To conclude, the present study aims to perform a comprehensive analysis that investigates
TMS operator exposure in the low frequency range, considering all the variables that could

influence the entity of the exposure, as above mentioned, in order to suggest safer general
working instructions for clinicians and eventually suggest a protocol for the risk assessment

for this device.

1.3.  TMS device: physical principle, device models, and
applications.

TMS is a neurostimulation and O1 UUOOOEUOEUDPOOwWUI ET OPQUI BET YI «
and it is used as a neurainvestigation and diagnostic tool 57, as well as in clinical practice for
therapeutic purposes®. When applied over the cerebral cortex, TMS can interfere with
neuronal connections, providing important insights in the field of brain connectivity,
particularly relevant for brain mapping applications %% or for diagnosing
neurodegenerative diseases$'. Furthermore, because it is non-invasive and minimally
painful, it is currently being investigated as a potential treatment for several psychological
disorders, including major d epressiorf? and obsessivecompulsive disorders 3, for both of
which it received FDA approval; neurological impairments due t o stroke®Ow/ EUOCBH OU OO
tinnitus ¢, epilepsy®’, chronic pain®, and Spinal Injury . The main advantage, that makes
this instrument particularly appreciated, is the reduced scalp pain sensation for the patients,
compared to the electrical stimulation 8. This device was created for use in diagnostic and
experimental applications for humans, therefore many studies have been conducted on
healthy volunteers to allow doctors to interact directly with the neuronal activity in progress
and understand its importance for a given task at particular times, as w ell as to understand
that TMS stimulation may be able to improve the brain's natural ability to adapt to damage
and recover lost performance™. TMS is based on the principle of electromagnetic (EM)
induction, where a time -varying current flowing inside a conductive wire produces a time -
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varying magnetic field that is responsible for secondary currents induced inside the cerebral
tissue> of the patient under treatment . Additionally, owing to the conductive properties of
the x E U b he@dltigsleuwit induces an intenseE-field (i.e., of the order of 100 V/m) that alters
the brain neuronal activity 5771, achieving the desired clinical or experimental response.
Depending on the intensity of the stimulation and on the position and type of stimulating
coil, such induced E-field can depolarize superficial axons and activate neural networks in
the cortex’2 Thus, dUUD OT w3, 2wExxOPEEUDPOOUOQwWUT 1 wUUBPOUOEU
head generates a hidn-intensity pulsed magnetic field, up to 3T, that crosses the scalpThe
path and strength of an electrical field generated in the brain by TMS depend on many
physical and biological parameters such as magnetic pulse waveform; shape and orientation
of the coil, intensity, frequency, and pattern of stimulation , the orientation of the current
lines induced in the brain and excitable neural elements. TMS can deliver two different
waveforms of the magnetic pulse, that are monophasic pulses and biphasic pulses™.
Monophasic magnetic pulses are commonly used for single -pulse experiments, whereas
biphasic stimulus waveforms are usually required in rTMS (repetitive TMS) experiments
because of the lower energy requirements*7s, Studies regarding the single-pulse treatment
demonstrated that they are different in the effectiveness of thesesorts of waveforms, from
a clinical point of view . It is known that, for a giv en initial amplitude of the stimulation
pulse, biphasic stimulation is more powerful than monophasic stimulation 7376 Less is
known about the differences between monophasic and biphasic repetitive TMS (rTMS),
being a more complex mechanism often linked to moderate interindividual variability 7.
Although it is necessary to understand the mechanism behind this device, to have a whole
overview of clinical applications and its functionality and to consider what happe ns in the
patient's brain tissues and study the mechanism of nerve stimulation caused by the TMS
pulse, it is beyond the scope of this study. Conversely, is paramount to consider that there
are different shapes of the coil used for clinical practice. The model of the coils is relevant
since the geometry has an impact on the produced variable magnetic field. Many types of

coils have been developed with different geometries and sizes, including the circular coil
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(Figure 1.5 (a)), figure-of-eight (Figure 1.5 (b)), double-cone, air-cooled coil, and more

recently Hesed coil, the C-Core, and circular crown 787,

(a) (b)

N o -

o <

Figure 1.5 Models of cail: (a) circular and (b) figure of eightages adapted from the Magstim website

Going by order, the circular coils typically have a diameter that ranges from 80 mm to 150
mm#& and can generate a spherical magnetic field perpendicular to the coil itself, such to
induce an E-field that would have its minimum below the center of the coil and maximum
below its perimeter, potentially stimulating a ring -shaped area of the brain therefore,
lacking in spatial selectivity 882 Thus the currents induced by circular coils widely spread
under the windings and activate superficial cortical layers and, for this reason, circular coils
are rarely used to investigate TMS clinical effects, while they are still considered for
investigational purposes?®384 The figure-of-eight coil, first proposed in 1988®, provides to
enhancethe focality of the circular coil . It consists of copper wires continuously wound to
create two connectedcircular coils, with currents o wing in opposite directions, so the E-field
is at its maximum under its center (hot spot), where the two rings meet. Such geometrical
composition allows for to maximization of the E-field at the center of the coll, increasing the
focality for a more accurately defined area®®’. For both these types of coils, the induced E
field remains confined in the superficial cortical area, therefore for deep stimulation, a
solution could be the E-field of double -cone coils(Figure 1.6), which can reach deep cortical
layers. It consists of a figure-of-eight with the two wings bent closer together, typically

forming an angle of 120°.
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Figure 1.6. Doublecone coil, from Magstim website

Nevertheless, the disadvantage of the double cone coil is the loss of focality®. Following, we

find the air -cooled coil, which can be a figure-of-eight as well as a circular coil, equipped

with a cooler system, which is a fan. This latter transports the heat away from the coil and

thus allows a much longer stimulation time than, for example, a non -cooled stimulation coil .
Then, a better compromise between depth and focus may be obtained with new types of

coils that allow a lesser rate of decrease of field magnitude as a functionof distance, such as
the Hesed-coil (H-colil), C-core coil,and circular crown -coil. The Hesed coif°with a complex

three-dimensional windings pattern enables effective stimulation of deep brain regions

without inducin g an unbearable field in cortical regions®. The C-Core is a coil with a

ferromagnetic core with a wide opening angle that generates a figure-of-eight shaped E-
field and has a depthtfocality ratio commensurate with figure -of-eight coils, whereas the
crown coil is a large circular coil wound around the perimeter of the head like a crown. All

the coils exposed are reported in Figure I. 7.
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(c)

Figure 1.7 Commercial coils for clinical treatments: (a) Circular coil, (b) Hesed caoil, (c) Groilyr(d) Figureof-eight
coil, (e) Double cone coil, and (BcGre coil. Image adapted from A0 Deng et al. 2023

Among these coils, the two most usually used in TMS treatment are the circular and the
figure -of-eight coils, both constructed from wound copper wire, properly insulated , and
placed in a plastic case Today, the figure-of-eight coil is one of the most extensively used in
TMS studiesfor both investigational and therapeutic purposes. Therefore, this study will be
analyzed these two shapes of coils (circular and figure-of-eight), since the aim is to
reproduce the real exposure conditions, using the most usual devices that we can find in

clinical practice.
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CHAPTER

2.1 Reference legislation: Directive and technical standards

In a work ing environment where there are EM sources in the context of risk assessment two
important steps must be considered. The first is to identify which workers are professionally
exposed to EMF. They are considered as such, those who for their specific work activity, are
exposed to electric, magnetic, and electromagnetic fields and therefore, for them
occupational limits , established by the legislation, will apply . The second step is to identify
those who carry out an activity for which exposure to electromagnetic fields is not foreseen,
they must be considered a "general population”, and for them, the levels reported in the
guidelines of the International Commission on Non-lonizing Radiation Protection (ICNIRP)
1998*, relating to the population exposure, will have to be respected. At this point, having
identified the type of subjects exposed, it is necessary to identify the sources present in the
workplace. In this phase, the EN 5049%* standard "Procedure for the assessment of workers
exposed to electromagnetic fields" is of fundamental importance, it provides for the first
phase of the intervention, called initial assessment, which basically consists of a census of
places and work equipment. These must be classified according to criteria concerning the
possibility that the reference levels for the population may be exceeded. In particular, the

following shall be considered "a priori compliant":

o all equipment that is n ot capable of emitting fields of intensity higher than the
reference levels for the population®? is considered to comply a priori with the
standard (and are sometimes referred to as justifiable sources);

o all workplaces where the reference levels for the population are respected are

also consideredto comply a priori .

According to the standard, in workplaces where only ?apriori -E O O x O Rduiprikat is
present, the risk assessment essentially ends with the initial census. In workplaces where
there are devices capable of emitting fields of intensity higher than the reference levels
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for the population, the standard indicates instead as necessary a further evaluation
procedure. To facilitate the task of the assessorthe EN 50499 contains two tables, the
first of which includes all places and work equipment that comply a priori, while the
second is a non-exhaustive list of equipment for which f urther assessment is required.
This method has been further detailed in the Non -Binding Guide to Good Practice * for
the implementation of Directi ve 2013/35/EU of the European Commission. In particular,
Table 1 contained in EN 50499 concerning"a priori compliant™ equipment, i.e., those
inherently safe, has been expanded and detailed in the first volume of the Non-Binding
Guide to Good Practice, in Table 3.2.In this latter are reported the devices for which are
not necessarily specific assessment and also the devices for whig it is required (such as
for the TMS device). In general, once the sources and areas have been identified, it is

essential to provide for a procedure called "zoning" by defining the following Zones:

o Zone 0: is the area where the levels of electric,magnetic, and electromagnetic
fields respect the limits for the general population, or in which all the sources
present are ?a priori compliant 2. This area can be accessed by anyone, including
those with contraindications to exposure, such as wearers ofmetal prostheses or
implanted electronic devices, pregnant women , and minors.

o Zone 1. it is the area where the reference levels for the population may be
exceeded, but in which the employment limits are certainly respected. Access to
this area must be allowed only to those involved in the specific processing carried
out in it, these must be properly trained and informed. Access must instead be
precluded to all other workers, to individuals of the population , and to subjects
with contraindications.

0 Zone 2: is the area where exposure levels may exceed occupational limit values.

Access to this area must as a rule be forbidden to anyone.

At this point, having identified the potential ex posure scenarios and the type of subjects
exposed, it is necessary to choose which limits to refer to for the verification of

conformity of the equipment. In Europe, a specific directive, that is the 2013/35/EU of the
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safety requirements regarding the exposure of workers to the risks arising from physical
agents (electromagnetic fields) and repealing Directive 2004/40/EC*, is currently
adopted in a large number of the European member states and requires an EMF-related
risk assessment in workplaces However, for a better understanding of the limits
reported in the Directive, firstly it is important to define some aspects related to the
exposure mechanisms. The ascertained mechanisms of interaction of electromagnetic
fields with biological matter are substantially divided into two fundamental effects:
induction of currents in electrically s timulable tissues and transfer of energy with
thermal rise. Such effects are called direct effects because of a direct interaction of the
fields with the human body. At lower frequencies and up to about 1 MHz, non -thermal
effects such as stimulation of nerves, muscles and sensory organs prevail. As the
frequency increases, the transfer of energy into the tissues through the rapid oscillatory
movement of ions and water molecules, with the development of heat and heating,
becomes increasingly significant. At frequencies above about 10 MHz, this last effect is
the only one to remain, and above 10 GHz, the absorption is exclusively present in the
skin. The direct effects manifest themselves above specific induction thresholds: the
current framework of knowledge allows us to have a "rationale” (i.e., a logical-scientific
basis) for the definition of exposure limit values that prevent their occurrence in the
exposed subjects. In addition to direct effects, there are indirect effects that can have
serious repercussons on health and safety and therefore must be prevented, among
them we find: interference with equipment and other electronic medical devices,
involuntary triggering of detonators, electric shock or burns due to contact currents, risk
of projectiles due to non-fixed ferromagnetic objects in a static magnetic field, etc. The
aforementioned Directive aims to prevent both direct and indirect biophysical effects,
while the scope does not concern protection from possible long-term effects for which,
as indicated by the Directive itself, there is currently no conclusive scientific evidence
capable of establishing a causal relationship At this point, to delve into the issue of

compliance with regulatory limits, the following definitions should be made:

46



- Exposure limit values (ELV's), pursuant to Directive 2013/35/EU', are those values
established based onbiophysical and biological considerations, in particular , the
acute and short-term direct effects scientifically ascertained, i.e. thermal effects
and electrostimulation of tissues. The ELVs below 1 Hz are limits for the static
magnetic field, for frequencies from 1 Hz to 10 MHz are limits for electric fields
induced in the body from exposure to time -varying electric and magnetic fields,
and for external magnetic flux density from O to 1 Hz. Therefo re ELVs refer to
guantities that are not directly measurable and are conceptually equal to the Basic
Restrictions (BRs) suggested by the ICNIRP guidelines34;

- Action Levels (ALs), within the meaning of Directive 2013/35/EU, means those
operational levels established to simplify the process of demonstrating
compliance with the relevant ELVs or, where appropriate, to take appropriate
protection or prevention measures. ALs correspond to calculated or measured
electric and magnetic field values at the workplace, the overcoming of which
determines the obligation to adopt certain appropriate prevention and protection
measures. They are conceptually coincident with the reference levels (RLS)
suggested by the ICNIRP guidelines4,
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Directive are based on the recommendations of the International Commission on Non -

lonizing Radiation Protection (ICNIRP) and should be considered in accordance with
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the logic of the ICNIRP, with regard to low frequency, Directive 2013/35/ EU introduces a

double system of exposure limits (ELVS), distinguishing the stimulation effects on the

central nervous system of the head ("minor" sensory effects, i.e. transient disturbing effects

such asphosphenes or minor cognitive disorders, for frequencies below 400 Hz) from those

affecting the peripheral nerves throughout the rest of the body (health effects, such as

painful stimulation or involuntary muscle contraction up to arrhythmias.). The direc tive

specifies that "minor" sensory effects can be risky for safety depending on the activity

carried out by the worker, since the symptoms, even if temporary, can affect cognitive
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abilities or other brain or muscle functions and therefore can adversely affect a worker's

ability to work safely (safety risks).

Finally, it should be noted that the Directive, as well as the ICNIRP guidelines, also for low

frequency (1 Hz- 100 kHz), take a flexible approach. That is, it is expected that a worker can
experience minor sensory effects, and therefore the limits on the central nervous system of

the head can be exceeded, provided that any negative consequences are kept under control

through the adoption of specific protection measures. The motivation is well expressed in

the text of the ICNIRP | YhY w& UDET OPOI UwpkT 1 Ul wbUwUEaUO6 w? %C
made concerning guidelines on limits of exposure to static magnetic fields (ICNIRP 2009%),

ICNIRP considers that there are occupational circumstances where, with appropriate advice

and training, it is reasonable for workers voluntarily and knowingly to experience transient

effects such as retinal phosphenes and possibly minor changes in some brain functions,

since they are not believed to result in long-term or pathological health effects. Exposure of

all parts of the body in these circumstances should be limited in order to avoid peripheral
EOQOEwWEI OUUEOQwOal OPOEUI EwOI UYI wUUDOUOEUDPOO? 6w
Since therationale of the Directive and the ICNIRP guidelines is matching, it is possible to

refer to the latter, to | UUEEOPUT WEWEOOEI xUOwUT E0wPUwWUOT T wi
electric and magnetic field exposure may be exceeded if it can be demonstrated that the

basic restrictions are not exceeded.3 | UUOwH Uwd UwE wx UE E UD EtRabmapd U w? U |
be used for determining compliance with the Basic Restrictions.

If the measured or calculated value exceeds the reference level, it does not necessarily follow

that the basic restriction will be exceeded. However, whenever a reference level is exceeded,

it is necessary to test compliancewith the relevant basic restriction and to determine

whether additional protective measures are necessary. What is just reported, asa general

rule, is not valid for a localized exposure. In this case, the ICNIRP guidelines UUE Ul EwUT E U
a very localized source with a distance of a few centimeters from the body, the only realistic

option for the exposure assessment is to determine dosimetrically the induced electric field,

N TR
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in this study we considered carrying out a dosimetric analysis, to verify the compliance to
the BRs expressed as induced Erield.
In the following are reported the exposure limits of the Directive (EL Vs) and the ICNIRP

guidelines (BRs):

Table Il - 1 Health effects ELVs for internal electric field strength from 1 Hz to 10 MHz
Table A2 from the Directive 2013/35/EU

Frequency range Health effect ELVs
hw' 4 wAwl w@wt wo' 1.1 Vm (peak)
t wO' 4wAwl wAwhy w 3.8 x 10*f Vm ' (peak)

In Table II-1, f- frequency is in Hz . The health effects ELVs for the internal electric field are

spatial peak values in the entire body of the exposed.

Table Il - 2 ICNIRP -2010 BRs for occupational exposure to time-varying electric
and magnetic fields

Exposure characteristic Frequency range (Hz) Internal E-field (Vi)
Occupational Exposure 1710 Hz 0.5/f
CNS tissue of the head 10 Hz125 Hz 0.05
25 Hz1400 Hz 2 x 103 f
400 Hz13 kHz 0.8
3 kHz110 MHz 2.7 X10%
All tissues ofthehead andbody 1 Hz13 kHz 0.8
3 kHz110 MHz 2.7 x10%

In Table 11-2, f- frequency is in Hz . The internal E-field is expressed in rms.

To conclude is important to mention the legislation directly related to the device in terms of

electric and electronic equipment. IEC is the International Electrotechnical Commission,
which provides a wide range of requirements also for medical devices, which are used by
regulatory authorities for conformity assessment . As previously stated, for the TMS, up to
this point, there is no IEC particular standard . Nevertheless, for TMS devices, it is necessary
to take into account the EN-60601 series, promulgated by the IEC, which deals with various

aspects of basic safety and essential performance for electrical medical devices. However,
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being a general standard, it provides precisely general requirements and serves as a basis
for standards. For example, collateral standards are defined as those specifying general
requirements for basic safety and essential performance applicable to a subgroup of
equipment or a specific characteristic of all equipment not covered in the more general
document (6060%1). These standards are identified by type codes 6060411-X, for example,
we find among them the 60601-1-2'? standard for Electromagnetic compatibility and also the
60601 1-3% concerning X-ray - radiation protection. There are also specific standards (with
the format 60601-2-X) that can modify, replace, or eliminate the requirements contained in
the general standard, as appropriate for a specific type of electrical equipment. These
include, for example, 60601-2-1°7 for the Medical accelerator, 606012-33%¢ for Magnetic
Resonance Imaging and 606012-2%° for the HF surgical equipment, and so on. What we
found in reference to the requirements for the TMS, in the user manual of the manufacturer,
regards the compliance only to the 606011 (general) and the 606011-2*2 (compatibility). In
we found that the TMS is designed to comply with the requirements of the Safety Standard
EN606011 (Medical Electrical Equipment - Part 1: General requirements for basic safety and
essential performance - Ed 3.1, 2005 + CORR.1:2006 + CORR.2:2007 + A1:2012 AND 2006 +
AC:2010 + A1:2013)including amendment 1 and amendment 2, and EMC Standard EN
606011-2 (Medical Electrical Equipment - Part 1-2: General requirements for basic safety
and essential performance - Collateral standard: Electromagnetic compatibility -
Requirements and test,Ed 4 2014). Thus, no specifistandards are stated, neither related to
the explain how to carry out a risk assessment for this specific device nor is it evidently
required of the manufacturer to comply with rules relating to medical devices, such as
Regulation 745/2017 of the European Uniort®. This lack, for example, impact also in the
possibility to apply the derogations allowed by the Directive, in reference to the ELVs health
effects @ conceptnot included in the ICNIRP guidelines ), that could be exceededin specific
cases.This is becausederogations from the compliance to health effects ELVs could apply
if there is a particular standard, as for example occursin the case of MRI equipment, where

the derogation could be applied following the instructions for safe use provided by the
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manufacturer in accordance with European standard EN 606012-33 (specific for the MRI
device). Following th is European standard, severe effects like cardiac stimulation are
prevented, the possibility of intolerable stimulations is confidently ruled out, and the only
foreseen effects are of minor importance consisting just of non-painful perceptions. As
regards other sectors or specific activities different from MRI, the above considerations
should be addressed in specific technical standards, taking into account that the balance of
health risks for workers with benefits to the patient should be considered in the medical
applications°% To date, no technical standard existsfor a TMS device that could be usedfor
this permitted derogation. Therefore, this confirms the need for the harmonization in
conformity assessment and thus the international particular standard whit appropriate
requirements for the TMS devices. What has just been said,confirms again the choice to

deepen the issue related to the risk assessment for the TMS devie.

2.2 Risk assessment: compliance with LG ICNIRP 2010

As mentioned earlier, the ICNIRP guidelines are taken as a technicatscientific reference by
Directive 2013/35/EC laying down minimum requirements for the protection of workers
from exposure to electromagnetic fields in the frequency range between 0 Hz and 300 GHz.
In this study, since we considered a source positioned close to the operator, we refer to BRs
suggested by ICNIRP 2010 guidelines'?, and thus to the last update 20204, to verify the
exposure compliance to the regulatory system. The physical quantity used to specify the
BRs during exposure to EM fields is the strength of the induced electric field, as it affects the
nerves and other electrically sensitive cells. The limits, reported in Table 11-2, arefrequency-
dependent, thus we have to compare the calculated induced quantity to a correspondent
value of the working frequency of the device. At D3 kHz (typical TMS frequency), the BRs
assume the value of 0.8 V/m (rms), corresponding to 1.13 V/m (peak). The guicklines also
suggest considering the local induced electric field as a value averaged in a tissue volume
of 2 x 2 x 2 mnm, and for a specific tissue, the 99 percentile of the induced E-field
distribution is the relevant value to be compared with the BR. T herefore, in this study, we

compared the ICNIRP limits by computing the 99 " percentile of the induced E-field inside
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the human body of an operator performing TMS treatment, which was discretized in 2 x 2
x 2 mmevoxels in the numerical evaluation . Using this analysis, it isalso possible to estimate
the safety distance that is the distance in which the induced E-field gets below the limits,
and so it is possible to obtain the position in which is reach ed the compliance with the limits .
It is clear that this analysis strongly depends on the device under test, thus should be carried
out for each coil model and eachpossible exposure scenario.So,the results strongly depend

on the exposure conditions examined.

Nevertheless, some studies consider that the evaluation of the 99 percentile in a local
I BxOUUUI wEOCOEPUDPOOwWPUOZUWUTT wEl U0wPEawi OUwWOT I
significant induced electric field values may be concentrated in a small volume®s. The
maximum electric field (100" percentile) value depends on the resolution of the numerical
grid and is susceptible to staircaseerrori®?, so the influence of human model resolution on
computed quantity induced by the external fields121%3 |ed the research studies and also the
ICNIRP guidelines to use the 99" in order to reduce this error. However, Laakso et al. 20125,
assume that, in a local exposure, takng into account only the 99" percentile, leads to an
underestimation of the risk, since excluding the 1%, means ignoring the real values that
should be considered. Therefore, Laakso et al. 2013* propose using 99.9" as a dosemetric.
In this study, were considered three human models (male Taro, female Norman, and child
Thelonious) and the aim is to investigate the magnitude of the numerical errors that affected
the induced E-field, thus the authors examine the correlation between the 99.9" percentile
and the 100" percentile and the 99" percentile of the electric field. What they found is that
there was a strong correlation between the 99.9 percentile and 99" percentile of the electric
fields, whereas a slightly weaker correlation between the 100" percentile electric field and
the 99.9" percentile. Therefore, to reduce numerical errors affecting the 100" percentile and
on the other hand, to improve the underestimation relativ e to the 99" percentile, the authors
obtain asresult, and so suggest, that the 99.9 percentile is reasonable the value that should
be used for the assessment of exposureln agreement with each other, are Ahn et al. 2021,
that prop ose yet the use of the 99.9 percentile for the exposure analysis. In this study, five

anatomical human models and a simplified model are considered, and the paper aims to
52



carry out an improvement of the method for the safety assessment introduced by IEC about
the exposure to a Low-Frequency wireless power transfer system. This assessment is based
on the concept of the calculation of coupling factor (as suggested by IEC 62233% and
62312°7), which in turn implies the calculation of induced quantities . The author in order to
reduce the computation artifacts due to abnormal peak (100" percentile) proposes an
improved method by applying the 99.9 " percentile in calculating the coupling factor
without underestimation (present in the case of the use of the 99 percentile). The results of
this study show that the use of the 99.9" percentile for the evaluation of the induced
guantities reduces the computational errors by up to 65.3% compared to a conventional
method, that uses the 99' percentile. Thus, they suggested that the 99.9' is the value that
could be used to obtain an assessment of exposure without an underestimation. For what
has just been dealt with, in this study, it was considered important to report both the 99 ®
percentile, to take into account the ICNIRP guidelines (and thus the Directive), but also the

99.9" percentile to take into account the knowledge gained from the scientific literature .
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SECTION |l. NUMERICAL MODELING
AND COMPUTATIONAL DOSIMETRY IN
THE RISK ASSESSMENT
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1. CHAPTER

3.1 Numerical analysis: an overview of the computational
methods

As aforementioned, the main scope of the work is to evaluate an exposure assessment for
working operators during the TMS treatments, carefully reproducing a real work exposure
scenario. In particular, through the classification of all possible orientations adopted by the
clinician with respect to the patient and thus to the TMS coil, a computational numerical
dosimetry analysis is carried out. EM dosimetry is a scientific discipline aimed at studying
the coupling mechanisms between an EM field and a biological object exposed to it.
Coupling is the first step in an interaction process, which can manifest itself with biological
or health effects'®e. The whole process of interaction is inherently multidisciplinary, as it
involves engineering, physics, biology, and physiology. However, coupling itself is simply
a physical process involving the laws of interaction between EM fields and objects of
complex shapes such as human models At the basis of this mechanism of interaction, there
are indeed the so-called dosimetric quantities. These quantities can properly correlate the
intensities of the external fields and the effects observed inside the exposed subjectqthe
operator in this case). As just mentioned, the dosimetric quantity that needs to be assessed
for our scope is the induced E-field within human tissue (understood as the 99 ™ percentile),
which then needs to be compared with the BRs limits, as suggested by the ICNIRP
guidelines, to verify exposure compliance. Therefore, first of all, an understanding of t he
methods used to obtain this dosimetric quantity is needed.

The TMS cal device works in a range of frequencies of about 1 kHz ¢ 3 kHz, with a
circulating current of dozens of kA (typically from 4 kA up to 10 kA). Therefore, the
operational field of the TMS is in the low -frequency range, since this latter includes the
frequencies ranging from 300 Hz up to 100 kHz. To study the distribution of the EM field in
the environment due to the TMS source, Maxwell's equations must be solved. These
equations describe exactly how the EM field, generated by a source, is distributed in the

surrounding space:
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where H is the magnetic (H-)field, E is the electric (E-)field, D = CEis the electric
displacement, accounting for the polariz ation of the material in an electric field, B = pH is
the magnetic flux density, accounting for the magnetization of a material and Jis the current

density. It is possible to express the equation in the frequency domain:

o (3.5)
nog Qr U (3.6)
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ng| m (3.8)
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behavior in the presence of EMF must also be considered that are the constitutive relations

of the material:

T (3.9)

I (3.10)
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61 1 Udand@o are respectively the permittivity and the permeability in the free space,
b1 B ¢ QuEaré the permittivity and the permeability in the material. The last equation is
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represents anexternal current source. Maxwell's equations can be solved both in the time
domain and in the frequency domain. Typically, the numerical methods used are based on
differential or integral equation solvers, which precisely discretize the differential or
integral form of Maxwell's equations. What is essentially done is a spatial discretization of
the equations in the region of space to be analyzed (or possibly a temporal discretization).
In this way, the geometry involved in the problem is divided into elemen ts, called cells, in
which the differential equations can be calculated. The entire environment thus discretized
is called Grid or mesh Once the mesh has been defined, the relationships of the physical
system within each element of the numerical space mug be found. Once the spatial
discretization has been done, what must be defined is the algorithm capable of solving the
physical problem in the discretized space for the specific characteristics chosen. Depending
on the characteristics of the problem, one numerical algorithm may be more suitable than
the other, thus providing more accurate results. In the case of this study, which is a low -
frequency application of numerical dosimetry , it is possible to take advantage of the quasi-
static approximation (QSA), which has been extensively applied up to a few tens of MHz.
However, the QSA, for the analysis of the mechanism of the interaction between human
models and low -frequency EMF can be used ifthree conditions are satisfied*°®
1. The dimensions of the involved objects and their mutual distances should be small
when compared to the free-space wavelength (.e., up to 40 MHz for the human
body);
2. The size ofthe exposed subject should be comparable to, or smaller than, the skin
depth in the biological materials (for the frequencies considered in this work, we

found that the skin depth 1 of the human tissues are included between 19 m, for
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blood, and up to 1314 m, for skin dry) 1%, therefore this requirement is certainly
fulfilled in our case;

3. The electric displacement current is neglected with respect to ohmic currents and the
induced currents in the human body are assumed not to perturb the external

magnetic field.

In the case of this study, all the conditions are satisfied, thus the QSA can be usedBased on
this approximation a simplified version of the Maxwell's equations, which finds the EM
solution by decoupling the B -field and E-field calculations, is applied. The solution to the B-

field was obtained according to Biot ¢ Savart law (equation 3.12 and equation 3.13

Qiee (3.12

where A is the magnetic vector potential, » is the current source; ois the magnetic
permeability (constant over the entire domain . A O wU w E O Epasitienwdetor] insitklthe w
domain and the position vector of the source, respectively.

" n = (3 13)

Where B is the magnetic flux density and A is the magnetic vector potential.
Subsequently, the finite element method (FEM) was applied to solve the Laplace equation

and compute the E-field distribution , in the hypothesis of ohmic current domination :

N Q, N %o Qn o, o (3.14)

where h is the conductivity of each tissue, 6 is the angular frequency, and 2 is the electric
scalar potential.
In order to carry out the computational dosimetry of this study, it is decided to use t he

commercial electromagnetic simulation software Sim4Life (Zurich MedTech, AG ) It is
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important to highlight that t his software is widely used in the research literature for
dosimetric purpose 111112113,

Additionally, since as anticipated, a neuronal analysis is performed in this work, it i s
important to underline that the commercial software Sim4Life is capable to simulate the
effect of EM fields on neuronal dynami cs. Thissort of solver library is developed at Yale
University 4 The tool allows us to directly couple the results obtained by the EM
simulations with the neuronal dynamics. When exposed to anEM field, a nerve fiber reacts
by changing the electrical activity of its membrane 11511617 This latter results in temporally
and spatially limited changes in the transmembrane potent ial*8 which, if above a certain
threshold, may cause the activation of spikes or action potentials that propagate along the
fiber. Inhomogeneity and rapid changes in the EM field may impose localized potential
gradients along the neuron, which could then depolarize the membran e inducing
transmembrane flow of ionic currents. As stated, if the depolarization is of sufficient
strength, an action potential or spike could be initiated, and typically, it is precisely these
nerve stimulation thresholds that play a very important role in defining safety limits and
standards. It is obvious that various factors influence the reaction and so the possible
stimulation of the neurons to EM exposure, among them are certainly the geometric
characteristics''® of the fiber (such as the diameter) and the orientation of the fiber with

respect to the field. Thus, from a physical point of view of the solver, the neuron exposed to

EOQws$, wi Pl OEwWE] Ul EUUWEOwI Ol EUUPEwWx OUI OUPEOQuwme K

guantity of QSLF solvers or derived from the E-field for EM solvers that do not produce the
electric potential. The E-field is defined as the negative of the gradient of the potential

(equation 3.15):

F nn (3.19

Where:
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noT FQ & (3.16)

where Cis a linear path that connects each data point to an arbitrary zero-voltage reference,

and dl is the integral of the path length. InUT 1T WEOOUI RO wWOT wUT | weareUUOOU
the data that are passed to theNeuron Solverto obtain the solution. Another important

function, for the scope of this work, and available in this solver, is the Titration. By means

of the Titration analysis, it is possible to determine the threshold above which a peak is
generated along the fibers. The titration factor obtained is used to further scale the electrical

potential cp2 wé udetecRed ¥ the neuron. Thus, the final threshold field is the product of

the static potential from the initial EM field 2 @heimodulating pulse a(t), and the titration

factor _ .

n O not ado FQa (3.17)

Therefore, Tis a scale factor indicating the proportion or multiple of the actual modulated

electric potential needed to generate an action potential. There are also different neuronal
models that can be set in the simulation, each of them has specific characteristicsthat
determine the stimulation response. These models consider the ionic currents that cross the
membrane and the excitability thresholds. The software integrates, among others, the

following neuronal models, more aligned with the purposes of the present work:

- Sensory modify MRG model*?” describe the membrane dynamics of myelinated
sensory axon fibers,
- Motor modify MRG model 2% describe the membrane dynamics of myelinated motor
axon fibers;
371 Ul uwOPOWOOET OUWEUI wOEOI Ew? OOE bioaehengdihai@ET wU i
basic model, implemented by Mcintyre, Richardson, and Grill (MRG)¥%. These new

modified models, compared to the initial model, take into account the electrophysiological
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differences between sensory and motor fibers. The two models benefit from accepting
continuous values of fiber diameters, instead of discrete values as for the original MRG
model. The main characteristics of the MRG model are that they incorporate a double cable
structure, with explicit representati on of the nodes of Ranvier, paranodal, and internodal
sections of the axon as well as a finite impedance myelin sheath. Thus, these models were
able to reproduce a wide range of experimental data on the excitation properties of
mammalian myelinated nerve f ibers. By means of these explained tools, it was possible to

carry out the assessment risk and the scientific analysis of the topic covered in this study.

3.2 EM characterization of TMS device: validation &
verification of the coil models

During the research project different TMS coils have been characterized through a
Verification and Validation process (V&V) %22 The Verification is a static processthat consists
of analyzing documents, data, and literature, to correctly implement a source. The question
to ask yourself at this stage is "Am | building the source correctly?". The Validation is a
dynamic process, which involves mathematical solvers, software, etc., during which a
comparison of the results is made. At this stage, the question to ask yourself is: Is the source

working as it should?

For instance, in the Validation process, a comparative evaluation was also carried out using
different analysis methods. In particular, for one of the coils, the characterization of which
will be dealt in detail below, a comparison between numerical and analytical models was
performed. Using the latter, we have found a solution for the Biot -Savart law by considering
the coil fed with a stationary electric current , by meansof two different analytical methods .
The evaluation referring to the circular coil Magstim, consisting of 14 windings, with an

outer radius of 120 mm and an inner radius of 70 mm, supplied with a maximum current of

63



5.6 kA (3 kHz). The data obtained using the two methods (i.e., analytical and numerical),

are shown in the multi graph reported below.
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Figure Ill. 1. (a) Evaluation of Bield at 80mm from the center of the coil; (b) Evaluation didd at 65mm from the
center of the coil; (©n the topcoil placed in the plane xgn thebottomB-field aroundthe coil in the free space.

In the graph, the first two columns refer to the data obtained from two different analytical
method, while the third column reports those obtained from the numerical method. In

addition, in the in the right -hand box are also reported the map of the distribution of B -field
(with the two dist ances highlighted) in the free space around the coil, that on the top is
geometrically reported in the plane yz, that is the plane perpendicular to the surface of the
coil.. By analyzing the graph, the panel in the row (a) shows the data obtained at distance
equal to 80 mm from the center of the coil, along the line highlighted in green in the box (c)
on the maps of the Bfield. While panel (b) reported the values of B-field, along the line
highlighted in green, that distance from the center is 65 mm. As we can see, he results
showed good agreement. Therefore, we can conclude that B-field produced by the coil is

sufficiently reliable .
At this point , we can start with the characterization of the sources.
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The first device chosen for dosimetric analysis has been derived from experimental data
acquired during a measurement campaign'?® conducted by the group of INAIL Research
Center in November 2009. During this campaign, the commercial Magstim MAG -978400
circular coil fed by the BiStim appliance 124125126 has been used In Table Il1-1, the features of

the entire system are analyzed:

Table lll - 1. Features of the devices
Circular coil
Magstim MAG -978400

Power system BiStim
Frequency 1 kHz
Current (MSO*) 9.7 KA
Inner diameter 7cm

Outer diameter 12.2 cm

*MSO: maximum stimulator output

The current signal that flows inside the TMS is assimilated to a pure sinusoid at equivalent
frequencies obtained from the pulse period, as literature studies have shown that this
assumption leads to a negligible error?”126when compared with the time-dependent signals.
The experimental acquisitions have been conducted in a medical center and the
measurement conditions have been provided considering the machine working in real
operating conditions (70% MSO) obviously avoiding the exposure of the patient . To this
end, a plastic container with a capacity of 3 L, filled with a 0.01 molar solution of NaCl in
water was placed in the position normally occupied by the patient's head (Figure 111.2). The
circular coil was placed in contact with the container and oriented with the axis parallel to

the walking plane. The measuring points were chosen both at the position normally
occupied by the operator and along the radial and axial direction of the actuator to
reconstruct the spatial distribution of the field . It is declared that the estimated uncertainty

about the measures is 5%In Figure 111.2, is reported the measurement setup.
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Figure 1ll. 2: Measurement setup

We define D1, asthe axial direction, whereas D2 is the radial direction. The measurements
of the magnetic flux density (B-field) recorded during the campaign are reported in Table

I -2:

Table Ill - 2. Measured BField

POINTS OF MEASURE

Dl[cm] D2[cm] | B(UT)peak
1 4 0 667000
2 64 0 494
3 96 0 153
4 0 32 1827
5 0 64 251

The second step is to reproduce and numerically model the source validating its
performances through a comparison with the values obtained during the experimental
campaign. Therefore, following the features reported in Table Il -1, the coil model was
reproduced using the numerical software Sim4Life (v.7, ZMT, Zurich MedTech AG) . In the
environment of simulation , it consisted only of the windings, without the outer coating, as
done by current literature on TMS modeling *?°. Therefore the coil was reproduced in the
simulation environment as dimensionless wires placed at the center of the real wires23130,
This implied a 2D coil approximation that may slightly underestimate the induced E -field,

but the overall error was typically below 2% *293tin the range of work frequency here
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considered. In Figure 111.3, it is reported the modeled coil in numerical software and the

distribution of the magnetic field produced.

Figure 1ll. 3 Modeled coiln simulation environment(A) coil in the grid (mesh) set in the simulation environment, (B)
circular coil numerical model, (C) distribution ofetmagnetic flux densitB(T) on the surface of the coil in corresponding
of the windings, (D) distribution of B(T) in corresponding the surfacén the positionof the coating

At this point, the analysis of the B -field around the coil is detected. Since we have the exact
position in which the B -field is recorded, we move in the same direction in the simulation
environment to compare the B-field. Figure Ill.4 shows the behavior o f the B-field, with the
maximum peak achieved in the corresponding of the inner turn of the colil (as the geometry

of the coil suggests).
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Figure 1ll. 4 B-field (T) along the line through the center of the coil indhiger surface
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The comparison with experimental measurements, along the two directions, is summarized
in Table 111-3 and Table IlI-4:

Table lll - 3. Measurements of B (mT) alorige radialdirection
. Measured values Simulated values
Distance
70% MSO 70% MSO
32cm 1.827 2.2
64cm 0.251 0.268
Table lll - 4. Measurements of B (mT) along the axial direction
i Measured values Simulated values
Distance
70% MSO 70% MSO
4cm 667 669.9
64cm 0.494 052
96 cm 0.153 0.158

The source modeled in the numerical environment returns roughly the same values of the
measurement campaign. With a maximum percentage variation, between the measured and

simulated value, of 5.26%.
As a whole, we can conclude that the V&V process issuccessfully completed.

The characterization of the second coil, modeled in SimA4.ife, is carried out from a
comparison of the results obtained by Bottauscio et al. 20163, where an assessmenbf risk
for occupational exposure to a circular commercial coil MC125 is conducted. Bottauscio et
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al. obtained from the experimental analysis, the feature of the coil under test. They measured
a peak current equal to 5.6 kA, for which is achieved the Bnaxmeasured in the inner turn of

the coil. The waveform of the current, and thus the B-field in the free space, is assimilable to
a dampened sinusoid with a period T= 290 us. Sincethe current signal is assimilated to a
pure sinusoid with an equivalent frequency obtained from the inverse of the period , the
authors set the operative frequency at 3.45 kHz. The features of the circular coil MC125 used

in the study of Bottauscio et al., are following reported:
Table Ill - 5. Features of MC125 circular coll

TMS SUPPLY MAGPRO R30
Max initial dB/dt 41 KkT/s

Inner diameter 28 mm
Outer diameter 114 mm
Turns 13
Currentpeax 5.6 kKA
Frequency 3.45 kHz

Moreover, since a risk assessmentstudy is considered, the 99" percentile of the induced E-
field in the human male model Duke ( member of the ViP of Sim4Life3? software) is
evaluated, also considering the induced quantity in a specific tissue, i.e. the central nervous
system (CNS). Three vertical positions (heights h) of the coil with respect to the operator
body, and also different distances (d) of the coil from the operator body axis are considered,

asreported in Figure III.5.

Figure Ill. 5: Coil position with respect to the operator model: h = 29.2 cm (case #A), h = 49.2 cm (case #B), and h = 9.2
cm (Case #C). Figure adapted from Bottauscio et al.2016
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The authors considered as worst case the #B position, thus in the present studywe chose to
reproduce this exposure condition. As previously done, also in this case the coil is first
geometrically modeled and then the magnetic field in the free space analyzed. The cdl is

fed by 5.6 kA (100% MSO) at 3.45 kHz. Following the distribution of the B-field obtained:

Figure Il1. 6: Distribution of Bfield produced by the modeled MC125 circular, ¢8i) distribution of the magnetic flux
density B(T) on the surface of the coil in corresponding of the windiBysligtribution of B(T) on the surfacat the
position of the coating.e.4mm away from the windings.

The human body model Duke is considered and positioned in the simulation as done by

Bottauscio et al. (2016. This exposure condition results in h= 49.2 cm from the top of the
model and in two distances d from the axis of the operator (40 cm and 60 cm). Reproducing
these casesin our computatio nal environment, we evaluated the 99™ percentile of the

induced E-field, in the total body and in a localized tissue (i.e., CNS). Further, we have
considered two voxel dimensions, that are 4 mm and 2 mm, as done also by Bottauscio et
al., since they stated that the use of 4 mm voxels leads to a slight conservative overestimation
in the CNS (D5+7%) in comparison with the results given by the 2 mm voxels. Data are

reported in Table Ill -6:

Table Ill - 6. Comparison of results
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Distance Results Results

e from body axis  of this work of Bottauscio et al.
Total body 4 mm 40 cm 1.80 V/Im 1.91 Vim
Total body 4 mm 60 cm 0.57 VIm 0.69 V/Im
CNS 4 mm 40 cm 0.59 V/m 0.57 V/Im
CNS 2 mm 40 cm 0.57 V/Im 0.55 V/m

As can be observed from the Table, the E field calculation in the CNS tissue for the case of 2
mm voxel resolution is perfectly reproduced; in the case of lower resolution discretization
of 4 mm, the difference between the two models (Bottauscio and ours) goes from 5% to 20%
as a function of the distance between the coil and the human body model. Thus, we can
conclude that we have obtained the characterization of the MC125 device powered by the

MagPro R30.

Finally, the other two coil models coming from the company Magstim Co.Ltd. 1% are
characterized through the information found in the user manuals 34136, |n fact, in the user
manual or in the guide of the products typically it is possible to find the information
regarding the geometry of the coil and the B-field maximum (100% MSO) produced by the
system. From this information , we conducted a backward analysis from the known d ata.
Thus, knowing the B -field max produced by the power system at 100% MSO, we were able to

derive the current needed to obtain that field value at the working frequency of the coil.

We start with the Std. Double coil 992500, Magstim. This coil will be referred asfigure -of-
eight. Typically the commercial figure -of-eight coil is powered by the two -phase generator

Magstim Rapid2 13,

Figure 1. 7. Figure-of-eight coil
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From the user manual, it is known that t he maximum magnetic field produced by the coll
is 1.2T at the external surface. Starting from this indication and knowing the geometrical
characteristics provided by the manufacturer , the coil model has been implemented on the
EM simulation software Sim4Life v.4.4 (ZMT, Zurich MedTech AG). The coil model
reproduces the real geometry with a ~90 mmdiameter per lobe, and a long feeding handle
of about 205 mm. The simulation environment was dis cretized by a maximum size of the
grid cells equal to 2 mm, considering extremely fine refinement. The feeding signal,
corresponding to a cycle of the damped sinusoid, was herein approximated as a pure sine
with the equivalent frequency of 3 kHz, equal to the inverse of the damped sine period (340
us). In our model, we used a coil consisting of only windings, without the surrounding
coating. To consider the presence of the external platic shell, we fed the coil so as to have
the maximum B-field 4 mm away from the windings, considering that this thickness
represents the coating, inhere not modeled. In Figure Il -8 the B-field map is reported,
obtained when the coil is supplied by ~ 1.6 kA. This shows the case in which the maximum
B-field output (1.2 T) is achieved in the corresponding of the windings of the coil,
approximately in the center of the coil (that is in the plane xy, with x -axis along the handle

of the coil and y-axis crossing the two lobes and the center of the coll,i.e., radial direction).

Figure 1ll. 8 Mapping of B orthe surface of the Std. Double coil 9928. The maximum Bield 1.2 T is achieved at the
center of the coil.
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The data of the B-field along the y-axis on the plane that contains the coil windings is shown
in Figure 111.9, whereas the same data in the plane away 4 mm from the windings is shown

in Figure 111.10:
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Figure l11. 9|B| along radial direction, through the center and the two lobes, on the surface of the coill
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Figure Ill. 10: |B| along radial direction, through the center and the two lobes, on the plama 4way from the surface
of the caoil.

Following these results, to have a Brnax = 1.2 T (maximum output of Magstim Rapid ?) on the

plane at 4 mm from the windings , the current to be used should be equal to 4085 A.
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The secondMagstim coil considered is the circular coil 9784-00. The circular coil is powered
by the mono-phasic generator Magstim200. With this type of coil, the maximum B -field

occurs near the inner turns and is equal to 2 T peak field.

S5

o
&
Figure 1ll. 11: Circular coil

Using the same method followed for the figure -of-eight, the model of the circular coil was
created in Sim4Life v4.4 and the EM problem was solved considering the Magnetic Quasi-
Static module. The coil is characterized by an internal radius of 70 mm, an external radius
of 120 mm, and 14 windings*®. The simulation environment was discretized with the same
step as before and also considering the extemely fine refinement of the grid surrounding
the coil. The simulation takes place at the fixed equivalent frequency of work of the coil,
equal to 3 kHz. To obtain a Bmax equal to 2 T, the required current supply is 5.6 KA. Below in
Figure I11.12 (a) is the mapping of B-field in the plane xy, 4 mm away from the surface of the
coil, which as mentioned, represents the thickness of the coil case and, therefore, where the

maximum B output should be achieved. On this plane, the plot of B-field along the axis

highlighted green that through the center of the coil was extracted (Fig ure 111.12 (b)).
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Figure Ill. 12. a) Mapping of Bfield on the plane at 4 mm frattne surface of the colb) B-field alongtheradial axis, that

is highlighted by the green line in a).

The figure shows that the desired B-field max is guaranteed with a supply of 5.6 kA, at the

frequency of 3 kHz. The features of the four coils characterized are summarized in the

following:
Table lll - 7. Features of the coils
Figure-of-eight Coil  Circular Coil Circular coil Circular Coil

2U0xx0ao Magstim Rapid2 Magstim 200  Magstim BiStim MagPro R30
, ERw! w. 2T 32T 1.8 T(=41 KT/s)
( 001 Uw# 70 mm 70 mm 28 mm

UO1 Uw# 122 mm 122 mm 114 mm
30uduU Double turn 14 14 13
"Quul OU 5.6kA 9.7 kA 5.6 kA
Frequency 3kHz 1 kHz 3.45kHz

3.3 Standardization of worker position in TMS treatments

We collected information on typical positions assumed by clinicians during TMS treatments

by searching different documental sources, such as company user manuals,websites's,
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papers'#, and pictures obtained during the measurement campaigns made by the National
Institute for Insurance against Accidents at Work (INAIL) %% Thus, we stored approximately
65 pictures representing clinical scenarios, through which the positions taken by the worker
during TMS treatment were identified. It is observed that the position of the stimulating coill
with respect to the clinician depends on several factors, such as theavailable equipment,
e.g., type of coll, presence of a supporting system, and geometry of the supporting system.
We need to consider that the geometry of the coil could influence the position of the
operator, since, as mentioned above, typically he/sheholds the coil with the hands. Further,
some coils are equippedwith a supporting tool (a sort of plastic stick) that help sthe clinician
to keep in position the coil, remaining a greater distance from the source; although this
solution is rarely used in clin ical practice, it does not exclude completely the occupational

exposure (Figure lll. 13):

Ol wOT T wxEUDPI OUzUwi 1T EEwWwPDUT wUT UxT E0wUOOwWUT T wi U
presence ofa bed and thus the patient lying down, implies the exposure of the lower

abdomen of the clinician, since the position taken by the operators appears to be that of

Figure I11.14:
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Figure Ill. 14. Exposure of lower abdomen with use of bed support for pdtigaute adapted from GEA solution website.

Also, the height of the clinician and that of the patient may influence the exposure
conditions: for instance, pediatric patients would likely force the clinician to bend over,

bringing the stimulator closer to the chin/neck area (Figure 111.15):

Figure Ill. 15, Exposure of chin/neck of the operator. Figure adapted from website
https://www.cincinnatichildrens.org/research/divisions/n/neurology/labs/gitaert

Based on the results of these reviews, it was possible to classify the exposure in four
anatomical positions of the coil with respect to the body of the operator. These conditions

are summarized in the following Figure Ill.1 6:
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Figure 11l. 16: Typical relative vertical positions between the TMS coil and the clinician: examples of real scenarios and
identification of the exposed anatomical areas: (A) exposure of the chin/neck, (B) exposure of the eotpestu (€ pf
the abdomen, and (D) exposure of the lower abdomen

Therefore, this exposure mainly involves four anatomical areas of the clinician, which we
have classified below with capital letters :

A. Chin/neck, Figure 111.16 (A);

B. Chest, Figure 111.16 (B);

C. Abdomen, Figure 111.16 (C);

D. Lower abdomen, Figure 111.16 (D);
The computation analysis carried out in this work start from these assumptions, since they

represent the real exposure condition actually detected in typical workplaces.

78



V. CHAPTER

4.1 Occupational exposure conditions during TMS treatment:
methods and modeling

In this chapter4 it is considered the exposureof a TMS operator to two kinds of commercial

coils: the Magstim MAG -992500 standard double (simply called the figure -of-eight) and the

Magstim MAG -978400 circular coil. TMS pulses were assimilated to pure sinusoids at
equivalent frequencies, as aforementioned. The features of the TMSdevices here considered

are listed in Table IlI-7. As before mentioned, the coils were reproduced in the simulation
environment as dimensionless wires placed at the center of the real wires’>'43 This implied

a 2D coil approximation that may slightly underestimate the induced E -field, but as

reported, the overall error was detected asbelow to 2965144

To model the presence of the operator, we considered an anatomical human body model,

Duke, a standard young adult male (34-year-old, 1.77 m, 70.2 kg), member of the Virtual
Population (ViP., v.3.0)#5. Duke is a surfacebased model obtained from the MRI scans of a

healthy volunteer and it has 319 different body structures. Additionally, we considered a

posable Duke (ViP., v.3.149), which allows for changes in body posture, in order to
reproduce also the real position of the worker that grips the handle of the coil. The dielectric

x UOxT UUDT UwOi wlT T wUbHUUUI databhsevsicerbeddd inSimélLiel U OO w
(software chosen for the simulations, see aboveparagraph 3.1).

%U0UUT 1T UOOUI OwUT 1 wEOUDOI UUPEWEOEOGaUDPUWDOEOUEIT E
two-tissue head phantom Sam (IEEE Standards Coordinating Committee 34, Sub
Committee 2, Working Group 1 - SCC34/SC2/WG1),available in Sim4life. This phantom

consisted of two compartments, shell, and liquid, with conductivities of 0.01 S/m and 0.33

S/m#7 respectively. The phantom was placed approximately 1 cm below the surface of the

coil and positioned at the center ofthe UD QU OE UDPOOWEOOEDP OB w! a wEOOUDEI

we ensured the representation of a realistic scenario, with the TMS coil properly coupled.
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However, it is beyond the aim of this study to analyze the EM quantities induced inside the
xEUPI OUzUwi |l EES

NN A s N

[1l. 16), four vertical positions of the TMS coils were chosen, with different distances h from

the ground and they are denoted, as before statedas cases A, B, Cand D (Figure 1V.1).

| Orientation Il Orientation

Figure IV.1 The dosimetric model. Two coil orientations (I and 1) and four vertical positions: eagposure of the
chin/neck (hl = 153.5 cm), case¥®osure of the chest (h2 = 136 cm), casgpBsure of the abdomen (h3 = 112 cm),
case D exposure of the lowebdomen (h4 = 95.3 cm). For orientation I, the distance between the center of the coil and
OT 1T wOOUT EET woOi wlOT 1) wEL@d, rEekeds Fobariehtatd)l E theud SténEd bénweertthe edge of the coil
EQEwUT T wUUUI EET wddidm | wEOPOPEDEOz UWEOE A

Additionally, two different orientations of the ensemble coil/Sam were considered for each

vertical position, as shown in Figure | V.1. For orientation I, the model of the clinician is

placed behind the coil handle (coil angular positions 0°) and a distance of 21 cm is kept

EOOUUEOQOUWET UPT T OwlOTT wETI OUT UwOil wOT 1 wWEOPOWEOGE wL

distance considersthl wl Y8 k WEOQwOI O1 U1 woOi wOT 1 wEODPOz Uwl EOQEO

distance between the handle edge and the surface of the human model. For orientation II,

UT1 wEOPOPEPEOZUWEOEaA WOOET OwPUwxOEETI EwOOw@UIT 1 wl
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distance of 12cm from the extremity of the outermost coil winding to consider the length of
the forearm. Both distances are considered with respect to the surface of the Duke's body.
In addition , is important to highlight that these two distances take into account different
considerations. In particular:
-The classification of the work environments made from company user manuals,
websites, and papers allowed us to consider such distances di asreasonable
-The conclusions of the study by Rutherford et al.*#’, which finds a distance of 12.3
cm from the torso in which the limits are exceeded,
-The length of the forearm when the arm is kept bent at 90 ° attached to the torsq
where this value is considered equal to about 12 cm.
-Conversely, the choice of 21 cm from the coil center(d:), considered in orientation |,
corresponds to a minimum possible distance (i.e., 0.5 cm) from the coil handle, which
iIs 20.5 cm long, as reported in®’; this value is as well found from company user
manuals, websites, papers and also in the real work environment during
measurements campaigns.
Moreover, as suggested by the2010ICNIRP guidelines, at low frequencies, 20 cm is the
maximum distance from a source, to keep the exposure localized. The ICNIRP 2010
guidelines states in fact:? %OUWE WY1 Ua wOOEEOPA&]l EwWUOUUET wbpbUT w
body, the only realigt option for the exposure assessment is to determine dosimetrically the induced
electric field, case by case. When the distance exceeds 20 cm, the distribution of the field becomes le:
localized but is still noruniform, in which case it is possible tetdrmine the spatial average along
the body or part of #8149 7

A summary of the analyzed conditions is presented in Table 1V-1.

Table IV - 1. Exposure conditions

I Orientation Il Orientation
Coil angular positions 0° 90°
Distance of surface g 21 cm 12 cm
Duke (d) Fromthecenter of coil| From coil windings edge
Vertical position (h) A B, C,D A B, C,D
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All the exposure conditions were numerically simulated for the two coil models of Magstim

for a total of 16 positions. Additionally, we reproduced the clinician while holding the

figure -of-eight TMS coil, which was implemented by arranging the arm and hand of the
Duke model using the Poser tool embedded in Sim4life. In this latter case, the dosimetric
analysis mainly focused on the hand of the human model, as it is the anatomical district
closer than the others to the source. We evaluated both closed (Figue V.2 (b)) and open
hand (Figure IV.2 (c)) conditions, considering distance d between the outermost coil

winding and the thumb (Figure IV. 2 (a)) as follows:

1. Closed hand, with distance from coild =5 cm;
2. Open hand, with distance from coil d =5 cm;

3. Open hand, with distance from coil d = 2.5 cm;

() (b) ©

Figure 1V.2. Explanatoryimage othe exposure conditions of the hand. (a) distance considered, (b) closed hand, (c) open
hand.

The Duke model was discretized with a uniform step of 2 mm along the three Cartesian
directions, which corresponded to approximately 73 MCells. To estimate the induced E -
field, produced by the TMS, inside the operator, we could not automatically exclude the use
at 100% d MSO, because the stimulator output of the coils can be different between
treatments. Therefore, it was necessary to consider other values forthe identification of the
motor stimulation threshold %0 for single patients, which requires different output power
from the generator. As aforementioned, the coils are typically used with a percentage of
MSO?*! in a range of 30% to 80% values with which it was considered to conduct the
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dosimetric analysis, jointly with the 100% (maximum output), starting from the features of
the Magstim coils listed in Table Il -7. To assess compliance with the ICNIRP 200
guidelines, for each coil configuration, we compared the 99" percentile of the E-field
induced inside the Duke model with the limits reported in Table Il -2. Since these limits are
frequency dependent, for the occupational exposure at the frequency of work of the coils, is
fixed at D1.13 V/m (peak value). Furthermore, for both orientations, after finding the worst-
caseexposure condition, it is evaluated the distance at which the induced E -field decreased
below these limits. To obtain these data, we performed further simulations, in which the
human model was slowly moved away from the source, gradually increasing the distance.
Herein, we refer to the ICNIRP 2010 Guidelines and not to the 2020 update, as the changes

referred to the EMF frequency range between 100 kHz and 10 MHz are not considered.

4.2 Results of the analysis of risk for male clinician performing
the TMS treatments

First, we evaluated the streamline of the B-field produced by the t wo TMS coils. The flux
expanded in the free space and through the clinician's body, as shown in Figure 1V.3 for the
two coils placed at the level of the abdomen (case C) and oriented according to orientation
Il. Notably, both simulation domains had the same dimensions and the same spatial

resolution for a better comparison of the extent of the exposure.
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Figure 1V. 3. Streamline distribution map at a simulation output of 100%. Worst case exposure of: (a) Std. Double coil
992500, Magstim, (b) circular coil 97840, Magstim.

As expected, the Bfield distribution generated by the circular coils (Figure IV .3 (b)) differs
from that generated by the figure -of-eight because the latter remains confined in a smaller
region (Figure 1V .3 (a)). This is because the figureof-eight coil has a better focality inside
by a greater dispersion. At this point, the focus shifts to what occurs within the human
model exposed to this B-field that spreads in the environment occupied by the operator.
Therefore, in Figures IV.4 and IV.5, the induced E-l D1 OEWEDUUUPEUUDPOOUwWDHO
body are reported for the two Magstim coils placed at each exposure scenario described in
Figure IV.1. In particular, the results from orientation | are presented in Fig ure 1V.4, and
those from orientation Il are presented in Figure 1V.5. In both cases, the feeding condition
at MSO of 50% was considered. The two figures show theinduced E-field on the Duke's
sagittal plane, passing through the center of the colil, and the maximum full -scale value was

set as the limit suggested by the ICNIRP 2010 guidelines that is 1.3 V/m at 3 kHz.
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l1.13

Figure 1V. 4. E-field map at 50% of the maximum output for orientation I: (1) Exposure to the Double coH099R5
the four cases,-8-C-D; (2) Exposure to the Circular coil 9780 in the four cases,-B-C-D.
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Figure IV. 5. E-field map at 50% of the maximum output for orientation Il: (1) Exposure to the Double caoil
992500 in the four cases, AB-C-D; (2) Exposure to the Circular coil 9784-00 in the four cases, AB-C-D.

In all conditions shown in Figures IV. 4 and V.5, the circular coil caused higher values of
induced E-field in the human body, compared to the figure -of-eight. The mapping of the
induced E-field shows that in most conditions, a large area of the body is affected by non
negligible E-fields. For instance, during the exposure of the abdomen to the figure -of-eight
at orientation Il (Fig ure IV.5, panel 1-C), the volume of the tissue in which the induced E -
field exceeded the limit of 1.13 V/m is 0.12% of the total body, whereas it is 15% during the
exposure to the circular coil. For all the scenarios, the exposure tointensities above the
ICNIRP limit mainly involved the front of the operator, and some for which this condition
reached the back of themodel (e.g., Figure IV.4, panel 2 cases AB-C-D and Figure IV.5,
panel 1 cases GD and panel 2 cases AB-C-D). Considering the exposure to the figure -of-
eight placed in position C and oriented according to orientation Il (Fig ure IV.5, panel 1-C),
the E-field induced on the back, at the hip joint reachesa maximum val ue of 1 V/m, even if
in a small area. A more widespread exposure of the back to Efield intensities above 1.13

V/m occurs with the circular coil. Nevertheless, when placed as in case B and orientation II,
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the E-field induced behind the neck is up to 0.9 V/ m. Table IV-2 and Table IV-3 summarize
the levels of exposure for orientations | and Il respectively. For each of these, we reported
the induced E-field in the case of a MSO of 30% and in the worst case of MSO of 100%.he
comparison is also between the two models of coils: circular MAG -978400 and Std. Double

MAG -992500.

Table IV - 2. Orientation | - percentiles of detectewluced Efield (V/m) as a
function of %0MSO

Chin/neck Chest Abdomen Lower
abdomen

A B C
A ®) © e
%MSO 30% 100% | 30% 100% | 30% 100% | 30% 100%

99h 0.08 0.27 | 0.07 0.25 | 0.08 0.26 | 0.09 0.31
Std. Double coil

(MAG-992500) 99.9" 0.15 050 | 0.12 0.38 | 0.13 0.43 | 0.16 0.53

Circular coil 99h 113 377 | 1.21 401 | 1.30 4.34 | 151 5.02

MAG-978400 99.9" 213 7.09 | 218 7.28 | 234 7.81 | 2.78 9.27

Table IV - 3. Orientation Il - percentiles of detected inducedidtd (V/m) as a
function of %6MSO

Chin/neck Chest Abdomen Lower abdomen
(A) (B) ©) (D)
%MSO 30% 100% | 30% 100% | 30% 100% | 30% 100%
ogh 0.33 1.11 031 104 | 040 134 | 0.38 1.26
Std. Double coil

MAG-992500 99.g" 0.62 2.07 055 185 | 0.72 241 | 0.76 2.54

Circular coil ogh 1.80 6.00 180 6.01| 219 732 | 201 6.71
MAG-978400 99.gh 3.44 1148 | 3.01 12.87| 400 13.33]| 3.91 11.73
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The results indicated that the exposure to circular coil caused a 99 percentile of induced E-
field that exceeded the ICNIRP limits of 1.13 V/m in all the conditions, whereas only two
cases show values exceeding the guidelines for the figureof-eight coil, i.e., C (abdomen)
and D (lower abdomen), for orientation II.

Therefore, by addressing the critical conditions that could expose the operator to an induced
E-field above the ICNIRP limits, the safety distances between the operator and the coil that
would guarantee exposure below the limit at our working frequency were evalu ated.
Figures IV.6 and IV.7 show the data for the circular coil placed in the two worst-case
scenarios: case D in the orientation | and case- C in orientation Il. For these cases, we
evaluated the 99" percentile as a function of the distance for each corsidered percentage of
the stimulator output . The results are presented in Figures IV.6 and 1V.7 for orientations |

and Il, respectively.
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Figure IV.6. 99" percentile of induced-&eld for case D lower abdomen (worst case scenario in orientation | owing to

exposure to circular coil Magstim 97®0) as a function of the distance from the center of the coill
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Figure IV. 7. 99 percentile of induced E-field for case C- abdomen (worst case scenario in orientation 1l owing
to exposure to circular coil Magstim 9784-00) as a function of the distance from the coilwindings edge.
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percentage of output decreased. Therefore, the possibility of exceeding the Efield limit
could be considerably reduced when the operator stays at specific distances from the caoil,
which gradually increases as afunction of the stimulator output. Considering exposure to
the figure -of-eight coil, the induced E-field exceeds 1.13 V/m only in cases C and D of
orientation Il at a MSO of 100% (TablelV-3). In the worst-case scenario (i.e., case C), we
established that the induced E-field decreases to 0.91V/m at a distance of 15 cm, indicating
that the exposure limits are respected if the coil is moved 3cm away from the reference
position (i.e., 12 cm from the edge of the coil). Conversely, a compliant scenario for the
circular coil fed for MSO of 100% is obtained at 38 cm from the edge of the coil in orientation
Il (Figure IV.7, red line), or at approximately 44 cm from the center of the coil in the
orientation | (Fig ure 1V.6, red line). These distances can be reducedby feeding the coil with

a lower %MSO, reaching values down to 19.8 cm and 24cm for MSO of 30% for orientation

Il (Figure IV.7, blue curve) and orientation | (Figure IV.6, blue curve), respectively. From
these data, it is confirmed that the circularcoil T T Ul DPOWEOOUPEIT Ul EwUIl OEDOU

device, and the distance that the clinician must keep avoiding the overcoming of the limits
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during a TMS treatment is more than twice the distance that should be maintained with the
figure -of-eight coil. It is also possible to consider a comparison between these two worst
cases detected. In Figure IV.8are reported the safe distances as a function of theoMSO. In
red is reported the caseshown in Figure IV.6 (exposure of lower abdomen, worst case for
orientation 1), while in blue is reported the case of Figure IV.7 (exposure of abdomen, worst

case for orientation I1)

40
-5 Abdomen
—+= Lower Abdomen
_ 30+ -
g
220/ ]
s
<
“ 10} ]
0
20 40 60 80 100

%MSO

Figure 1V.8. Safe distances as an@tion of he MSO%. Red line the lower abdomen exposure in the | orientation; blue
line the abdomen exposure in Il orientation.

Since the worst case, it is fully noted in orientation Il, for this exposure condition, it is chosen
to compare the induced E-field caused by the exposure to the Magstim circular coils, with
the exposure caused by the MC125 circular coil. This latter was not considered, since
geometrically and also as power system (current and frequency) it is almost analogous to
the Magstim circular coil. However, in order to take into account the other characterized
coll, results are reported in the orientation Il at 50% MSO caused by MC125 coil powered

by MagPro30 (Figure 1V.9):
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(d)

I 1.13 V/m

Figure IV.9. Induced Efield map at 50%f the maximum output for orientation Il. Coil placed in correspondence to: (a)
chin/neck case A, (b) chestase B, (c) abdomerase C, (d) lower abdomerase D.

The MC-125 coil behaves similarly to the circular Magstim. The slight differences are, for
example, due to the differen cesin geometry. The induced electric field generated inside the
EOPOPEDE Oz UwE OE a wE anuhdde foun pdsitibhsifawdtiénh@atdnul D & EHownU
in Figure IV.9 and is compared in terms of the 99" percentile, for different percentagesof

stimulator output, as reported in Table IV -4.

Table IV - 4. The99" percentils of induced Hield (V/m)

Chin/neck Chest Abdomen Lower abdomen
%MSO 30% 100%| 30% 100%| 30% 100% 30% 100%
Magstim
! . 0.33 1.11| 0.312 1.04| 0.402 1.34 0.38 1.26
figure-of-eight
Magstim 180 6 1.8 6.01| 219 7.32 2.01 6.71
circular
MagVenture
circular coil 1.19 3.98 1.13 3.77 1.58 5.26 1.31 4.38
MC-125
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As it can be seen, the magnetic field generated by the MagVenture MC125 induces an E-
field estimated as the 99" percentile, which is comparable to those induced by the Magstim
coils, in particular by the circular model . It should be noted that the MagVenture MC -125
coil works at a frequency of 3.45 kHz, at which the limit (BRs) suggested by ICNIRP 2010
for the occupational exposure, is 0.93 V/m (rms), i.e. 1.31 V/m (peak). Thus, in this caseas
well, the induced E-field is far above the limit suggested by the ICNIRP 2010 guidelines,
confirming that circular models expose the clinician to a more critical conditio n than
exposure with a figure -of-eight. This is due to the different distribution of the magnetic field

produced by this model of the TMS source,strongly dependent on the model.

For a complete analysis of the exposure scenario, a focus on the limtpositioned close to the
source, is carried out, in order to deepen the investigation on the E-field induced in the hand
by simulating the condition of the operator that holds the TMS coil. In this casethe exposure
to the Std. Double MAG -992500 has been onsidered since it is the most frequently used
device for long-lasting treatments (i.e., repetitive (r) TMS protocol). As described in
paragraph 4.1, two configurations have been considered: i) the case of Duke holding the coill
with a slightly open hand at two distances between the thumb and the outermost winding
(2.5 cm and 5 cm, Figire 1V.10 (a)), ii) the case of a closed hand at a distance of 5 cm. The
distribution of the induced E-field on the surface of this area of the body is shown in Figure

IV.10 (b) and (c) for the closed handat 5 cmand open hand at 2.5 cm, respectively.
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[E[ (V/m)
35

Figure 1V. 10. Exposure condition: (a) On the top the human model of the Duke posable model, on the bottom the

D OOUUUUE U sigiaboa & i(blutfiels (hdtigetom the surface of the closed hand 5 cm from coil éxjgefield
inducedon the surface of the open hand 2.5 cm from coil edge.

It is evident that the proximity to the source caused a non-negligible induced E -field in the
thumb muscles, which is very evident for example in (c), where the open hand is much
closer to the source than in all other cases Furthermore, as shown in Figure 1V.10 (b), for
the closed hand, a peak of the Efield is induced at the contact between the thumb and index
finger, suggesting that the type of grip affected the extent of the area exposed to non
compliant intensities. Table IV-5 summarizes the percentiles of the electric field distribution
on the hand area to estmate the maximum values induced in the three conditions

investigated in this study.
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Table IV - 5. Percentiles of the InducediEP1 OE w5 * OAwbOwUl | wb:
function of percentage of stimulator output

30% 50% 80% 100%
9gn 0.85 1.43 2.28 2.85
Closed hand 99.9" 1.03 1.71 274 3.42
*d=5cm
99.99" 1.2 2 3.20 4.01
9gn 0.9 15 2.4 3
Open hand 99.9" 111 1.85 2.96 3.7
*d=5cm
99.99" 1.23 2.06 3.3 4.12
9gn 2.22 3.69 5.91 7.02
Open hand 99.9n 3.01 5.03 8.04 10.06
*d=2.5cm
99.99" 3.44 5.74 9.19 11.49

*d: distance between the coil edge and the haas shown in Fige I\V10(a).

To estimate the maximum value, we computed the percentile up to 99.99" because the area
of interest was reduced to the hand only and lower values of percentiles (as the 99
percentile) may not be completely representative of the exposure becauseof the presence of
local spikes. In fact, one of these local spikesoccurs at the point of contact between the two
fingers and is well detected by the 99.9% percentile to be 4 V/m in the case of maximum
stimulator output. This is in accordance with how stated in Chapter II, considering the
results of some research studies®41%, in which, in order to reduce numerical errors affecting
the 100" percentile and to improve the underestimation relative to the 99 t percentile, it was
chosen to evaluate alsothe 99.9" percentile, sinceit is reasonable that this is the value that
should be used for the assessment of exposure especially in the condition here analyzed.
An analysis of how the induced E -field depends on the percentile is, therefore, shown in

comparison metric of dose reported in Figure IV.11, in the case of 50% MSO.
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Figure IV.11 Dose metric of the exposure in hand district

Figure 1V.11 shows how the extent of exposure could depend closely on the percentiles
considered. In the case of thiscondition of local exposure, in which percentiles are evaluated
only in the district of the hand, to exclude an underestimation of exposure, it is important

to also consider the other percentiles, and not just the 99 percentile. The percentiles above
99" represent in these cases local peaks of the induced Hield, which should thus not be
ignored.

In general, considering maximum output, for the closed hand, a 99 " percentile of induced
E-field in the hollow between the thumb and the forefinger of approxi mately 3.89 V/m (or
1.6 V/m with 30% of stimulator output) is achieved, whereas 3.5 V/m (or 1.05 V/m, at 30%)
is achieved on the surface of the thumb. In the second case (open hand at 5 cm), in the hollow
between the thumb and the forefinger, we evaluate the E-field that achieved 4.5 V/m (or 2.25
V/m, at 30%) and 4 V/m (or 1.2 V/m, at 30%). However, the surface of the thumb is
characterized by a large area where 3.5 V/m (or 1.05 V/m, at 30%) is obtained. The last case
(open hand at 2.5 cm) is characterizedby an induced E-field peak equal to 12 V/m (or 3.6
V/m, at 30%) on the surface of the thumb, whereas we detected 10.5 V/m (or 3.15 V/m, at
30%) in the mentioned hollow between the fingers. Thesedata indicate non-compliance with
the corresponding limits suggested by the guidelines. These results may suggest the need

for targeted interventions that can reduce the risk of exposure. Such as, for example, the use
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of a stick on which to fix the coil (so that the operator remains at a distance) and, in
conditions where the operator is forced to hold the coil, the introduction of a specific
insulating material for each coil model that could limit exposure.

Finally, another induced quantity of equal importance has been considered:the induced
current density. As a matter of fact, the exposure of the human body to the time -varying
magnetic fields also results in the induction of a current density inside the human body. Our
results indicated that such exposure may cause a norrnegligible induced current density, as
shown in Figure V.12, which illustrates two exposure conditions: case A (exposure of the
chin/neck) for orientation | and case C (exposure of the abdomen) for orientation Il.

A: Circular MAG-9784-00
B: Std. Double MAG-9925-00

2.7 m Total body
24 m CNS

2.1
1.8
1.5
1.2
0.9

0.6
0.3

J (A/m?)

I | -

Neck/chin Abdomen

Figure 1V.12. Bar graph representing the 99th percentile of the current density induced in the whole body (blue) and in
the Central Nervous System CNS only (red) by the circular coil (A) and the figeght coil (B) for two cases of
exposure: neck/chin (ca8eorientation I) and the abdomen (ca&@@rientation II).

The graph shows that the exposure to the magnetic field produced by Std. Double MAG -
992500 causes a lower induced current density in the CNS than that caused by the circuar

MAG -978400. Furthermore, in all the evaluated exposure scenarios, J induced inside the

CNS was lower than that induced in the whole body , except for the exposure of the
chin/neck to the figure -of-eight coil, where a greater J is induced in the CNS with respect to

the whole body.
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4.3 Discussion of the results
(OQwUlUi PUWET ExUIl UOwEwWUaUUl OEUPEwWOUOI UPEEEMEE UUI
produced by a TMS was performed to rigorously investigate the risks for occupational
health associated with TMS applications. The need for comprehensive studies on the
conformity assessment of occupational exposure. Over the past decades, few computational
studies have investigated this aspect and provided suggestions regarding the safety
distance that the operator should maintain from the TMS coil. In 2010, Lu et al.**?performed
a dosimetric evaluation of the clinician exposure to a circular and a figure -of-eight coil,
which resulted in a safety distance of 110 cm for both coils, oriented with their surface
parallel to the surface of the chest, as woud be done during a cerebellar TMS!S3
Furthermore, the exposure to different angular positions of the two coils was investigated.
However, a cross analysis between angle and distance was not conducted, and the safety
distance was estimated only in the aforementioned position, whic h is not commonly
considered in clinical practice. A similar analysis was conducted in a more recent study by
Bottauscio et al. 20163 where they investigated the exposure of the clinician to a circular
coil. The coil was placed at three heights from the ground (i.e., at the level of the chest, neck,
and eyes), and it was evaluated in the same angular positions for each height, as in Lu et al.,
2010% Lu et al, 2010%° computed the safety distance for all rotations of the coil.
Furthermore, they proposed the use of a passive shield to reduce the safety distance
between the operator and the coil from 64 to 38 cm. In both theaforementioned studies, the
evaluation of the safety distance was limited to the coil placed at the level of the chest*31%2
and some exposure scenarios evaluated were far from real ones, such asase #C (coil at the
level of the eyes) in Bottauscio et al., 2016. Generally, the different anatomical regions that
might be exposed during TMS treatment depend on whether the patient is sitting or lying
down and on the relative height between the patient and the clinician. Hence, in th e
previous chapter, it is conducted a review to common exposure scenariosto identify the
positions generally assumed by the clinician while performing TMS treatment. In addition

to the exposure of the chest, considered both in Lu et al. (2018 and Bottauscio et al. (201&),
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and of the chin/neck considered only in Bottauscio et al., 20162, we evaluated exposure of
the abdomen and lower abdomen, thus conducting an in-depth analysis.

In all four exposure scenarios, we aimed to compare the behavior of two widely used types
of coils (i.e., circular and figure -of-eight) placed along two different angular orientations
PPDUT wUI Ux1 EUwU O w Bdrther ieCabsd e éxpodure WouakySidbée dnagnetic
field, produced by TMS devices shows a strong reliance on the percentage of the stimulator
output (%MSO), it was necessary to evaluate ways in which the operator exposure changed
with different %MSO. Thus , in addition to the maximum stimulator output (%0MS0O=100%),
we considered 30%, 50%, and 80%, while thditerature studies considered exposure solely
to the maximum stimulator output (100%) 43152 This can lead to conservative conclusions,
given that TMS treatments are typically conducted at 50% of the stimulator output, and
lower (30%) or higher (80%) stimulation intensities can be considered for research
purposes®®®15t Qur results at 100% were consistent with the previous literature, particularly
with those from Bottauscio et al., 2016%, where the 99" percentile of the induced E-field at
the closest distance between the center of the coil and the operator body axis (i.e., 30 cm)
was up to 4 V/m when the axis of the operator body and the axis of the coil are parallel. In
similar conditions (i.e., circular coil at the level of the chest ¢+ case B, orientation [), an
induced E-field O1 wK3d Yhw5 vy OwbEUwi OUCEWDPOUDPET wUOT T wdOx1 U
EI UpI 1 OQwUOT 1 wEl OUT UwoOi wlOT T wEOPOWEOGE wWUT 1 wUUUI EE
of the exposure of other body parts with respect to Bottauscio et al., 2016, we estimated
that the 99" percentile of the E-field above the limit suggested by the ICNIRP 2010
guidelines (1.13 V/m) occurred in all exposure conditions with t he circular coil, and the
highest value was induced with the coil placed at the level of the abdomen in orientation Il
(i.e. 7.32 VIm). For the latter our condition (caseC, orientation lIl), the safety distance was
estimated as 38cm (distance between the edge of the coil and body surface), which is closer
than the distance estimated in Bottauscio et al., 201&. This difference can be attributed to
the different geometrical characteristics of the simulated coils, as can be observedby
comparing Table II1-7 with their Table | 4. For the exposure to the figure-of-eight, the 99"

percentile of the E-field never exceeds the ICNIRP limits in orientation I, whereas it
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exceeded in cases C and D of orientation Il, which are cases that were not investigated in
the previous works 43152

The dependence of the exposure from the MSO% has also been consideredAs previously
stated, all the discussed literature studies evaluated TMS exposure with the operator
working at 100% of the stimulator output. Nevertheless, as shown in TMS clinical and
research studies® 15} this treatment is usually adopted at lower stimulator outputs. Our
results indicated that not only the choice of the TMS coil but also the selected stimulator
output significantly affected t he extent of the exposure. Notably, the percentage of machine
OUUxUUOwPUWET OUI OWEEUI EwOOwUIT 1T w3, 2wlOUI EVUOI OUOL
body and the coll is the principal quantity that should be varied to guarantee compliance
with the guidel ine limits. Based on this, we evaluated the 99" percentile of the induced E-
field with increasing distances between the source (i.e., TMS coil) and the body of the human
model under %MSO other than 100% (i.e., 30%, 50%, and 80%). This analysis was condus
for the worst -case scenario of each coil orientation, that is, circular coil in case D (i.e., the
lower abdomen) for orientation | (Figure 1V.6) and case C (i.e., the abdomen) for orientation
Il (Figure IV.7). For the latter case, the inducedE-field can be made compliant to the limits
by moving the operator approximately 38 cm away from the edge of the source, if working
at the maximum output or approximately 19.8 cm when working at 30% of the stimulator
output . Conversely, under our investigated conditions, a stimulator output of 80% ensures
that the electric field induced by the figure -of-eight coil is compliant with the guidelines in
all the cases studied. It should be emphasized that these distances are obtained from
dosimetric quantities, and not from environmental measurements because this study aimed
to estimate the EM quantities induced inside the clinician's body, rather than providing
indications regarding the zoning of the work environment (asexplained in Chapter Il) . This
analysis of operator exposure aims to make the worker aware of any possible risk while
performing the treatment, as the quantities found are not negligible. It is revealed a
considerably different behavior between the two coils, and we established that the circular
coil induced an electric field greater than the figure -of-eight under the same exposure

conditions, which is consistent with previous studies at the 100% stimulator output 43152

99



Finally, to compare the two coils further, the fraction of body volume exposed to E -field
over the guidelines limit was calculated. It was observed that in typical TMS working
conditions of %MSO = 50%, the Efield above 1.13 V/m was induced in a small fraction of
the body (0.12% of total body volume) by the figure -of-eight coil and in a larger fraction
(15% of total body volume) by the circular coil. As a reference, it should be noted that the
heart volume is equal to almost 0.85% of the total body for this male model of a standard
man, Duke. Therefore, according to these results, the type of coil entails different general
safe indications, depending on its angular orientation and the part of the body exposed. It
is estimated that in orientation I, the figure -of-eight coil induces an E-field below the ICNIRP
limits for all the stimulator output, even at the closest distance from the coil (Figure 1V.4,
Table IV-2). Conversely, in some cases studied for orientation Il, the induced E-field
exceeded the limits suggested by ICNIRP 2010, when considering both the circular and the
figure -of-eight coil (see Figure IV.5 and Table 1V-3). This implies that each treatment
deserves specific attention.

Another important issue conc erning operator exposure is the proximity of the upper limb
to the source. Because the clinician often holds the handle of the TMS device without using
any mechanical tools to maintain position, henceit is important to evaluate the exposure of
this area of the body. Furthermore, after analyzing real working scenarios, it emerged that
the operator may often hold the applicator during a TMS treatment. Thus, for a more
realistic numerical analysis, we focused on reproducing a realistic configuration of the ha nd.
Here, we excluded works that do not consider anthropomorphic virtual body models 147154
only one study that considered the operator with bent arm holding the coil was found in
literature > However, the influence of the hand aperture on exposure assessment was not
investigated. Our results indicate d that grip affected the exposure intensity. When the coil
is held with the hand closed (i.e., touching the thumb and the index finger), the induced E -
field is higher compared to when the coil is held with a slightly open hand, and it focuses
on the tips of the two fingers (as a hot spot). We considered two distances to take into
account the possibility of grabbing the coil with two hands, which would cause the hand to

be closer to the coll, as well as the case in which the operator grabs the handle with orty one
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hand but closer to the source. Considering the 99" percentile of the internal E-field, we
demonstrated that for a distance of 5 cm (for both configurations of the hand: open and
closed), the compliance is achieved at 30% of the maximum output, indicating that the
exposure of the hand can also be in compliance with the guidelines without the use of
mechanical tools. For the case of the hand closer to the coil (2.5 cm from windings), the safety
limits were exceeded at all the evaluated percentagesof the stimulator outputs. As shown
for the exposure of the total body, the distance increases when the output power increases.
When considering the exposure focused on the hand, the maximum distance allowed is
limited by the length of the coil handle, which may be too short and prevent respecting the
ICNIRP limits (as well as the limits established by Directive 2013/35/EUY). Therefore, the
aspect concerning auxiliary handpieces or insulating protection sleeves should be
investigated in future analysis. As regards the methods toimprove safety in the workplace,
being pending the publication of relevant technical standards indicating, if any, which
methods in the TMS use can guaranteethe safety of the operator even if the limits for health
effects are exceeded, similarly to the @se of MRI equipment, the reduction of exposure
levels can be achieved using, if medical practice allows, a plastic rod provided by the
manufacturer to keep the applicator in place. This mode could effectively distance the
operator from the applicator and result in compliance with the limits of the induced E -field.
Finally, to elucidate the different exposure scenarios evaluated, the induced current density
was studied (Figure IV.12), as it was done in the study by Lu and Ueno, 2010%, which
addressed the issue of the internal currents in the body of the clinician, because they referred
to the 1998 ICNIRP guidelines®. Their results indicated that the commercial figure -of-eight
compared with the circular coil, as confirmed in our study. Furthermore, they established
that at a distance of 70 cm, the current densityinduced by exposure to the figure -of-eight
coil and the circular coil averaged in 1 cm? of CNS tissue were 13.9 mA/n¥ (or 19.2 mA/m?
without simulating the cable, i.e. coil only) and 33.9 mA/m 2 (or 25.6 mA/m?without cable) 52
Compliance with the ICNIRP 1998 BRs occurred at a distance of 11@&m for both coils.

Although the induced c urrent density is no longer a quantity considered for the exposure
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compliance, it still provides a quantitative indication of what occurs inside the body of the
clinician performing the treatments. Moreover, J (A/m?) is not negligible in our study as
well, where the peak of the induced current density at the minimum distance of 12 cm
between the body and the circular coil was 2.37 A/m? and 0.9A/m 2, considering the total
body and the CNS exposure only, respectively (Figure 1V.12). To better understand these
values, they can be compared with the limits suggested by ICNIRP 1998", set at 3 kHz a

maximum acceptable induced current equal to 0.04 A/m? (peak) for occupational exposure.

4.4 Conclusions

A simulation -based safety assessment of operator exposure tohree models of commercial
coils was conducted to investigate the induced E-field and compare it with the limits
suggested by the ICNIRP 2010 guidelines. Theanalysis demonstrated that during a TM S
treatment, several factorscan influence the exposure of the clinician, such as the type of caill,
its vertical position, and orientation with respect to the clinician the stimulator output
intensity, as well as the position and the degree of the aperture of the hand of the operator
performing the TMS. In particular, the results of this study indicated that the circular coil
induces a higher induced E-field with respect to the figure -of-eight coil owing to its
geometric configuration that caused a greater dispersion of the magnetic field and resulted
in exceeding the guideline limits in a higher number of configurations. For each exposure
scenario, we conducted a whole-body analysis and evaluated the minimum distance
allowed to maintain the induced E -field levels below the ICNIRP 2010 limits. Furthermore,
we focused on the local exposure of the hand, and the results indicated that to reduce the
induced E-field on the area of the hand, one should avoid holding the coil too close to the
turns as well as holding it with a tightly closed hand. In this exposure assessment a
thorough analysis of different exposure scenarios of clinicians to TMS sources is reported,
and a systematic numerical assessment of compliancewith the ICNIRP 2010 guidelines was
conducted, considering both the whole body and local exposure. However, the results of

the dosimetry assessment presented in thisanalysis are specific to the exposure scenario
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examined and therefore cannot be extended to all the practices performed with the TMS.
Even they cannot extend to female exposure, if for example, we consider the female
operator, since we consider that the anatomical characteristics could influence the extent of
the exposure. Although a comprehensive risk analysis is beyond the scope of this analysis,

the results obtained provide useful insights for future risk assessment studies.
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V.CHAPTER

5.1 Exposure gender-dependent: possible differences in risk
assessment between male and female operator

The results obtained in the previous chapter open another important question regarding the
possibility that the gender specificity can be decisive in EM exposure. In particular, the
anatomical characteristics that differentiate a female subject from a male may have a
significant role in the level of exposure. Among these, it is necessary to consider the shape
of the body, the height (typically smaller in females than in human males), the presence of
adipose tissues in body positions other than those in human males, ard also the presence of
the breast (which means a presence of gland and subcutaneous fat in the chest), that could
be eventually directly exposed to the source, for example, if it is considered the exposure of
the operator with the coil at the height of the chest (caseB, see chapter Ill and also Figure
IV.1). The possibility that the final EM exposure and thus the assessment of the risk may be
different starts from some results found in the literature. A study conducted by S. Gallucci
et al. 20225 shows that a difference in terms of exposure response existsowing to gender
although in a different frequency band; in this study, a numerical assessment of the risk of
human exposure to RFEMFs (2.45 GHz)emitted by a wearable antenna is executed. Results
show how the value of SAR depends ongender, which means that the anatomy of the
models could impact on the exposure. In particular, they obtained that when the antenna is
posed on the arm, leg and shoulder, the exposure is much higher for the male model (Duke)
than for the female one (Ella). They reported + 28% for the case of the shoulder+110.9% for
the leg,and +A kK 6 NU wi O U wU THese Eesuiisieat uhE &uithdrdtaistate thata possible
Ul EUOOwI OUwUT 1 wbOEUI EUIl wbOwUT T w# UO kanpaned e OUIT Uu
the female model, indeed, in the muscle tissue, higher values of SAR10g have been detected,
unlike in the female model. An opposite situation occurs when the antenna is posed on the
chest, in this case, the exposure resulted higher in Ella than in Duke (+8.1%) owing

doubtless to the anatomical differences of the female model. Another study conducted by
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A. Hirata et al. 2009'%5, examined the induced E-field and the current density (J) inside the
Japanese humammale and female models: Taro and Hanako respectively!*t. The paper aims
to discuss theeffect of gender and race on the induced quantities produced by an extremely
low -frequency (ELF) uniform magnetic field exposure. The male model was 1.72 m tall and
weighed 65 kg, while the female model is 1.6 m tall and 53 kg. In order to obtain the induc ed
guantities, a computational analysis is made by using the QS FDT methods'>”. The exposure
conditions consist of three orientations of the magnetic fields at 50 Hz. What is found is that
the induced E-field in the male model was greater by 25% than those in the female model,
and the authors assumethat the reason is that the ciracumference of the male model is larger
than that of the female. The same conclusions are achieved byA. Hirata et al. 2009
comparing their results with those of Dimbylow et al. 2000 *8, in which a study on European
models is conducted. The female European model compared to the Japanese female model,
show higher values of the induced E-field, and the reason, for A. Hirata et al., is again in the
larger circumference of the European models compared to the Japanese. Although the
differences strongly depend on the source (frequency of work, position, typology of field
that spreads in the environment, etc.), from these results found in the literature, it is clear
that the body characteristics (as for example the circumference) as well as the gender,could
influence the assessment of the exposure. Therefore, to analyze the possible differences that
could occur also with our source of interest (TMS), between the male (Duke) and female

(Ella) models, a computational comparison dosimetry is carried out.

5.2 Assessment of gender exposure to TMS: comparison of the
results

To obtain a comparative study, the same exposure conditions, analyzedin Chapter IV for

the Duke model, are here considered for the female one (see Figure IV.1). As a guide, alsp
in this case, the human female model, represents the operator that performs the TMS
treatment in standing position close to the patient. Therefore, the same exposure

orientations and the same sources are here considered. Ella is a young adult female model
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(26 years old, 1.63 m, 57.3 kg), that belongs to the member of the virtual population (ViP)2.
Ella is a surfacebased model obtained from the MRI scans of a healthy volunteer and she
counts 312 different body structures '®. To consider the same exposure conditions of the
operator, previously identified ( see Figure Ill.16 and Figure 1V.1), and to obtain a
comparison of the results between the male and female models, the exposure is set as

following:

I Orientation II Orientation

Figure V.1. Theexposure conditiond'wo coil orientations (I and Il) and four vertical positions: casexposure of the

chin/neck (h1 =41.3cm), case #xposure of the chest (h2 256m), case @xposure of the abdomen (h303 &m),

case D exposure of the lowabdomen (h4 87.7cm). For orientation |, the distance between the center of the coil and

OT 1T wOUUT EET woOi wlOT 1 wE Ob O pfrdriedatidn u FedistnoebdtivdeOtheR dhaidf thewchilGuiw b 1 |
OT 1T wOUUT EET wolisud énasuiiedibuipdefddd)Dz UwWE OE a

As can be seen fromFigure 5 8 hOwUT | WOEDOQWEDI 11 Ul OETl UwOEEUUWE
to the ground, this is because the height of Ella is different from Duke and thus, the heights

at which the coil needs to be positioned have been properly scaled. Conversely, the
orientations and the distances of the operator with respect to the source, are the same

reported in Table IV -1, defined for Duke.

As previously done, also in the case of Ella exposure, the sources used for the assessment of
the risk are the Std. Double coil 992500 (figure -of-eight) and the circular coil Magstim 9784

00 (circular). Features are summarized in previous Table Il ¢ 7.

106



Since from the results obtained by the assessment of the exposure with the Duke model the
exposure to the circular coil in orientation 1l results in the worst case, here, first of all, we
evaluated the streamline of the B-field produced by the circular coil in orientation I, in the
case in which the coil position involves the chest districts of the body models (case B).This
choice considers the main difference that occurs between the male and female subjectsThe
B-field distribution in the free space and through the clinician's body is shown for the
circular coil placed at the level of the chest(caseB) and oriented according to the orientation
II, in Figure V.2. As previously done, also, in this case, both simulation domains had the
same dimensions and the same spatial resolution for a better comparison of the extent of the

exposure.

0 >3 mT

Figure V.2. Streamline distribution with 100% MSO. Exposure case B (chest) produced by circular coiDQ784
Magstim. (a) Duke male model, (b) Ella female model.

As it can be seen, the generated Hield is characterized by a great dispersion, since this is
the typical behavior of the circular coil model. It is interesting to observe the differences in

the way the B-field influences the two subjects. Although the B-field that spreads in the
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environment is the same,the anatomical characteristics of the models mean thathow the

field invades the body is different. For example,the$ OOEz UwdOOUIl wEUUYI EwWEEE
a greater exposure in the head area, and in generalher more little shape means that the field

involves the body differently than in Duke. Certain anatomical zones in Ella are reached by

higher B-field values than in Duke, e.g.,looking at the back, in Ella we have shades of red,

while in Duke we have shades of blue. The percentiles of the induced E-field (inside the

female operator), owing to the exposure to figure -of-eight and the circular colil, for the
orientations | and Il respectively, are evaluated. These results, (as done in chapter IV in

Table IV-2 and -3 for Duke), are reported in the following Tables V -1 and ¢ 2:

Table V - 1. Orientation | - percentiles of detected inducediéid (V/m) in Ella as a
function of %MSO

Chin/neck Chest Abdomen Lower abdomen

(A) (B) (© (D)
%MSO 30% 100%| 30% 100%| 30% 100%| 30%  100%

Double coil 99"  0.12 0.40 | 0.07 0.25 | 0.08 027 | 009  0.30
(MAG-992500) 99.9" 0.24 0.80 | 0.11 0.38 | 0.12 041 | 013  0.44
Circular coil 99" 154 513 |1.28 428 | 137 459 | 133  4.46

MAG-978400 gg9gr 247 826 | 204 6.80 [ 229 7.63 | 214 7.15

Table V - 2. Orientation Il - percentiles of detected inducedidtd (\V/m) in Ella as a
function of %MSO

Chin/neck Chest Abdomen Lower abdomen

(A) (B) ©) (D)
%MSO 30% 100%| 30% 100%| 30% 100%| 30% 100%
Double coi o9" 049 163|032 1.09 |041 135 | 034  1.15
(MAG-992500) 99.9¢ 081 2.68 | 053 178 | 067 225| 061 204
99" 245 818 | 1.84 6.14 |202 672 | 176 586

Circular coill
MAG-978400 99.9n 393 13.13| 295 983|333 11.11| 2.86 9.54

108



As a first observation, only in three case the limit is exceed when the subject model is
exposed to the figure-of-eight, and only in the orientation Il at 100% MSO, similar at what
occurs in Duke exposure. Moreover, comparing the results of these Tables, referring to Ella,
with those of Chapter IV referring to Duke (Table IV -2 and -3), is obtained that in case of
exposure to the circular coil, in both orientations | and Il, the cases A and B present an
induced E-field is slightly higher in Ella than Duke. In particular , in Ella, the percentiles in
the case A are +26% (orientation 1) and +26.6% (orientation Il); while in the case B the values
are +3.5% (orientation 1) and +7.32% (orientation Il). Similar behavior occurss in the case of
the exposure to the figure-of-eight, wherein in all the cases the percentiles of the induced &
field are lower in Ella than Duke, except for case A for both orientations | and II, in which

the induced E-field is +32.5%, inthe orientation I, and +31.9 in orientation I, higher in Ella.

Except for these cases, in all the others the percentiles of induced Hield are lower in Ella
than in Duke. What is obtained is in line with the literature, where overall, the induced
guantities evaluated in female model were lower than in male one, with the exception of the
chest exposure, where also in S. Gallucci et al. 2022 it is found a higher value in Ella (case A
not considered in S. Gallucci et al.). However, this trend of lower values of the induced
guantities in female model, we suppose cannot be valid in all exposure conditions, since,
the results are strongly dependent on the type of source considered (geometry, frequency
of work, orientation and so on), and also on the anatomical factars (not only the
circumference of the body), as for example the electrical properties of the tissues and
moreover the inter-variability of the subject, that mean intrinsic difference in the body
structures. It is not a coincidence that in case A, in which Ella has a particular body

characteristic (curvature), the resulting electric field is higher than in the male case.

For what concerns the circular coil, the induced E-field exceeds the suggested limits in all
cases of exposure, even considering the 30% MO. From the evaluated percentiles of the
induced E-field, it can be detected the worst cases of exposure of Ella, that occurs in the

OUubi OUEUPOOwW( (wWEEUUI EwEaAawUT 1 wEDUE U OhetdfarE& @D OO w
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comparison of the distribution o f the induced E-field due to the circular coil in Orientation

Il at 50% MSO between Ella and Duke, is reported in Figure V.3:

(@)
[E[ (V/m)
1.13
(b)
0

Figure V.3. E-field map at 509MSO for orientation Il: (a) Exposure of Ella to circular coil 9782 in the four cases,
A-B-C-D; (2) Exposure of Duke to the Circular coil 978@ in the four cases,-B-C-D. The maximum color bar is set
to the limit suggested by ICNIRP guidelines.

As we can observe, dso in the case of Ella, the regions of the body interested by an induced
E-field that exceeds the limit are not negligible. Is interesting the differences between the
two models in cases A and B of exposure (as obtained from the calculated pecentiles). In
case A, the head of Ella ismuch more invaded by the induced E-field (i.e.,intense red of the
color bar). Whereas in case B, it is possible to nte that amore defined region of intense red
is presentin region of the breast of Ella, while in Duke the intense red involves a larger area
of the chest, as if the characteristic of Ella's chest, played a role not to be overlooked. Cases
C and D seem to be sufficiently similar. For a direct understanding of the extent of the
exposure, owing to the circular coil, Table V-3 summarizes the comparison of the percentiles

of the induced E-field, for the cases A-B-C-D in orientation Il (i.e., for the cases reported in
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Figure V.3), for both human models. The evaluated percentiles refer to the 30% of stimulator

output and t o the maximum output (100%).

Table V - 3. Orientation Il + percentiles Induced-Eield (V/m)-exposure to a
circular coll

Chin/neck Chest Abdomen Lower abdomen

(A) (B) (©) (D)

%MSO  30% 100%| 30% 100% | 30% 100% | 30% 100%
99" 245 8.18 | 184 6.14 202 6.72 1.76 5.86

Ella 983 | 333 1111 | 286 954

99.9" 3.93 13.13| 2.95

99h 1.80 6.00 | 1.80 6.01 2.19 7.32 2.01 6.71

Duke
99.9" 3.44 11.48|3.01 12.87 | 400 13.33 | 3.91 11.73

From these results, it can be noted thatthe worst cases exposure for Ella are different from
those that occurs in Duke. Indeed, the induced E-field in Ella is lower than in Duke in the

two cases of exposure of the abdomen and lower abdomen (that previously were the worst
cases for Duke), while in cases A and B the induced quantity is higher in Ella than in Duke,

as such was observed from the distribution of the induced E -filed in Figure V.3.

In addition, for further deepening the analysis of the possible gender differences, it is
considered the comparison of what occurs in specific districts of the bodies of the two
operators exposed to the TMS source. Based on the obtained results, three conditions are
more important to be compare than the others: case A, B and C in orientation Il, exposed to

the circular coil. This is because:

- Case A represents the worst case in the Ella assessment of the exposure;
- Case B, refers to an important anatomical district of the female model, that therefore
needs to be compared,;

- Case C, represent the worst casen the Duke assessment of the exposure.

Following these steps, the comparison of the induced E-filed in specific tissues, for the

exposure in case A due to the circular coil in orientation Il, is provided:
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Figure V.4. Exposure tdhe circular coil, orientation I, in the A (chin/neck). Electric field distribution in body tissues
at 100%MSO (a) Duke(b) Ella.

Figure V.4 helps us in understanding the extent to which the field distributes in tissues,
which can be overlooked by focusing solely on percentiles. Starting from the heart, the
distribution shows to be very different in the two subject models, since in Duke is present a
larger area with blue color with respect to Ella, in which in t urns is present a larger arear
with the yellow color of the bar. This behavior shows how the same tissue can behave
differently, despite being exposed to the same source. This is because the heart intrinsically
differs from subject to subject (bigger, more rotated, more inclined, and so on), and the same
for example occurs in the fat, because of the different amount Then, by directly observing
the distribution of the induced E -field in the CNS tissue of the two models, it is confirmed
that the exposure of the head of Ella is higher than in Duke. Indeed, what occurs in the
tissues of the CNS is quite clear to justify what we found by the percentiles evaluated in the
total body exposure. Of paramount importance is what occurs in the breast tissues; it can be
seen that the entire tissue is uniformly affected by a high field value . Clearly, this does not
appear in the Duke model where the tissue is absent. Table V.4 reports the percentiles

evaluated in the considered tissues up to the 100@. In fact, in smaller regions the higher
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percentiles could figure out the local hot spot (as it is observed in the case of local exposure

of the limb of Duke repor ted in Table IV.5).

Table V - 4. Percentiles athe Induced Hield (V/m) in the tissues

Duke Ella

Fat Heart CNS Breast| Fat Heart CNS Breast

99h 9.87 3.62 4.32 / 10.34 457 5.66 8.86
99.9" 1468 4.23 5.68 / 1465 6.15 7.91 9.70
99.99" 18.75 4.76 6.90 / 18.28 7.15 10.39 11.17

100" 2561 ©5.10 9.38 / 2402 7.71 1354 13.75

The local results of the above table, confirm that in this exposure condition (case A), Ella
shows a higher induced E-field compared to Duke, that widely exceeds the suggested limits

in all the tissues considered.

Finally, since the case B represents a region of crucial importance for female exposure, a
deepening analysis of this region is carried out. In particular, to reveal possible difference
in the distribution of E -field in the region of the chest, a local study in two slices of the body
models is evaluated (Figure V.5), referring to the exposure to the circular coil in Orientation
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Figure V.5. Exposure to circular coil in orient@n Il, case B. Panel 1 refers to Duke, panel 2 refers to Ella. Distribution
of the induced Hield (a)}-(b) onatransversal plane at the height of the coil of Duke andrEfipectively;)-(d) on a
transversal planén correspondence of the chest on the plane below 4.5 cm freanfdoe of theoil, in Duke and Ella
respectively(e)(f) dices of tissuesn the correspondence of tbeike and Ellachestrespectively

In Figure V.5 (a) and (b), is reported a comparison of the Efield distribution in the slice of
the body at the height of the coil (passing through the surface of the coil) with highlighted
in light green the maximum set in the color bar. In Figure V.5 (c) and (d), there is a
comparison of the E-field distribution in the slice of the body on the transversal plane
corresponding to the center of the chest (that is below 4.5 cm from the surface of the oil).
Finally in Figure V.5 (e) and (f) are reported the same slices of (¢) and (d), but with indication
of the body tissues. What we can observe from these figures is that, in the transversal slices
(a) and (b) the distribution of the E -field seems to bequite similar in the two models, with
the particularity of Ella in which the profile of the maximum (light green) follows the breast
tissue profile. What is interesting is what occurs in the plane below 4.5 cm from the source,
in fact while within Duke there is a reduction in the region affected by the maximum E -field,
in Ella the profile in light green remains almost the same of the previous slice, as if the
presence of thebreasttissue contributes to a slower decreasingin electric field v alue within
it. It is important to note that the tissues that are directly exposed to the source between the

two models are electrically different. In Duke we have the skin followed by a layer of
114



subcutaneous fat followed in turn by muscle; in Ella , there is a layer of subcutaneous fat
under the skin, followed by the breast, and so on.To conclude, isclear that the tissue present
in the female subject is of crucial importance in assessing exposure. Although the
distribution of the induced electric field va lues is slightly different , the areawhere the high

fields persist is not negligible in the female subject.

In the end, is evaluated the exposure of the abdomen (case C) in orientation Il, produced by
the circular coil. As well, are considered the slices of the bodies, in which could be present
the main differences. The comparison between the two models of the distribution of the

induced E-field is shown in Figure V.6:

Figure V.6. Exposure to circular coil in orientation Il, caGePanel 1 refers to Duke, panel 2 refers to Ella. Distribution
of the induced Hield (a}(b) onthetransversal plane at the height of the coil of Duke and Ella respective(g) (n)a
slice of the hipbelow the coil; (e)(f) slices of the tissues corresponding to the hip slice.

As occurred for the worst case of Ella (case B), also in this case we can observe that, although
in the slice at the height of the coil the profile of the distribution of the E -field is quite similar
(but much more penetrating in Duke than in Ella), moving away from this slice, up to the

hip region, the induce E-field remaining higher in Duke than in the Ella. In particular, in
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this case we have to focalize on the shape of the map of the E-field. In the case (a) and (b), it
IS present a very compact area where the maximum of the bar color is reached. This area
represents the anatomical district directly exposed to the coil: here we can say that the
distribution profile is about t he same, but as anticipated, in Duke it seems to be more
penetrating and widens more towards the hips. Moving below to the height of hip, slices (c)
and (d), in Ella we have areas with maximum electric field only in the zone of the flanks,
while in Duke, w e still find a high electric field in the frontal area (absent in Ella) and, as in
the female subject, an extension of the maximum areas towards the lateral flanks. This
behavior is only to attribute to the anatomical differences between the model (e)(f) since the

exposure condition is exactly the same.

Therefore, in general, we find that our results follow the point of view found in the
literature, but we believe that other factors can influence the results. However, based on
what was found in the literature and what we obtained, we can conclude that, under the

same conditions, somegender differences in the exposure could be observed.

5.3 Conclusions and suggestions for a better analysis of the risk

Based on the discussed results, emerges quite clady that the anatomical characteristics of
the human subjects have an important role in the evaluation of the assessment of the risk
exposure, since several factors could influence the extent of the exposure. In the study of the
exposure gender-dependent, here shown, it is evaluated that depending on the operator
that performs the TMS treatment a slight difference in the extent of the exposure could be
observed. First, the shape of the body of Ella model, resulting in a physiological curvature
of the back, caused a wide exposure of the head, and consequently in the CNS, also due to
smaller dimensions of the head compared to Duke. Then, it is found that where there are
objective differences between the male and female (thus, not only in the models here
considered), i.e., in the chest (for the presence of the breast) and in the abdomen (for a

different anatomical composition of the muscle and fat in the male), wide differences in the
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behavior of the distribution of the E -field are revealed. Therefore, by considering these

differences, probably a more efficient assessment of the risk could be carried out.

As a whole this analysis would be a useful starting point for improved awareness of the

importance of variability among human subjects in the assessment. These results, for
example, could pave the way for the evaluation of an error percentage to be considered if
the subject presents different body characteristics, such as those observed betweemale and
female operators. However, the issue could also extend to other categories and thus to other

differences (races, weight, etc.) opening a new method of the assessment of the exposure.
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SECTION Ill. AN INNOVATIVE
APPROACH TO THE ANALYSIS OF THE
RISK IN THE OCCUPATIONAL EXPOSURE
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VI .CHAPTER

6.1 Drawback of the female models and enhancement of Ella
model

Based on the results shown up to now, it is clear the important role of the numerical
dosimetry in the exposure assessment, since it isnecessary to have an accurate evaluation
of the EM quantiti es induced inside the human body**® and, at the same time, also the
virtual models are a powerful tool for the numerical analysis, and for the evaluation of the
risk due to some device, as in the case of this work.Several authors have developed various
3D human models representing a large sample of the population. To achieve good accuracy
in the representation of tissue shape and dstribution , these models aretypically obtained
from magnetic resonance (MR) or computed tomography (CT) images and successively
processed with digital imaging techniques %. One of the first datasets of human body
models is part of the Visible Human project, in which data were acquired from post -mortem
scans, and includes the Visible Human Male (VHM) and Visible Human Female (VHF)
models. Other models are those of the Virtual Population (V iP) project?, used in this work,
which includes, among the others, themale (Duke, Jealuk, etc.) and female (Ella, Yoon-Sun,
etc.) models, both obtained from MRI scans of healthy volunteers, as aforementioned.
However, other works of literature have produced very detailed human models over the
years'®¥163 Nevertheless, in all of them, the reconstruction based on medical images of
subjects in supine positions implied a limit in accurately reproducing the realistic shape, in
particular , that of the female body. In fact, in the female models elaborated by Mazzurana
et al.’®4 Liu et al. 2005%5, Dimbylow et al. 2005%, Nagaoka et al. 2@4**¢as well as in Ella and
Yoon-Sun models (belonging to ViP2%9) the representation of tissues in the thoracic areaare
unrealistic. The breasts and surrounding tissues are flattened out compared to how they

would be in reality and therefore models obtained from the supine position are perhaps not
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the most adequate to represent a standing female body.Therefore, an improved anatomical

female is needed®’.

From these assumptions, although some differences are already visible between the male
and female models, to improve the assessment of the exposurethe second phase of the
female exposure assessmentwas to obtain an enhanced model of Ella. Enhanced, means
obtaining a form that better represents the realistic case of a female operatorthat perfor ming
a treatment in standing position. Based on the results previously found, it is reasonable to
consider that a different shape in the body of the female subject could be impacted by the

effects of the exposure.Therefore, a modification of the female human model is carried out.

6.2 Numerical dosimetry with Enhanced Ella: exposure
dependent on anatomical structure

To conduct the dosimetric analysis on a more realistic female model, the reference model of
the female human body Ella was considered. The Ella model, as mentioned, is obtained from
MRI images in the supine position and therefore does not show a realistic distribution of
the breast, fat, and skin tissues in the trunk area.To improve the model and thus obtain a
realistic one to be used in numerical simulations, models of the breast tissue, subcutaneous
adipose tissue (SAT), and skin tissue of the trunk area ofinterest needed to be modified . In
order to convert the supine Ella anatomical model to a standing posture, the open-source
software Blender (v.3.0, Stichting Blender Foundation, Amsterdam)'¢® was used, and the

following modeling steps were performed:

1. Reconstuction of the three basic modelsf the breast, SAT, and skin tissues, present
in the thoracic area;
2. Sculpting deformation and surface manual adjustment to reposition and enlarge the

three tissues of the model.

Thesesteps are shown in Figure VI.1.
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SAT

Breast Tissue

Figure VI.1. Blender manipulation. (a) Basic tissu#ise first step (b) reconstruction of the real shapsecond stef{c)
improvement region of the thoracic acddained improved model.

The first step was to create three separate 3D numerical models representing a limited and
localized area of the torso around the breast tissue. Taking the basic model of Ella (the one
used so far) as an example, the breast tissuesubcutaneous fat, and skin were geometrically
identified. These models are clearly modifiable but imitate the original tissue model in
anatomical size. At this point, in the second stage, the surface modification of the three
previously created objects is carried out using the deformation sculpting tools, powerful
tools for intuitively modifying the shape of objects . This method makesit possible to modify
only the surface of an object of interest in the shape of the tool's surface, maintaining the
details and topology of the original models, controlling the mesh , and ensuring that the
other structures of the whole-body model were not touched. Finally, the newly developed
breast, SAT and skin models are incorporated into the complete Ella female human body
model to obtain a new whole -body model called 'Enhanced Ella'. It is essential to underline
that all tissues of the improved model are identical to those of the original one, except for

the breast, the SAT, and the skin

It is important to anatomically comp are the two female operator models in order to have an

overview of the crucial changes that have been made, andthus understand how these could
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impact the assessment of TMS exposure and eventually the operator's posture itself

Therefore, in Figure VI.2 the two models of Ella are reported.

3D View Sagittal View Axial View

Original Breast
Improved Breast

Wiskin  SAT lMuscle M Lung

Heart M Liver =

Figure VI.2. Comparison between the anatomical female human modedlpgag! of Ella original, witha section of tissues in 3D,
sagittal and axial viewdpllowedby the profile of the model; (b) panel of Enhanced Ella,asiéittion of tissues in 3D, sagittal and

axial views followedby the profile of thenodelrespectively.

In Figure VI.2, panel (a), is reported the model Ella in the original version, where it can be
seen the slice of the body tissues in a different view, and in particular the volume occupied
by the breast tissue. In panel (b), is shown the Enhanced Ella, in this case, it is possibléo
observe the modification of the breast tissue, which is characterized by a greater volume,
and also it is possible to see that the other tissuesi(e., skin, SAT) only change their shape,
following the new profile the female model. In particular, the SA T tissue shows a greater
thickness than the original one since we want to mimic a real anatomical condition in which

overall this region is characterized by a greater gland and SAT tissues. At this point, the
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work aims to compare the behavior of these two female models, during the exposure to the

TMS.

In this analysis, it is chosen to use as a source of exposure the circular coil powered by the
Magstim Bistim (see features in Table IIl.7), that is the device characterized from the
measurement campaign of INAIL 2% exposed in the Chapter Ill. For this comparison two
exposure conditions were considered, that is case B (chest exposure) and case C (abdomen
exposure) in orientation Il. The case B is important in order to carry out a comparison
between the different body shapes of the models; whereas case C, representsimultaneously

a district quite distant from the new tissue to verify possible influence also in the region
away from this one, and also this is a condition of exposure that, based on the results,

figured to be one of the worst cases (.e., for Duke model).

As explained in Chapter IV and in particular Table IV -1, in orientation Il the distance
between the coil windings and the operator's surface is set at 12 cmFor the exposure ofElla,
the coll is positioned in orientation Il at the height of the chest and at the height of the
surface. For the case of Enhanced Ella, it is necessary to add some considerations. Since the
new shape of Ella, includes a modification of the surface of the operator, other distances
need to be considered.Therefore, while for case C (abdomen) a distance of 12 cm from the
coil windings is still considered, for case B intermediate distances are also @nsidered.
Therefore, the exposure of the abdomen is carried out in the same conditions for the two

models, while, for the case B for Enhanced Ella three distances are considered:

- d1, distance of 12 cm between the windings of the coil and the new tissue d the breast
(greenin c.1);

- d3, distance of 12 cm between the windings of the coil and the previously (original)
external surface, this meansthat the new tissue is closer to the source(i.e., 8.6 cm
between the windings and the surface of the new tissue, orange in c.1);

- d2, the intermediate distance between d1 and d3,i.e., 10.3 cm between the windings

of the coil and the new tissue (purple in c.1);
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The exposure conditions are summarized in Figure VI. 3.

(a) (b) (c.])

Coil

Figure VI.3. Exposure to circular coil, orientation II: (a) exposure of the abdomen (h2 = 112 cm), the distance (d0=12cm) was taken
for both models, (b) exposure of the chest (h1 = 136 cm) with OrigingdBlk 12cm), (c) exposure of chest of Enhanced Ella (in
green d1 = 12cm, in purple d2 = 10.3 cm, and in orange d3 = 8.6 cm); (c.1) explanation of the distances in Ella Enhanced

Starting from the case of the exposure of the abdomen, in the following is reported the
distribution of E -field in some slices of the body, along the sagittal plane (Figure V1.4). The
choice to consider several slices of the body refers to the possibility that some important
differences could be present moving along the tissues, sirce the two models are different

not only in the slice passing through the center of the body, but rather laterally.
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Figure VI1.4. Induced Efield distribution at 70% MSO on sagittal planes. Exposure of abdomen, orientati@) Ella
slices with steps of 5 cm, (b) Enhanced Ella slices.

The above figure reveals the differences in exposure between the two models, due to the
anatomical differences. In panel (a) is the case of Ella, whereas in (b) is the case of Enhanced.
Finally (c) shows a focus on the central slice which typically is chosen as reference for the
analysis of the exposure. If we consider only this central slice, passing through the center of
the coil (Figure V1.4 c), few differences in the distribution of E -field are evaluated, but by
analyzing the other slices of the body, some changes appear. In particular, in slices (1) and
(5) the profile of the maps of the induced E-Field takes a different form. The presence of a
thicker layer of breast and SAT tissue in Enhanced Ella, helps to confine the electric field
distribution . In fact, what we notice is a concentration of the maximum value (intense red)
in the lower part of the breast (i.e., the one facing the surface of the coil), with a gradual
decrease in the remaining tissue, which presents a greater field in the superficial section and
a decrease as we penetrate inwards. On the other hand, in Ellaoriginal) , we notice that the
field distributes with a certain homogeneity in the tissue. This could mean that the fatter
tissue of the Enhanced creates hot spots, which we do not see in Ella, where overall the
whole tissue participates in the exposure in the same way. However, it is evident that in
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both models, the breast plays a key role in the exposuresince the profile of the maximum
E-field follows this tissue. Next, the percentiles of the induced electric field in the whole

body are evaluated.
Table VI - 1. InducedE-field (V/m) in the human female models

Exposure of the abdomen to the circular coil, 70% MSO

ogh 99.9" 99.9% 100"

Ella 2.82 4.37 6.24 21.45

EnhancedElla | 6 U Kot t 6 ut uNoG J

From these results, it is clear that when we consider the whole body to evaluate the 99"
percentile we lose the contribution of the tissue under test, indeed the results are almost the
same. If we evaluate the induced electric field only in the tissue of the breast, we obtain the
99" percentile of 2.87 V/m for Ella and 3.27 V/m for Enhanced Ella, therefore a +12.23% in
Enhanced with respect to the original shape of female model. This reflects the hot spot that
we can appreciate in the maps of the induced Efield inside the Enhanced model. At this
point, it is fundamental to assess the exposure of the chest (cas®). Therefore, as previously

done, first the distribution of the induced E -filed is shown (Figure IV.5).

128



(@)

12 cm

d0=

12 cm

d,

10.3cm

d;

3.6 cm
i
v

-

\’ '?\\
B

0 3V/m

Figure VI.5. Induced Efield distribution at 70% MSO on sagittal planes. Exposure of chest, orientation II: (a) Ella slices
with steps of 5 cm, (b) Enhanced Ella slices at three different distances.

In this case threedifferent distances for both models are considered. Itis not possible to
make an exact direct comparison as the different shape leads us to the exposure conditions
that are different from each other. What it is possible to observe is that in the Ella original
model, the presence of the breast cause, as seen also before, an inded Efield that keeps
higher values in the region in which is present the breast tissue. For example, it is evident
how the higher values of E-field (intense red and orange), even when moving to the other
slices, continue to delineate the profile of the breast tissug persisting within this tissue . In
the Enhanced model, we can attain different conclusions. In all three distances is clear how
the breast helps to maintain a high value of the induced E-field also when considering a
slice that is far from the source (as 1 and 5). Considering an overview analysis, also in this
case of exposure, the maps of the distribution of Efield show hot spots in Enhanced Ella,

while homogeneity is present in the original model. Therefore, the behavior is quite similar
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to the case C, butin this case B the area with intense red is larger than before. Further, is
important to note how the slices (2) and (4) differs in the two models. Starting from Ella, the
map of the induced E-field shows a maximum in the breast tissue, but also a great dispersion
in the surrounding body districts, in particular in the abdominal area. This does not occur

in the Enhanced Ella, in which the E-field is mainly confine in the trunk (and so in the

breast), for all the distances considered.

For a complete overview of the differences in induced E-field the following Table is

reported. Where skin and SAT refer to a crop of the only chest region.

Table VI - 2. Induced Efield (V/m) in the human female models

Exposure of the chest to the circular coil, 70% MSO

Ella Enhanced Ella Enhanced Ella  Enhanced Ella
do=12 cm di=12 cm d>=10.3 cm
99" whole body  2.43 1.63 1.99 282
99" breast 3.32 2.04 2.56 3.09
99" heart hué Wk huo Y Kk hué | N huo k K
99h skin k 6 hut t 0t 1 Kol hu k oyt
99" SAT k6 NK toly t 6 Nt KO AA

The results depend strongly on distance, since the closer the models are to the source, the
higher the E-field and also the shape of the model could impact on the coupling with the
external magnetic field, since we have completely different external shapes in the region of
the chest. To have a better analysis of localized exposure distribution, in Figure V1.6 the
histogram of the normalized probability distribution of E -field inside the tissues, referring
to the chest exposure, are shown.The SAT tissue refers, as before done, to a crop of the chest

section directly exposed to the coill.
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Figure VI. 6. Comparison between Ella and Enhané&gdld, of the rormalized probabilityof thedistribution of Efield
intensity (|E|) induced by TMS insidethetissues in the case of exposure of thest

From this latter figure, the differences in the exposure, caused by the additional tissue added
in the new model, are sufficient clear. Enhanced Ella shows, without a doubt, a higher value
of the induced E-field, confirming the changes in the exposure owin g to the anatomical

differences.

6.3 Conclusions and suggestions

The analysis of the exposure to the TMS device in reference to the effect on the two different
female models is carried out. The Ella original model belongs to the virtual population
(ViP)z45available in the software Sim4Life, whereas the enhanced Ella is obtained by means
of a manipulation of the original model, by modifying the shape of some tissues present in
the region of the chest: breast, skin and subcutaneous fat (SAT). The exposure aaditions
chosen for the assessment of the exposure are orientation 1l with the coil positioned at the
abdomen and chest heights. These are chosen in order to take into account, on one hand the
worst-caseexposure condition, coming from the previous analysi s on human body model,

and on the other hand to consider the specific tissues characteristic of the female model,.e.,
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the chest. The evaluation of the exposure reveals that some differences occur, in particular
in the distribution of the E -field in the t runk between the two models. It is observed that in
the Enhanced Ellahot spots are createdthat are not observed in the Ella model. These could
depend on the coupling with the external magnetic field (see the configuration of the
streamline of the circular coil in Figure V.5), since the new tissue changes completely the
external chest shape, but also could depend on the different thickness of the tissues, both
for the breast and SAT. Overall no great changes are detected in the models in reference to
the 99" percentiles of the induced E-field, since in this case the main factor is the distance

from the source.

However, in the examined cases of Enhanced Ella, important conclusions can be carried out
from the further analysis, in which evidence of the greater extension of the exposure for the

Enhanced model is clear.

For example, the three distances chosen for analysis could represent three different ways of
working of three different operators during TMS treatments. This is because the distances
could indi cate a different (and entirely personal) method of conducting the treatment in a
way that is comfortable for the operator. We can suppose that the greater distance of 12 cm
could represent a condition in which the operator feels the need tomove the body away
from the source and so from the patient, precisely because of its shape ice., the new
additional tissues), while the shorter distance, on the contrary, could represent the
operator's need to remain, despite the new tissues, close to tle patient. These considerations,
based on the results, may be important in order to give an awareness of the extent of the
exposure, especially when dealing with an operator with a different shape than the standard

one, such as this Enhanced.

Based on theresults shown, we can conclude that the shape of the operator plays a key role
in exposure assessment and, in particular, the intrinsic characteristics of the tissues seem to
be equally significant (e.g., thickness, structure, position and so on). The suggestion is
therefore to conduct an in-depth exposure analysis with the female subject. In the future,

we would like to consider other positions and inclinations of the coil with respect to the
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human body, also considering different coil models.. These reslts are preliminary to an
important area that needs to be studied in order to improve the dosimetric occupational risk

assessment
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VIl . CHAPTER

7.1 Human exposure variability and the importance of the
anatomical characteristics in the risk assessment

From the results obtained in the gender dependent assessment of exposure described in
Chapter V and VI emerged the possibility that the risk associated with the use of the TMS
structures. These factors may lead to differences in terms of the® U1 Esf2dJand location as
well as inthe EPUUUDPEUUDOOwWOI w UP U U UihglthewdStéb@tigrldE thd® Y DU D |
induced electric field 111169171 This issue is observed, for example, in the analysis reported in
Figure V.4, in which the same organs show a different behavior, even though subjects are
exposed to the source under the same conditions. In addition, different body shapes could
cause different coupling with the external field, since t he surface facing the source is
different.

Thus the impact of human variability on risk assessment is largely unexplored to date, and
typically regarded not the influence that the properties or the characteristics of the tissues
could have in the distribution of the E -field inside the human body, rather the different
sensitivity of the subjects and the inter-D OEDYDEUEOWYEUDPEUDOOU WD Owx Ox
exposure to the EM field*2 Typically scientific research deepens the study of how
sensitivity 1> and human variability influence the estimated thresholds 74 for the biological
effects and thus the dose-response relationships, for the quantitative risk assessment. The
detection of these thresholds is typically explored with the aim to establish in turn the limits

of the exposure. In particular, the algorithm for deriving safety li mits consists in the
application of the reduction factors to the identified health effect thresholds. Thus, in order
to detect these thresholds, the intersubject variability is studied, but no studies are
conducted on the relation between the human body characteristics and the different
behavior of induced quantities (such as distribution in the tissues, present of the hot spots,

or in general criticality of exposure due to anatomy) . As part of the risk assessment a recent
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study by Hirata and co -workers'’> addressed the topic of the importance to use accurate
human body models jointly to the own dielectric properties, highlighting the needto carry
out an accurate measurement of dielectric human tissue properties for evaluating the
induced field strength. The paper aimed at making a review up to date of the most
important dosimetric studies (considering human body modeling and tissue dielec tric
properties) and analyzing the standardization process for compliance of certain products as
wireless power transfer (WPT) or magnetic resonance systems. They didnot conduct a
comparative study on how the body anatomy could influence the induced E -field.
Conversely, the cited study of S. Gallucci et al.20227¢ shows that a difference in terms of
exposure response exists due to gender.From these results, it is clear that, wherefore, a
thorough investigation should take into account the specificity of the sources (TMS in our
case), but also the characteristics of the subject exposed, in order to obtain a complete
analysis of the exposure. Just with regard to TMS, to date, stulies on intersubjective
variability mainly concern the therapeutic application (thus referred to the patient), while
there are almost no indications in the context of risk assessment for workers. Therefore, this
chapter aims to deepen the possible differences in the exposure among various human
shape models, utilizing a model of a real work environment , and also using the same TMS
source, derived from the measurement campaignt’” described in Chapter Il . For this study,
it is considered the exposure to the circular coil placed only in two positions among the four
detected (.e.,cases B and C among the cass A-B-C-D) and in the detected worst orientation
(i.e., 1). As usual, the distribution of the induced E -field caused by the source inside the
body tissues of the operators has been evaluated as well aghe 99" percentile of the induced
E-field in order to compare it with the limits reported in the ICNIRP guidelines and so to
verify the compliance of the exposure. Additionally, the relation ship between the
distribution of the induced E -field and the specific tissues inside the body (taking also into
account their electrical properties) hasbeen considered analyzing the influence of the body
structure (shape, volume, and so on) Thus, the maps of the Efield and conductivity within
tissues has been producedto assess how internal tissues may influence the distribution of

the induced E-field. Finally, we evaluated the statistics of the induced E-field in specific
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tissues included in a cubical box identified asthe anatomical district of interest, showing the

minimu m, 25", 50", 78" percentile, and maximum in the boxplot .

7.2 Methods of analysis: four different human subjects to provide
an intersubject variability

The exposure scenario considered for all the models examined for the Intersubject
variability assessment is reported in Figure VII.1, in which only the profile of Duke model

is reported, as representative of the orientation and the coil positions from the ground used .

| Exposure (a) Exposure (b) |

Clinician

h = Abdomen % “
r % X

Patient

Figure VII. 1. The dosimetric exposure scenariepresentativef theintersubjectanalysis. The two coil positions are
described: (a) at the height h of the abdomen; (b) at the height h of thBatheist the defined Orientation Il

The coil used is the commercial Magstim MAG -978400 circular coil fed by the BiStim
appliance?4?5 characterized from the experimental data obtained by the measurement
campaign and explain in Chapter Il . The features of the TMS deviceare reported in Table
[I1-7. In this chapter the system is considered working at 1 kHz with 9.7 kA when powered

at 100% MSO.
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As done in all the assessments of theexposure here considered, the work environment is
reproduced using the numerical software Sim4Life (v.7, ZMT, Zurich MedTech AG) and

consists of: the source, the clinician performing the treatment, and also the head of the

patient (consisting again only of shell and liquid structures, with conductivities of 0.01 S/m

and 0.33 S/m respectively*)d w31 | WEOPOwWPEUwx OEETI EWEEOYIT w2 E 07
approximately 1 cm.

To consider different shapes of the human body four members of the Virtual Population

(ViP., v.3.0r%3*5 have been chosen, allavailable in the software Sim4Life as surfacebased

models obtained from the MRI scans of volunteers; they are: Duke, Ella, Fats, and Jeduk.

The characteristics of each model are reportedin the following Table VII -1.

Table VII - 1. Characteristics of the human anatomical models

Age (y)  Weight (kg) Height (m)  Number of body structures
DUKE 34 70.2 kg 1.77 319
ELLA 26 57.3 1.63 312
JEDUK 33 64.5 1.62 1186*
FATS 37 119 1.82 247

* |t includes a ervethat isseparated faneuronal analysis

Besidesthe differences shown in the table, which relate only to age, weight, and height, the
subjectsalso appear with objective differences in the body structure. Duke and Ella, reflect
standard European human models in which the woman is smaller than the man a nd
characterized by less height. Jeduk isa Korean man model, which in comparison with the
European one has a smaller height as well as a tiny crosssectional size, more comparable in
some aspects to the body characteristics of the European woman Ella. Fially, the Fats model
was considered; as compared to the other subjects it presents a greater height, a larger size,

and as the name suggests, a greater amount of fa(subcutaneous and visceral fat), which as
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far as observed from the analysis on Ella and Erhanced Ella, could lead to important results
in term of induced E -field distribution .

In this study is considered of crucial importance taking into account the organs (position,
form, and so on) and similarly the electrical properties of the tissues, since from these
characteristics it could be possible to derive some conclusions regarding the induced
guantities behavior. The dielectric properties for the tissues of the four models have been
EUUDPT Ol EwWE a w+ %u(“872ayatabl&ik SnAETE, Which includes measurements
of electrical conductivity at low frequencies based on diffusion tensor i maging in recent
publications; in particular, low -frequency parameters are based on a combination of the
Gabriel'™ dispersion relations and a review of the available literature .

The two different coil positions chosen (coil at heights of abdomen and chest) take into
account the district where the greatest differences among the models wuld be observed,
such as the different quantity of adipose tissue and/or muscle in the male models (i.e., coil
at the height of the abdomen) and the presence of the breast in the female onei(e., chest
exposure). The condition of abdomen exposure was detected as the worst case“2 The
distance between thep B O E Bddde dfzhelcoil and the surface of the clinician is kept equal
to 12 cmfor all the conditions of the exposure and models, in order to have the possibility
to carry on a direct comparison.

Furthermore, as previously done for the female model, also in this case because of te
different heights of the models, the position of the coil was scaled appropriately, to correctly
position the source at the selected district. Therefore, in Figure VIl -2, the position of the coil
is shown with a cross on the surface of the body for each model: Duke (light blue), Ella

(pink), Jeduk (orange) and Fats (green).
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Figure VII. 2. Position of the coil as a function of th@manheight. The coil, marked with a cross, in (a) exposure of
abdomen and (b) exposure of chest, in the four human models: Duke (light blue), Elldggukkjorange), Fatgreen)

The simulations were implemented with the Magneto -Quasi Static solver as explained in
Chapter Ill. All the human models were discretized in 2 x 2 x 2 mm cubic volumes within
an environment space of the same dimensions,which results in a simulation domain that
counts for a total number of cells ranging from approximately 74 + 99 M-cells, depending

on the human model.

To assess compliance with the limits, the 99" percentile of the induced E-field inside the

human tissuesis evaluated and subsequently compared with the limit s, as suggested by the
ICNIRP 2010 Guidelines?® referring to BRs expressed in terms of induced Efield. These

limits are frequency dependent and at our frequency of work, it corresponds to 1.13 V/m

(Epeax), since the guidelines stated that for the range 1 Hzt+ 3kHz, the BR for the internal
electric field is equal to 0.8 V/m (Ems). Evaluation of the 99" percentile also allowed us to
address a possibleworst-casescenario and also to carry out an evaluation of the extent of
exposure insidethe EOEaz UwUDUUUIT U wb @ddition,l we foéuskd thelabeftio® U 8 w
also on the map of the distribution of t he induced E-field, on the dielectric propert ies of the
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tissues, and thus on their structure and geometry (taking into account the differences that
distinguish the human models from each other). All of this i s to identify possible

correlations between gender and/or body shape and the extent of the exposure.

7.3 Comparison of the results among the human models

As previously mentioned, in all the cases examined the source worked at 70% of the MSO,
to faithfully reproduce as we found during the aforementioned measurement campaign , in
which the declared work conditions set by the clinician imply a 70% MSO . As previously

done, both the 99" and the 99.9" percentiles are summarized in the following Table Il -2.

Table VII - 2. Percentiles of the inducedfteld (V/m) in the human models

70% MSO DUKE ELLA JEDUK FATS

h
Exposure of Abdomen 99 2.98 2.82 2.57 2.39

99.9n 5.12 4.37 4.06 3.88

h
Exposure of Chest = 2.33 2.43 2.40 2.63

99.9n 4.15 3.86 5.68 4.39

Resultsindicate that the exposure to circular coil TMS causesa 99" percentile of the induced
E-field that exceedsthe suggested limit of 1.13 V/m in all the exposure conditions. In the
case of the coil atthe height of the abdomen, the worst case occurred in the Duke model, in
which the 99" percentile reached 2.98 V/m (+163.7% with respect to the limit), whereas, in
the case of exposure of the chest, the worst case occurred in the Fats model, in which th@9"
percentile was 2.63 V/m (+132.74% with respect to the limit).Even in the case in which we
found the lowe st value of induced E-i B1 OE w? Utkat i$ 2Bu\EIE 10rithe Kats model
in the exposure of the abdomen, the limit is exceeded by +111.5%. Therefore, all the
conditions represent a possible risk for the operators. Because these values are not
completely representative of the individual response to the high magnetic field produced

by the source, the distribution of the induced electric field a long the bodies was evaluated.
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To carry out this analysis, we divided the body into boxes 10 cm high, starting from the top

of the head to the feet this was made for each of the human models exposed to the source,
in both configurations . In each of theseboxes, we analyzed the 99' percentile of induced E-
field at 70% MSO, and consequently, we obtain the distribution shown in Figures VII. 3 and

VII. 4 for exposure of the abdomen and the chest, respectively.

Induced E-Field (V/m)
01 2 3 4

h (cn.1‘)

Figure VII. 3. Exposure of Abdomen at 70% MSO. Inducedriéld behavior along the body of human modétsked
with the crossthe position ofhecoil.
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Figure VII. 4. Exposure of Chest at 70% MSO. Inducedrigeld behavior along the body of human modédskedwith
thecrossthe position ofhe coil.

The presence of the coil at the height of the abdomen showed a great variability of the &
field among the four anatomical clinician models. The maximum value of the induced E-
field was obtained almost in correspondence to the position of the source in all examined
cases, however, we can see another peak in correspondence to the reproductive systenThe
overall behavior of the 99™ percentile along the staff bodies for the case of abdomen
exposure (Figure VII. 3) showed almost a linear increase from the top of the head to the
thorax, where we obtained, in the area of the shoulder, a sort of plateau, followed by an
increase until the abdomen, where another peak is reached (at the source), which in turn
decreases in subsequent boxes, reaching another peak value in the area of the reproductive
system. A general overview displays that, among the subject models, in the case of Fats we
have a trend that differs from the others, showing greater variability in values of induced
E-field. The same issue is shown by Duke in the abdominal area, in which compared to the
other models, we see a tendency to maintain greater electric field (EF) values. Finally, Ella
maintained a high value of induced EF for a larger area of the abdomen of about 20 cm,
corresponding to the plateau around the position of the coil, where we found 3.70 V/m and

3.61 V/m for the two marked valu es.In addition, a maximum peak of the induced E-field at
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the level of the reproductive system was found, and it was equal to 3.3 V/m in the Duke
model, 3.4 V/min Ella, and 2.44 V/min Jeduk. In all three models, the peak fall in the SAT
is present in the region of the bladder. Contrariwise, in the case of exposure of Fats, no peak
of the E-field was found in the reproductive system, since the large layer of SAT could

restrain the induced E-field in the abdominal region, where the only peak occurred.

Conversely, for what concerned the exposure of the chest (FigureVIl. 4), we can see similar
behavior in the distribution of the induced E -field along the height of the four human
models. The 99" percentile of the E-field reached the maximum in correspondence of the
EORwWPOwPi PET wlOT 1 wUOUUET whpEUwx UI Uithéitdidecad EGedR wd O w!
remained at the peak values in a larger areaof the chest(i.e., 3.23 V/m and 3.18 V/min two
consecutive boxeg, compared to other models. This is probably due to the tissue that
characterized the female chest; infact, in the other models, we can observe a linear rise of
the E-field , that achieved a maximum in the chest(in the area of is located the coil), followed
by a decrease. It is important to highlight that also in this case of chest exposure, each model
experienced a second peak of the induced Efield in correspondence to the pubic area. As
expected, in this case, the intensity of this second peak was lower tha that induced by the

exposure of the abdomen, due to the closer distance from the sourcein this latter case.

At this point, since some studies®41% suggest evaluating the other percentiles in order to
improve the evaluation of the exposure, also in this case, as done in Chapter IV, a
comparison metric of dose is reported for each model. Figures VII.5 and VII.6 reported the
total-body percentiles (99", 99.9", 99.99" and 100") of the induced E-field, comparing the

values among the four human models. The 70% MSO is considered.
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Figure VII. 5. Metric dose of thegrcentiles of thenduced Efield in theexposure of the abdomen. Comparison among
the four human models.
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Figure VII. 6. Metric dose of thegrcentiles of thenduced Efield in the exposure of the cheStmparison among the
four human models.

From the above figures, we can observe that, in the case of abdomen exposure, the other
percentiles do not add relevant information, as the trends for the percentiles above the 99"
reflect those of the 99" percentiles, thus adding no further information. In parti cular, Duke
is represented by the line with the highest value, followed by Ella, then Jeduk, and then Fats,
for all the percentiles considered. The only exception is present for the 100" percentile for

Ella's model, as it far exceeds all the remaining values.
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Looking instead at the percentiles for the chest case, we have that, while the 99 percentile
suggests a maximum value in Fats, the 99.9 shows the highest value in Jeduk, which then
maintains this trend, moving away from the others. The evaluation of the other percentiles
could be very important, especially if we consider that the 99.9™ percentile is sometimes
considered more reliable in the literature for verifying compliance with the limits than the
99", which in turn, as we have seen above, abne may not provide complete information on
the extent of exposure. For example, in the case ofchest exposure, the contribution of the
female body characteristics (breast) is almost lost or however not totally appreciated . This
is mainly because the 99" percentile is calculated in a total body evaluation, without

showing how much the field is distributed in the tissues

In Figure VII.7 and Figure VII.8, we describe the distribution of t he induced E-field in the
transversal plane, at the height of the source, where it is found the maximum induced E -
field, accompanied by a crosssection of the conductivity maps of the tissues ("), followed

by the body structures, separately reported in the third row of the figures.

Duke Ella Jeduk Fats

Skeletal muscle system

Figure VII.7. Transverse slice, coil at height of the Abdomen at 70% MSO. IndufiettlE1),theconductivity of tissues
(2), and real body tissues.
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We first reported the case of exposure of the Abdomen (Figure VII.7). Here we can see that
the maximum value of the induced E -field fallsin the most superficial tissues of the bodies
in front of the source, nevertheless, the shapes of the internal distribution are very different
among the models. Although Duke and Ella showed a comparable distribution, Jeduk had
a different behavior, with the electric field equal to the maximum (intense red, in the color
bar) that covers a lower area of the tissues in the region of the abdomen exposed to the
source. Furthermore, another different behavior was found in Fats, in which a very large
and compact area interested by the maximum E-field was found and narrowed sharply
inwards. To justify such observations, the conductivity maps of the tissues are needed.
These latter are reported in Figure VII.7 (2) and are representative of the body structures
reported in the third row (Figure VII.7 (3)). As is well known, visceral fat and subcutaneous
adipose tissue (SAT) have a low conductivity (both 0.057 S/m), while the skin has a higher
conductivity (0.17 S/m), followed by the muscular system which is even more conductive
(0.35 S/m) These values are well representative of the maps of induced EF since the
discontinuity of the conductivity seemed to spatially confine the electric field in the fat
tissue, as we can see in FigureVIl.7 (1). In this exposure condition, in the slice of Duke
model, the maximum value of induced E -field of 4.4 V/m occurred in the fat tissue present
in the region of the abdomen directly exposed to the source. The samesituation occurred in
Ella, where a maximum of 3.70 V/m is reached in the abdominal region in the subcutaneous
adipose tissue (.e., SAT). As regards the exposure of Jeduk, we found 3.64 V/m in the SAT.
While, in the case ofthe Fats model, we computed a maximum of induced E -field equal to

3.58 V/m once again in the SATlocated in the anterior abdominal area.

Successively, thesecond case of exposurewhere the coil is at the height of the chestis

considered, with results reported in Figure VII.8.
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Figure VII. 8. Transverse slice, coil Aeight of the Chest at 70% MSO: Induced-Eld (1), the conductivity of tissues
(2), and real body tissues.

A similar behavior can be observed In row (1) of Figure VII.8, the intense red represents the
maximum color bar for the E -field, and again occurred in the layers of the body directly
exposed to the source, remaining confined in this area composed mainly of SAT. Analyzing
each model, a maximum of induced field is achieved in fat or SAT tissues. Starting from
Duke, we observed a maximum of 3.12 V/m in correspondence with the sternum at the
discontinuity between SAT, bone, and fat. Ella showed a larger area of maximum equal to
3.16 V/m in the SAT and breast tissues(0.022 S/m) In Jeduk a maximum of 3.19 V/m was
achieved in SAT and fat tissues. In the end, for the Fats model, a maximum value of EF of
3.51 V/m diffuses from the SAT toward the fat. All these values found in each model are
observed in the region of the chest directly exposed to the source. Overall it seemed to be
confirm ed that the layers of SAT and fat help to confine the induced E-field. Moreover,
Figure VII.9 shows descriptive statistics (boxplot reporting minimum, 25", 50", 75", 97"
percentiles, and maximum) of the E field distribution evaluated in the tissues of the skin,
SAT, fat, and breast, included in a cubical box of 24 cm identified in the anatomical district

of interest concerning the coil positioned at the height of the chest.
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Percentile of Induced E-Field (V/m)

10° :
DUKE ELLA JEDUK FATS

Figure VII. 9. Exposure ofhe Chest at 70% MSOBoxplotof the Efield in SAT, fat, skin, and breast tissues, referred to
a localarea of the body in front of the coil

The boxplot shown in Figure VIL.9 is in a logarithmic scale and describes how the induced
electric field could depend on the anatomical characteristics of the human body. Analyzing
the graph, we can see that the median is different among the four models and overall, each
model, shows differe nt behavior. In the case of Duke, the distribution is symmetrical, the
first (25" percentile) and third quartiles (75 ™ percentile) are at the same distance from the
median, that is, the median line is exactly in the middle of the box, further the median value
is the lower than the others. In the cases of Ella and Fats the observed distributions are
characterized by a left asymmetry, that is, the median is closer to the third quartile than it is
to the first quartile. Moreover, %E Uboxplot showed a larger dispersion than the other
models, as can be seen from the box's higher height. Quite different is the behavior of Jeduk,
in which we can observe that the median is higher than the other models, and the height of
the box is the shortest (therefore we have less variability of data). Globally the upper
whiskers plot are shorter than the inferior ones, and in the case of Jeduk, the inferior whisker
is the shortest. To gain a deeper understanding, in TableVII - 3,the 99" percentiles computed
in tissues chosen are reported, together with the values induced inside the only SAT, that is

the tissue in which we observed the distribution of the higher values of the induced EF.
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Table VII - 3. The99" percentile of Induced Electric Field (V/m) for tissues of
interest

DUKE ELLA JEDUK FATS

70% MSO
SAT 5.89 4.38 561  4.01
Abdomen
SAT + Skin + Fat 5.79 4.46 5.06 3.9
SAT 6.96 4.86 8.88  4.82
Chest
SAT + Skin + Fat + Breast 355 4.13 7.89 4.80

The results refer to a local box of 24 cm of the region directly exposed to the source for the
two exposure conditions (abdomen and cheg). It is confirmed that concerning the induced
E-field computed in the whole body, the percentiles found in the SAT tend to be higher than

in the other tissues. The obtained 99 percentiles suggest that the value achieved in the
tissue is inversely proportional to the dimension and/or thickness of subcutaneous fat,
according to the fact that the lowest value was found for the Fats model. It is likely that a

thinner thickness of SAT, which is a low conductive tissue, helps to confine the E-field in a
small region with the consequence that the induced E-field reaches a higher value (as

occurred in Jeduk).

7.4 Discussion

In this chapter an intersubject evaluation due to circular coil exposure, is proposed to
investigate how single body characteristics can influence the electric field induced inside
the operator during a TMS session. Four anatomical human body models from the Virtual
Population **>were considered, i.e. Duke, modeling the standard Caucasian male body, Ella,
modeling the standard Caucasian female body, Fats,modeling an example Caucasian

overweight man, and Jeduk, as a model of a non-Caucasian man. Such analysis has not been

149



taken into account in previous studies about exposure assessment of the medical staff to
TMS, which conversely focused on the exposure variability due to different coil positions
and orientations 3147152154 Nevertheless, it is well known that the body shape and its tissue
distribution influence the electromagnetic quantities inside the body not only at the radio
frequencies!'® but at low frequencies as well*#-182 Hence here we evaluated how individual
anatomies can influence the level of exposure induced in the operator. To the best of our
knowledge, this is the first time that an intersubject variability study is performed in the
frame of TMS occupational exposure. Following the method used in the other assessment
of the exposure treated in this work, the TMS coil has been placed in two different positions,
i.e., in front of the abdomen and the chest of the four human models, considering only the

orientation Il .

Two aspects are addressedi) the assessment of risk shapedependent and ii) the influence

of intrinsic characteristics on the assessment of human exposure

Regarding the first aspect, results of the 99" percentile show differences among the human
body models up to 24.6% for the same exposure condition(as shown in Table VII- 2), which
leads to conclude that there is an influence between the body characteristics and the
exposure levels numerically estimated. The highest value occurs in Duke (2.98 V/m), for the
exposure of the abdomen; and in Fats (2.63 V/m), for the exposure of the chest; However,
also in the other models we obtained the 99" percentile of induced EF that exceeds limit,
suffice it to say that the best case occurs in case of exposure of the chest in Duke model, with

2.33V/m.

Particularly, in the exposure of the abdomen, we can observe a trend strongly dependent
on the body. As expected, in all the models the peak of the induced EF is reached in
correspondence with the coil, but the body characteristics seem to influence the values
obtained in the remaining body sections, leading to different EF trends . For example, in the
case of eyposure of the abdomen, the obese model Fats, shows a behavior different from all
other models, with an overall lower electric field intensity, almost uniform along the trunk.

Such a result suggested a substantial role played by the fat and the SAT tissuedn these
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differences, owed to their greater thickness in the Fats model, compared to other subjects.
Indeed, in the same case of the exposure, Duke showsa second peak of E-field, in
correspondence with the reproductive system, where fat tissue is present as well, albeit

thinner than Fats.

In the case of exposure of the chest, is the Ella model to show a particular behavior with
respect to the other ones, since we found a plateau of the 99 percentile of EF, probably
caused by the presence of breast tissa, that has a conductivity close to the one of the fatand
SAT tissues. This seems to confirm the important role of the fat and SAT tissues, in the
differences of exposure among the subjects. Even in this case of exposure, Duke, for
example, has a second gak (in addition to the one at the source), right in the reproductive

system, where we know there is a substantial layer of fat.

Results also show that the region with higher EF peak values is mainly located in the area
in front of the coil and that, but the induced EF distributions along the body are strongly
dependent on the anatomical characteristics of the clinicians. In addition, from the point of
view of the risk assessment, Figures VII. 3 and .4, show that the limit is exceeded in the
whole region of the bodies around the coil, and decreases below this only in the skull area

and in the region between the knees and the feet.

Even considering the other percentiles of the E-field, since some studies suggest considering
the 99.9" percentile for better verification of the compliance, theseother percentiles, overall
confirms the information provided by the 99 ™ (see Figure VII. 5 and .6). Although this
analysis allows us to obtain important information regarding the relationship be tween the
acquired trend of induced EF and the shape of the clinician, that mean dependence of the
intrinsic characteristics of the body structures; we chose to carry out a different evaluation,

also considering the internal electrical property and anatomi cal geometry of the subjects.

Thus, to take into account the influence of intrinsic characteristics on the human exposure

assessment, maps of the induced electromagnetic field were produced in the region where

the highest induced electric field values wer e measured,i.e., the body slice in the transverse

plane, at coil height. 3T T WOExUwl I Ox wuwOOwWUOET UUUEQEwWUT T wl RUI
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districts. In addition, we also considered important to associate them with the maps of the
conductivity ( ) of the body structures (Figures VII. 7 and 8). Based on these figures, we can
conclude that the distribution s of the induced field differ substantially among the models
considered. It is crucial to observe how the maximum induced E-field profile seems to
depend on the presence of the SAT and/or fat tissues. Another factor that influenced the
distribution of the E-field was the geometry of these tissues, and, particularly, their
thickness. The maps shown in Figures VII.7 and .8 showed that an important role in the E-
field distribution swas played by the discontinuity offered at the interface between tissues
with different electric conductivity. Among the models such discontinuities could be placed
differently, thus influencing the final distr ibution. For example, in the case of abdomen
exposure, we can see that similar distributions are induced inside Duke and Ella, where
Ul Ul OEOPOT WEPUUUPEUUDPOOUWOI wi EU¥2 3wWEEOWET wi O
that penetrate inward and become more penetrating in Duke, where, from what can be seen
in the tissue cutaway, subcutaneous fat is directly in contact with visceral fat (light yellow
color), giving continuity to the induced E field. Conversely, in the Ella model, we can
observe that there is a layer of muscle interposed between SAT and visceral fat Then the
response of the induced field inside Jeduk shows a little area with the peak of the field
(intense red in the maps), probably caused by the thin thickness of SAT under the surface
of the model, where instead, in the conductivity maps, we can directly observe the presence
of body structures with higher conductivity than the fat. It is interesting to observe that also

in this case, only two lines of the peak of EF, penetrate nternally, following exactly the
profile of the SAT. Fats is characterized bya thicker SAT, that trapped the E-field in E WE 02 w
shape, with an extension toward the visceral fat, again confirming the continuity of field

induction between the SAT and fat.

In the case of exposure of the chest (FigureVIl.8), the maps of induced E-field in Duke and
Ella show a similar distribution, with a marked difference in the female model, likely owing
to the presence of the breast, in which we can observe that theprofile follow s the shape of
the breast, covering a larger area than in Duke. Furthermore, in both models, once again the

penetration of E-field delineates the structure of the fat (subcutaneous and visceral).
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Similarly, to what occurred with the abdomen e xposure, we can observe that the very thin
layer of SAT in Jeduk causes a smaller arean which E-field maximum is observed; such
area is concentrated, in a circular shape, inside the fat. Fats model confirmed the behavior
observed for the abdomen exposure, with the concentration of the maximum E-field in the
thicker region of SAT, that in this model represents a large thickness under the skin. What
we observed seems to suggest that the presence of the low conductive tissues of SAT and
fat prevents the E-field from penetrating the other tissues. Thus, since the SAT is present
immediately after the skin, this tissue, along with the fat tends to keep the field trapped
inside. These preliminary results show the possibility that the presence of SAT, could be
even protective in reference to internal organs, effectively trapping the E-field that seems to
remain strongly confined in the fat layers. Jeduk remains the model that compared to the

others, behavesmore differently.

Finally results of Table VII-3 give us another crucial information, that is the importance of
the geometry and thickness of the SAT in value that could achieve the induced EF inside the
model. We can observe that the induced E-field appears to be in correlation with the
thickness of the SAT. Indeed,the E-field seems to be inversely proportional to the width of
this tissue. If we consider the case ofthe ched, the greatest amount of SAT appears in Fats,
followed by Duke, then by Ella and finally by Jeduk. This precis ely translates to a greaterE

field in Jeduk than in Fats.

In the case of exposure of the abdomen, the greater amount of SAT in Fats, confirms the
lower 99™ percentile of induced EF, followed by Ella (in which the inter connection between
SAT and fat, that have same conductivity, resulting in a total greater layer); then by Jeduk
whose layer of SAT is the thinnest, and finally by Duke, in which the presence of muscles
(0.355 S/m), bones (up to 0.08 S/m) and also the tendoncreates a discontinuity of
conductivity, but especially interrupt the connection with the visceral fat, resulting in a

lower thickness of SAT, and so in the higher value of induced EF.
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These observations, although preliminary, must make us aware of the possibility that our
intrinsic char acteristics, could influence our response to a source of exposure and could help

us for an improvement of the safety in the workplace.

7.5 Conclusions

In this chapter, a numerical dosimetry based safety assessment of the exposure of four
anatomically differe nt human body models, was conducted to investigate the distribution

of the induced E-field and the role of an intersubject variability .

Our results show the existence of such variability, highlighting how anatomy could have a
significant role in exposure assessment. We found that an important role is performed by
the subcutaneous and visceral fat. This latter seems to be protective for the internal
structures, since thanks to its low conductivity, tends to prevent the induced E field to
circulate in the tissue layers and keep it concentrated in a limited area. If this area is large
(as in the case of Fats) the electric field values tend to be lower than ina thin layer, where
instead (as in the case of Jeduk) the field, although more concentrated, reaches higher
values, (hence causing the presence of hotspots). Owing to the influence that the
discontinuities of the tissues can have on the Efield distribution, it is not enough to consider
whether an individual is obese or not, in order to come to safety conclusions, but one must

also evaluate the intrinsic internal characteristics.

The results of this chapter, although strongly dependent on the source and the exposure
conditions, prove the importance of an intersubject variability study using different human

models, to obtain a more realistic workplace scenario of analysis. Moreover, they allow us
to hypothesize that there may be scenarios in which not all the operators would be

compliant with guidelines limits.

In future studies it could be important to evaluate also different work ing frequencies, other

typologies of feeding systems, as well as other stimulating coils and other exposure
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conditions, e.g.,different coil orientation s.This is a useful starting point for risk assessment,
as it emphasises the importance of taking into account the different characteristics of the
human body. In this way, it opens the way for a shape -specific risk assessment shape-
dependent. Possibly a correction factor that takes into account the worker's body
characteristics could be considered in the risk assessment performed using the dosimetric

method.

VIl . CHAPTER

8.1 Possible health effects during TMS treatments: possible
neuronal stimulation response

As widely supported in the ICNIRP guidelines 1314 exposure to low -frequency causes well
defined biological responses and the thresholds for the perception of some effects differ
from the peripherical nervous system -PNS to the central nervous system CNS. In
particular, as is well note83 the basic restrictions have been derived by ICNIRP from
biological thresholds of stimulation of excitable tissues introducing reduction factors to
compensate for various sources of uncertainty, such as the extrapolation of animal data to
effects on humans, differences in physiology and tolerance of different people, and
statistical uncertainties in the results obtained from dosimetric analysis 832, In the low -
frequency range, experimental data indicate that the stimulation threshold of peripheral
nerve fibers falls in the 4 ¢ 6 V/m range of electric field strength and this assumption d erives
from the results obtained by So et al. 2004%, that carried out a study on heterogeneous high-
resolution human models, by Reilly et al. 2002,through theoretical studies on the nerve
fiber, Nyenhuis et al. 200285 through homogeneous human models.

Conversely, the thresholds of both skeletal and myocardial muscle cells, although variable,
are significantly higher than those of nerve fibers. When deriving the basic restriction for

workers, a reduction factor of 5 has been applied to the min imum identified stimulation
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threshold to account for the uncertainties described above. By studying some research
conducted by Reilly (in a temporary gap of 1989 ¢ 2002) it is found that the minor thresholds
of the stimulation due to an external magnetic field, are equal to 6.15V/m (or 7.3 V/m in the
case of sinusoidal stimulation) for fiber with a diameter of 20 um, equal to 12.3 V/m for 10
pm and 24.6 V/m for 5 um, with a uniform stimulus field (or current) oriented along the
length of the fi ber axis'®é. This threshold achieved 6.2 V/m8¢ or 12 V/m8#189 for the cardiac
tissue, 5.9 V/m for the tissue of the forearm, and 6 -12 V/m for the tissues of the muscular-
skeletal system'®, in the end, 0.075 V/m for phosphenes.

In addition is also important to consider another study by Laakso etal. 2016°in which they
showed that the thresholds found, precisely through the use of a TMS on a patient, deviated
from the ICNIRP basic limits by a factor of 2 2, quite different from both the factor 5 and 10
that the body uses to protect both workers and the general public respectively.

It should also be pointed out that an ICNIRP Note on the use of guidelines (1999) states:
"There is no solid basis for the predse determination of safety factors. The safety factors are
based on a conservative value judgment by a group of experts. In the new ICNIRP
guidelines, safety factors range from 2 to >10 depending on the degree of uncertainty about
the knowledge of thresholds for direct and indirect health effects due to interaction with
fields at different frequencies.” Obviously, a mere exceeding of the BRs does not imply
inevitably a nerve stimulation; however, when considering a specific individual exposure,
it cannot be excluded that, for her/his particular sensitivity, a stimulation effect occurs at
exposure levels between theBR and the identified threshold. Therefore, it is not possible to
guarantee the health of workers exposedto levels exceeding the healtheffects of BR for low -
frequency fields. For this purpose, it is necessary to consider that the lowest biological effect
threshold corresponds to the mere perception of the electric currents induced. It has also to
be considered that the thresholds of painful per ceptions, and potentially dangerous effects,
such as involuntary muscle contraction and cardiac stimulation up to the induction of
ventricular fibrillation, are increasingly higher. The protection of workers could be assured
if it is guaranteed that just minor effects like non-painful perception can occur . From what

is found in the literature, it is clear that it is possible that in the exposure conditions
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considered in this work, some possible exceeding of the biological thresholds could occur,
also owing to the hot spot that we have observed and also because, from the analysis of the
distribution of the induced E -field in the body of the operator it is evaluated that sometimes
the 99" percentile could underestimate the exposure since, in its the total body evaluation,
some information could be lost. It is to be noted that at our frequency of work, the threshold
indicated of ICNIRP is equal to 4 V/m (rms), that in more than only one cir cumstances is
exceeded in the assessment of the exposure treated in the previous chapters. For this reason,

in this chapter, an analysis of the possible stimulation of the human fiber is carried out.

8.2 Neuronal analysis: Jeduk and Yoon-Sun neurofunctional

models
For the study of the possible neuronal stimulation, owing to the exposure to the high
magnetic field produced by the TMS device is necessary to consider the neuro-
functionalized human computational model s. In particular, they allow us to study the
mechanisms of neurostimulation and ensure the safety of the device. In the software,
Simdlife two human neuro -functionalized models are available, that are: Jeduk and Yoon
Sun. Jeduk is the Korean male model, previously described, which through an improvemen t
conducted jointly by the Visible Korean teamt E O E w {2, higs (pen transformed into its
neuro-functionalized version . This model was obtained from the original high-resolution
cryosection images used to obtain thebasic Korean model. The image quality and resolution
made it possible to segment previously unaccomplished details in the peripheral nerves,
arteries, veins, and other small structures. Therefore, in this neuronal version, the muscles,
nerves, and blood vessels have been segmented, named, and meshed as separate objects,
allowing for more accurate analysis. This male model is added to a female neuro-
functionalized model, also obtained by the cooperation of the ( 3z ( 2 w EGildeu UT 1
Korean team, which have collaborated project called Neuroman Yoon-Sun model includes
neuro-functionalized nerve trajectories modeled as splines. All major peripheral nerves,
muscles, and blood vessels have been separately named and meshe. The neuronal analysis

allows to evaluate the EM-induced neuronal activation, inhibition, and synchron ization
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using either complex, multi -compartmental representations of the neuronal trajectories. To
do this Sim4Life uses theNeuronsolver(see Chapter Il for more information) developed at
Yale University 2 which is ideal for studying neuronal interaction mechanisms. The
presence of both the models, male and female, is an important extension that allowsus to
compare simulation results and predictions obtained with both male and female adult
models, e.g., to investigate differences due to anatomical variability, as do ne in this work

for all the exposure conditions.

The two models are young adults: Jeduk is 33 years old, 1.62 m, 54.5 kg; whereas Yooun
is 26 years old, 1.52 m, 54.6 kgJeduk includes a set 0f1186 tissues and Yoon-Sun counts a
total of 1144 tissues, both at high resolution. Nerves, muscles, veins, and arteries are
separated. Anatomically correct nerve trajectories have been extracted from the
segmentation and functionalized as splines for use with Neuron. Both model s support the
Poser function in Sim4Life, which is a tool that allows modification of the pose of the model,

as done for Duke in chapter 1V, to simulate the operator that grips the handle of the coil.

In this type of analysis, it has been chosen to consider the exposure to the figureof-eight
coil, which is one of the most used devices for TMS treatments, power by the Rapid2 of the
, ETUUPOwW" 086 0wl0il PUwWwOI ESAUwWUOwP OU Chaftds W)t Thotwva wb D U
human models (Jeduk and Yoon-Sun) grip the coils but with both their hands, keeping the
standing position adjacent to the patient, again simulated with the head of Sam. In this case,
the conditions of exposure would be to reproduce real working conditions, paying attention
to the position of the hands, which have to reproduce as real as possible what during
medical practice was possible to observe, for some types of treatments. The importance that
is given to know to the position of the hands, comes precisely from what has been found for
Duke, where high values of induced electric field have been detected. Assuming therefore
that such fields are also present in Jeduk and YoonSun, and since the hands are highly
innervated, there is a great attention to possible nerve stimulation eventually induced by

the TMS exposure.
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Together with these considerations there are other parametersto be considered asthe type
of fiber to be used in the simulations (comprehensive of its diameter) and the selecton of
the nerve trajectories that may be of interest. Regarding the type of the fiber, the software
Sim4life offers different types of fibers, such as Spatially extended nonlinear node (SENN),
the rat sciatic nerve, the unmyelinated Sundt C-fiber (fiber with specific membrane
resistivity) and also the Modified MRG models for both the myelinated sensory and motor
axon fibers. For the present study the modified MRG models has been chosen. Moreover,
since from the literature 18189 it is found that the fiber with greater diameter has a lower
threshold of stimulation compared to the fiber with the others, a preliminary test was
carried out to confirm if as the diameter increases the threshold of stimulation decreases
and indeed the results prove this. Further, as reported also in the above-mentioned studies,
the sensory fiber hasa lower threshold of stimulus compared to the motor fibers ( with the
same diameter and the same locatior). Therefore, in our analysis, we chose to consider only
the sensory fibers with a maximum diameter considerable, which is 20 pm (the range of the
choice is from 5 um up to 20 um). Therefore, we have created a condition in which the

probability of obtaining stimulation is higher.

For the choice of the trajectories involved in the neuron analysis, a preliminary
consideration had to be made. From the assessment of the exposure carried out in this work,
what emerged is that the region of the body in which it is found considerable values of the
induced E-filed is the one directly exposed to the source. Forexample, a negligible induced
E-field in the head is observed when the coil is at the height of the chest or of the abdomen,
and conversely, when the coil is at the height of the chest, very low induced E-field is present
in the legs. Finally, in all the conditions, a small E-field reaches the back From these
assumptions, the choice has been to consider only the nerve trajectories that are involved in

the trunk and in the limb.

As a preliminary analysis, we evaluated what it is possible to obtain (in terms of induced E -
field) when the figure -of-eight is in an inclined position, that occurs typically in the later

motor treatment, Figure VIII.1:
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Figure VIII.1. Exposureoperatordependent. Distribution of the inducedfigld with the figureof-eight inclined ofbout
55° on the head of the patieifa)whole body exposure on the surface, (b) focus on the limb, (c) focus on the central slice
of the body.

This preliminary analysis is important to verify that also with the inclined coil, the district

of the body inv olved in the exposure does not change from those observed so far Indeed,
considering this position in which the operator holds the inclined coil at about chest height,
what has been detected is confirmed the front part of the trunk and the forearm are
interested by intense Efield. From these results, a direct consequence is the choice of
trajectories. Focusing on the thorax area, the study is reduced to the trajectories present

where an important field is present, Figure VIII.2, shows this consideration:
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Figure VIII. 2 Choice of thé&rajectories to involve in the neuron study. (a) All the trajectories preisetiie upper part
of the body, (b) selected trajectories forming part of the body region in which we have aEdieldant

Figure VIII.2 (a), shows all the trajectories present in the body, focusing on the upper part
of the body. From what observed in Figure VIII.1, it makes sense to considerthose nerve
trajectories where the E-field distribution reaches values high enough to eventually produce
a stimulus (i.e., above the limits). Thus, thoracic and brachial (ulnar, median and

radial) trajectories will be analyzed. This will be applied to both models.

The final step is to define the environment of the exposure and set the position of the two
models with respect to the coil. A possible real position, which an operator may assume,
during a later-motor cortex treatment, i.e., with an inclined coil, was considered . In
x EUUPEUOEUOWUPOWEOOI PT UUEUDOOUWT EY banfécesth® wET O
clinical chest,andd A wb Owb 1 D E T napd of the/ndekFads tBeltinioal chest. For both
conditions, the operator holds the coil with his/her two hands. The distance between the ear

and the nape of the neck is equal to 12 cm, as previously considered.

The positions are reported in Figure VIII.3:
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Figure VIII. 3 Exposure conditions. (a) Positidf ear of the patient facing the chest of the operatorkéegighe coil in
positions with both hands, (b) PositignO wOE x 1 wOi wUT 1T w0 ithe éhestof thelbpetatarx thake@theO U wi E E
coil in positions with both hand€oil inclined of about 55°.

In both positions, the right hand of the operator is positioned on the handle of the coil while
gripping this latter. The left hand is positioned clos e to the windings, and likewise keeps in
position the coil, this is a typical configuration assumed by the operator, which most often
helps with the second hand to hold the colil, placing the latter one so as to hold the coill
sideways and therefore supporti ng it externally where there are windings . The positions of
Yoon-Sun are similar but not exactly equal to Jeduk, since the aim is to carry out an analysis
operator-dependent and not a comparative study between male and female, as before done.

The following analysis starts the positions previously described.

8.3 Results

The assessmenbf the exposure carried out with the Neuron solver, implies as the first step

the evaluation of the solutions of the Quasi-Static LF solver,i.e., the neuron exposed to an

$, wi DI OEwWEI Ul EOUUWEOQuwI Ol EUUPEwWxOUI OUPEQwm2 AwWEH
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