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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/EU1 

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 persons of 

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 project involves 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 a multiphysics 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 
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necessary to deepen the protectionist issues. A literature analysis of the state of the art on 

the risk in the workplace is first carried out.  

This has been followed by numerical and  accurate modeling of the device under test as well 

as the workers in a real reproduced work condition of exposure. O f paramount  importance 

is the understanding of all the parameters that can affect the distribution 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 exposure in-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 research area of exposure assessment of workers 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 proposed to 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 ÛÏÜÚɯÐÛɀÚɯÓÐÒÌÓàɯÛÏÈÛ a possible relevant occupational health risk exists for the vast 

majority of occupationally exposed operators2. On a general scale, we can consider that, 

whenever electric and/or magnetic fields  or currents are used, EMF are generated, thus all 

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 becomes even 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 62822-13) and for the case of arc 

welding machines a second standard (EN 62822-24) both published in 20085,6 and updated 

in 2016 and 2018 respectively. EN 62822-1 and even more so EN 62822-2 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 workers to 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 7,8. Both of the previously described 

apparatuses are extensively dealt with in the Non-Binding Guide to Good Practice 9, where 

it is also possible to find other assessment methods for certain apparatuses more generally 

used in both medical and industrial practice.  

For the Transcranial Magnetic Stimulator (TMS), conversely, it is known that to date, there 

ÈÙÌÕɀÛɯ International Electrotechnical Commission  (IEC) particular standards 10, 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 11,12, while there is nothing on how 
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to carry out a risk assessment or how to use the instrument safely. This means a gap in the 

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 on these assumptions, among all the equipment  that causes potential  risk for the 

workers, in this work we have chosen to analyze the exposure of the working operator to 

the variable magnetic field produced by variou s kinds of TMS, since for this specific source 

we have found a lack both in the scientific literature and in the regulatory system. What has 

been done 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, since at frequencies 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, such induced 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 13,14 recommends calculating the 99th 

percentile of the induced electric field, which discards the highest 1% of induced electric 

field values. Nevertheless, it is demonstrated that the 99th percentile can produce a large 
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underestimation of the highest electric field, for localized exposure 15,16. Therefore, in these 

cases, it is suggested to also use percentiles higher than the 99th, like the 99.9th and 99.99th. 

Considering electrical properties of tissues, in particular conductivity values, i n Laksoo et 

al. 202017, two comparative simulations were performed using the human NORMAN 

model18 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 18 and set 2 was obtained from a widely used tissue 

property database from the IT'IS Foundation (Zurich, Switzerland) 19. The results, related to 

the brain, show that Set 2 (higher brain conductivity) produced a significantly weaker 

electric field strength th an 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. 201820 

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 and highest 

electric field values induced in the brains of the adult models 20. Similarly, earlier work on 

two adults  and six children (5-14 years) suggested similar or larger differences21. 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. 201822, 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 study is focused within this scientific context. 

Thus, in Section I 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 -Ionizing 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 necessary to characterize the model of the source 

using a numerical approach and also considering experimental data and literature 

comparison. 

In Section II, by means of 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 assessment of 

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 model 

Duke23 (Virtual population of Sim4Life software), which  represents in this context the model 

of a generic medical operator performing the treatments.  Then a successive step was 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 

assessment). 

Based on the results obtained in Section II, the importance of the anatomical characteristics 

of the operator (physical conformation, height, robustness, etc.) emerged, and therefore in 

Section III an improvement of the female model is performed as well as a complete and 

exhaustive analysis based on an inter -subject variability : an innovative approach in the field 

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

different exposure conditions . This analysis includes a study of the dielectric properties of 



25 
 

tissues, as well as the tissues distribution  in the human apparatus , and their role in the 

exposure. All the analyses provided  have led to results that could be useful on one hand for 

greater awareness of the risk in 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 is currently available . 

Moreover,  to link the numerical dosimetric assessment with physiological induced effects 

due to the EM exposure, in Section III 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 ) Research Center. This is because, the Ph.D. 

research project is a study mutually conducted by the Department of Information 

Engineering, Electronics and Telecommunications ɬ 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 I . EMF APPLICATIONS : 

OCCUPATIONAL EXPOSURE AND 
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I.  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 generated 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 , since 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 as in 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 I.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 is well known.  
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Figure I. 1 (a) Welding Machine24; (b) Industrial induction oven, 30 kHz - 24kW,  

 

The signal emitted by the welding machines is impulsive with spectral components up to 

frequencies of 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 9. 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 ance in terms of human safety could be the industrial induction oven  (Figure I.1 (b))26. 

In this case, the power is of the order of tens of kW and the working frequency is of the 

order of  a few 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 apparatus requires usage indications, for 

the safety  of the operators24.  
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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 I.2 (a)), and the magnetic resonance imaging technology (Figure 

I.2(b)).  

 

 

Figure I. 2.(a) Electrosurgical unit 24;(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 limits 27,28. 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. In the 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 handpiece 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 exposes the 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 one 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 substations where workers 

are usually present29, while limits for radiofrequency fields can be exceeded, at 

telecommunications sites, in areas accessible to workers near the antennas30. 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 31,32,33. 
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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 followed2. Providing adequate information to workers 

about the risk, the exposure levels, and the EMF-related effects, including the conditions 

possibly inducing a particular susceptibil ity, is also a fundamental part of appropriate 

prevention for EMF -exposed workers.  

In these cases, just 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 

quantities. This latter occurs, in all those cases in which 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 guidelines13, where it is stated: 

ɁÍÖÙɯÈɯÝÌÙàɯÓÖÊÈÓÐáÌËɯÚÖÜÙÊÌɯÞÐÛÏɯÈɯËÐÚÛÈÕÊÌɯÖÍɯÈɯÍÌÞɯÊÌÕÛÐmeters from the body, the only 

realistic option for the exposure assessment is to determine dosimetrically the induced E-

field, case by caseɂ, and is also reiterated in the European Directive 1.  

Actually, this exposure condition e xactly occurs with the TMS (Figure I.3), that is another 

important equipment that needs to be taken into account in the medical area, since it could 

cause a possible overexposure of the worker.  

 

Figure I. 3. TMS device, figure adapted from PAF website24 
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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 1-3 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 to the patient. Although the use 

of this device is well -established in medical practice, unlike, for example, MRI, 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 Ɂa prioriɂ. They do not even 

exceed the limits set for the general public (well below those set for workers)34. 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 signal generation system and a maniple that must be positioned 

appropriately on the patient's head.  

 

Figure I. 4. Operating principle of the TMS device during the treatment.  

This maniple consists of a coil crossed by current, which generates a variable magnetic 

induction field in the surrounding space, as can be seen in Figure I.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 coil35, 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 the local exposure 

of different body parts  of the operator, depending on the specific therapy. Furthermore, 

since the operator handles the device, he/she may hold a part of the coil with the hand  or 

both hands, while the device is active, for example, ÛÖɯÐÕÊÙÌÈÚÌɯÛÏÌɯÊÖÐÓɀÚɯÚÛÈÉÐÓÐÛàȮɯand so this 

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 
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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 topic36,37. For example, a study focused on the exposure of TMS workers was 

conducted in 2006 by Karlström et al., and they experimentally estimated a distance of 70 

cm to avoid overexposure to magnetic pulses, as recommended by the ICNIRP Guidelines 

in 200338. 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 200939 by a group of TMS experts. Since 

the publication of these results, the ICNIRP 2003 guidelines and Directive 2004/40/EC have 

been update1,40,41; however, to date, there are no standardized requirements for the 

conformity assessment of TMS10, 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 art leaves space 

for  a wide 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 a possible starting point for the creat ion 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 address this topic. Particularly, 

two studies conducted in 201042 and 201643 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) 42,44 and Virtual Population 23,45) and different exposure 

conditions (TMS feeding equal to 7.7 kA at 3.6 kHz in Lu et al., 201042 and 5.6 kA at 3.45 kHz 

in Bottauscio et al., 201643). Furthermore, Lu et al., 201042 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., 201643 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 

ÍÌÌËÐÕÎɯÚàÚÛÌÔȮɯÈÕËɯÌßÈÔÐÕÌɯÛÏÌɯÌß×ÖÚÜÙÌɯÈÚɯÈɯÍÜÕÊÛÐÖÕɯÖÍɯÛÏÌɯËÌÝÐÊÌɀÚɯÚÛÐÔÜÓÈÛÖÙɯÖÜÛ×ÜÛ, 

since each output depends on the treatment, which needs of a different setup 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 46,47. 

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 have only partially considered these aspects by analyzing 

one or the other42,43 or even nothing (as the variability of the maximum stimulator output - 

MSO)ȭɯ ÕÖÛÏÌÙɯÐÔ×ÖÙÛÈÕÛɯÈÚ×ÌÊÛɯÐÚɯÛÏÌɯ×ÖÚÐÛÐÖÕɯÖÍɯÛÏÌɯÖ×ÌÙÈÛÖÙɀÚɯÈÙÔɯÈÕËɯÏÈÕËɯÞÏÐÓÌɯ

holding the coil, as this area is inevitably exposed to higher intensities 48,49. 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. 201450, 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 at 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 coil 

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 of coils and for all available treatments. 

Therefore, an aspect 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 stimulation 

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 induced quantities 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 in sensitivity 

of the subjects and the inter-ÐÕËÐÝÐËÜÈÓɯÝÈÙÐÈÛÐÖÕÚɯÐÕɯ×Ö×ÜÓÈÛÐÖÕÚɀɯÙÌÚ×ÖÕÚÌɯÛÖɯÛÏÌɯÌß×ÖÚÜÙÌɯ

to the EMF51. Typically scientific research deepens the study of how the sensitivity 52 and 

human variability influence the estimated thresholds 53 for effects and dose-response 

relationships, thus for the quantitative risk assessment. In the frame of the risk assessment, 

a recent study by Hirata and co-workers 54 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 human 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. 202255 shows that a 

difference in terms of exposure-response exists due to gender. In this study , a numerical 

assessment of the risk of human exposure to RF-EMFs 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 ÕÌÜÙÖÔÖËÜÓÈÛÐÖÕɯÛÌÊÏÕÐØÜÌɯËÌÝÌÓÖ×ÌËɯÐÕɯÛÏÌɯÌÈÙÓàɯƜƔɀÚ56 

and it is used as a neuro-investigation and diagnostic tool 57, as well as in clinical practice for 

therapeutic purposes58. 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 59,60 or for diagnosin g 

neurodegenerative diseases61. 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 epression62 and obsessive-compulsive disorders 63, for both of 

which it received FDA approval; neurological impairments due t o stroke64Ȯɯ/ÈÙÒÐÕÚÖÕɀÚ65, 

tinnitus 66, epilepsy67, chronic pain 68, and Spinal Injury 69. The main advantage, that makes 

this instrument particularly appreciated, is the reduced scalp pain sensation for the patients, 

compared to the electrical stimulation 69. 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 performance70. 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 

tissue57 of the patient under treatment . Additionally, owing to the conductive properties of 

the ×ÈÛÐÌÕÛɀÚɯhead tissue, it induces an intense E-field (i.e., of the order of 100 V/m) that alters 

the brain neuronal activity 57,71, 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-fi eld can depolarize superficial axons and activate neural networks in 

the cortex72. Thus, dÜÙÐÕÎɯ3,2ɯÈ××ÓÐÊÈÛÐÖÕÚȮɯÛÏÌɯÚÛÐÔÜÓÈÛÐÕÎɯÊÖÐÓɯ×ÓÈÊÌËɯÖÝÌÙɯÛÏÌɯ×ÈÛÐÌÕÛɀÚɯ

head generates a high-intensity pulsed magnetic field, up to 3 T, that crosses the scalp. The 

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 pulses73. 

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 requirements74,75. Studies regarding the single-pulse treatment 

demonstrated that they are differen t in the effectiveness of these sorts 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 73,76. Less is 

known about the differences between monophasic and biphasic repetiti ve TMS (rTMS), 

being a more complex mechanism often linked to moderate interindividual variability 77. 

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 I.5 (a)),  figure -of-eight (Figure I.5 (b)), double-cone, air-cooled coil, and more 

recently Hesed coil, the C-Core, and circular crown 78,79.  

 

Figure I. 5 Models of coil: (a) circular and (b) figure of eight. Images adapted from the Magstim website. 

Going by order,  the circular  coils typically have a diameter that ranges from 80 mm to 150 

mm 80 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 81,82. 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 83,84. The figure-of-eight coil , first proposed in 198885, provides  to 

enhance the focality of the circular coil . It consists of copper wires continuously wound to 

create two connected circular 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 coil, increasing the 

focality for a more accurately defined area86,87. 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 I.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 I. 6. Double-cone coil, from Magstim website 

Nevertheless, the disadvantage of the double cone coil is the loss of focality88. 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 function of distance, such as 

the Hesed-coil (H -coil), C-core coil, and circular crown -coil. The Hesed coil79 with a complex 

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

without inducin g an unbearable field in cortical regions89. 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 depthɬfocality 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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Figure I. 7 Commercial coils for clinical treatments: (a) Circular coil, (b) Hesed coil, (c) Crown coil, (d) Figure-of-eight 

coil, (e) Double cone coil, and (f) C-core coil. Image adapted from Zhi-De Deng et al. 201390. 

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 studies for  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 p ractice. 
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II.  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-Ionizing Radiation Protection (ICNIRP) 

199891, 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 5049934 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 population92 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 considered to comply a priori . 

According to the standard, in workplaces where only Ɂa priori -ÊÖÔ×ÓÐÈÕÛɂ equipment 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 assessor, the 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 93 for 

the implementation of Directi ve 2013/35/EU1 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 which 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 Ɂa priori compliant ɂ. This area can be accessed by anyone, including 

those with contraindications to exposure, such as wearers of metal 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.  

o 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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$ÜÙÖ×ÌÈÕɯ/ÈÙÓÐÈÔÌÕÛɯÈÕËɯÖÍɯÛÏÌɯ"ÖÜÕÊÐÓɯÖÍɯƖƚɯ)ÜÕÌɯƖƔƕƗɯɁÖÕɯÛÏÌɯÔÐÕÐÔÜÔɯÏÌÈÓÛÏɯÈÕËɯ

safety requirements regarding the exposure of workers to the risks arising from physical 

agents (electromagnetic fields) and repealing Directive 2004/40/EC94ɂ, 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 repercussions 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:  



47 
 

- Exposure limit values (ELVs), pursuant to Directive 2013/35/EU1, are those values 

established based on biophysical 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 0 to 1 Hz. Therefo re ELVs refer to 

quantities that are not directly measurable and are conceptually equal to the Basic 

Restrictions (BRs) suggested by the ICNIRP guidelines13,14; 

- 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 guidelines14; 

%ÜÙÛÏÌÙȮɯÛÏÌɯ#ÐÙÌÊÛÐÝÌɯÚÛÈÛÌËȮɯɁ3ÏÌɯ×ÏàÚÐÊÈÓɯØÜÈÕÛÐÛÐÌÚȮɯ$+5ÚɯÈÕËɯ +ÚȮɯÓÈÐËɯËÖÞÕɯÐÕɯÛÏÐÚɯ

Directive are based on the recommendations of the International Commission on Non -

Ionizing Radiation Protection (ICNIRP) and should be considered in accordance with 

("-(1/ɯÊÖÕÊÌ×ÛÚȮɯÚÈÝÌɯÞÏÌÙÌɯÛÏÐÚɯ#ÐÙÌÊÛÐÝÌɯÚ×ÌÊÐÍÐÌÚɯÖÛÏÌÙÞÐÚÌɂȭɯ ÕËɯÐÕɯÍÈÊÛȮɯÐÕɯÓÐÕÌɯÞÐÛÏɯ

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 as phosphenes 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 



48 
 

abilities or other brain or muscle functions and therefore can adversely af fect 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 expresse d in 

the text of the ICNIRP ƖƔƕƔɯ&ÜÐËÌÓÐÕÌÚɯÞÏÌÙÌɯÐÛɯÚÈàÚȯɯɁ%ÖÓÓÖÞÐÕÎɯÛÏÌɯÙÌÊÖÔÔÌÕËÈÛÐÖÕÚɯ

made concerning guidelines on limits of exposure to static magnetic fields (ICNIRP 200995), 

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 

ÈÕËɯÊÌÕÛÙÈÓɯÔàÌÓÐÕÈÛÌËɯÕÌÙÝÌɯÚÛÐÔÜÓÈÛÐÖÕɂȭɯ 

Since the rationale of the Directive and the ICNIRP guidelines is matching, it is possible to 

refer to the latter, to ÌÚÛÈÉÓÐÚÏɯÈɯÊÖÕÊÌ×ÛȮɯÛÏÈÛɯÐÚɯÛÏÌɯÍÖÓÓÖÞÐÕÎȭɯɁ3ÏÌɯÙÌÍÌÙÌÕÊÌɯÓÌÝÌÓÚɯÍÖÙɯ

electric and magnetic field exposure may be exceeded if it can be demonstrated that the 

basic restrictions are not exceededɂ. 3ÏÜÚȮɯÐÛɯÐÚɯÈɯ×ÙÈÊÛÐÊÈÓɯÖÙɯɁÚÜÙÙÖÎÈÛÌɂɯ×ÈÙÈÔÌÛÌÙ that may 

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 compliance with the relevant basic restriction and to determine 

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

rule, is not valid for a localized exposure. In this case, the ICNIRP guidelines  ÚÛÈÛÌËɯÛÏÈÛɯɁÍÖÙɯ

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, 

ÊÈÚÌɯÉàɯÊÈÚÌɂȭɯ3ÏÌÙÌÍÖÙÌȮɯÚÐÕÊÌɯÛÏÌɯÖ×ÌÙÈÛÖÙɯËÜÙÐng the TMS treatment is close to the source, 
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in this study we considered carrying  out a dosimetric analysis, to verify the compliance to 

the BRs expressed as induced E-Field.  

In the following are reported the exposure limits of the Directive (EL Vs) and the ICNIRP 

guidelines (BRs): 

Table II - 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 

ƕɯ'áɯȀɯÍɯǾɯƗɯÒ'á 1.1 Vm-1 (peak) 

ƗɯÒ'áɯȀɯÍɯȀɯƕƔɯ,'á 3.8 x 10-4 f Vm -1 (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 II - 2  ICNIRP -2010 BRs for occupational exposure to time-varying electric 

and magnetic fields 
Exposure characteristic Frequency range (Hz) Internal E-field (Vm-1) 

Occupational Exposure 

CNS tissue of the head 

1ī10 Hz 

10 Hzī25 Hz 

0.5/f 
0.05 

 25 Hzī400 Hz 2 x 10-3 f 

 400 Hzī3 kHz 0.8 

 3 kHzī10 MHz 2.7 x10-4f 

All tissues of the head and body 1 Hzī3 kHz 0.8 

 3 kHzī10 MHz 2.7 x10-4f 

   

 

In Table II-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 standard s. 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 (60601-1). These standards are identified by type codes 60601-1-X, for example, 

we find among them the 60601-1-212 standard for Electromagnetic compatibility and also the 

60601-1-396 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, 60601-2-197 for the Medical accelerator, 60601-2-3398 for Magnetic 

Resonance Imaging and 60601-2-299 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 60601-111 (general) and the 60601-1-212 (compatibility). In 

ÍÈÊÛɯÐÕɯÛÏÌɯÚÌÊÛÐÖÕɯÖÍɯÛÏÌɯ×ÙÖËÜÊÛɯÔÈÕÜÈÓȮɯÛà×ÐÊÈÓÓàɯÜÕËÌÙɯÛÏÌɯÝÖÐÊÌɯɁPerformance StandardɂȮɯ

we found that the TMS  is designed to comply with the requirements of the Safety Standard  

EN60601-1 (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 

60601-1-2 (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 specific standards are stated, neither related to 

the explain how to carry out a r isk 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 Union100. This lack, for example, impact also in the 

possibility to apply  the derogations allowed by the Directive, in reference to the ELVs health 

effects (a concept not included in the ICNIRP guidelines ), that could be exceeded in specific 

cases. This is because derogations from the compliance to health effects ELVs could apply 

if there is a particular  standard, as for example occurs in 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 60601-2-3398 (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 

applications101. To date, no technical standard exists for a TMS device that could be used for 

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 device.  

2.2 Risk assessment: compliance with LG ICNIRP 2010 

As mentioned earlier , the ICNIRP guidelines are taken as a technical-scientific 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 guidelines13, and thus to the last update 202014, 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 II -2, are frequency-

dependent, thus we have to compare the calculated induced quantity to a correspondent 

value of the working  frequency of the device. At Ḑ3 kHz (typical TMS frequency), the BRs 

assume the value of 0.8 V/m (rms), corresponding to 1.13 V/m (peak). The guidelines also 

suggest considering the local induced electric field as a value averaged in a tissue volume 

of 2 × 2 × 2 mm3, and for a specific tissue, the 99th 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 th 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 × 2 

× 2 mm3 voxels in the numerical evaluation . Using this analysis, it is also 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 reached 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 each possible exposure scenario. So, the results strongly depend 

on the exposure conditions examined.  

Nevertheless, some studies consider that the evaluation of the 99th percentile in a local 

Ìß×ÖÚÜÙÌɯÊÖÕËÐÛÐÖÕɯÐÚÕɀÛɯÛÏÌɯÉÌÚÛɯÞÈàɯÍÖÙɯÛÏÌɯÙÐÚÒɯÈÚÚÌÚÚÔÌÕÛȮɯÚÐÕÊÌɯÞÏÌÙÌɯÛÏÌɯÔÈÑÖÙÐÛàɯÖÍɯ

significant induced electric field values may be concentrated in a small v olume15. The 

maximum electric field (100 th percentile) value depends on the resolution of the numerical 

grid and is susceptible to staircase error 102, so the infl uence of human model resolution on 

computed quantity  induced by the external fields102,103,  led the research studies and also the 

ICNIRP guidelines to use the 99th in order to  reduce this error. However, Laakso et al. 201215, 

assume that, in a local exposure, taking into account only the 99th 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. 2013104 propose using 99.9th as a dose metric. 

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 99.9th percentile 

and the 100th percentile and the 99th percentile of the electric field. What they found is that 

there was a strong correlation between the 99.9th percentile and 99th percentile of the electric 

fields, whereas a slightly weaker correlation between the 100th percentile electric field and 

the 99.9th percentile. Therefore, to reduce numerical errors affecting the 100th percentile and 

on the other hand, to improve the underestimation relativ e to the 99th percentile, the authors 

obtain as result, and so suggest, that the 99.9th percentile is reasonable the value that should 

be used for the assessment of exposure. In agreement with each other, are Ahn  et al. 2021105, 

that prop ose yet the use of the 99.9th percentile for the exposure analysis. In this study, five 

anatomical human models and a simplified model are considered, and the paper aims to 
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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 62233106 and 

62311107), which in turn implies the calculation of induced quantities . The author in order to 

reduce the computation artifacts due to abnormal peak (100th percentile) proposes an 

improved method by applying the 99.9 th percentile in calculating the coupling factor 

without underestimation (present in the case of the use of the 99th percentile). The results of 

this study show that the use of the 99.9th percentile for the evaluation of the induced 

quantities reduces the computational errors by up to 65.3% compared to a conventional 

method, that uses the 99th percentile. Thus, they suggested that the 99.9th 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 th 

percentile, to take into account the ICNIRP guidelines (and thus the Directive), but also the 

99.9th percentile to take into account the knowledge gained from the  scientific literature . 
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SECTION II.  NUMERICAL MODELING 

AND COMPUTATIONAL DOSIMETRY IN 

THE RISK ASSESSMENT  
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III.   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 reproduc ing 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 effects108. The whole process of interaction is inherently multidisciplinary, as it 

involves engineering, physics, biology, and physiolog y. 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 quant ities. These quantities can properly correlate the 

intensities of the external fields and the effects observed inside the exposed subjects (the 

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 th 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 coil device works in a range of frequencies of about 1 kHz ɬ 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  = ϘE is the electric 

displacement, accounting for the polariz ation of the material  in an electric field , B = µH  is 

the magnetic flux density, accounting for the magnetization of a material  and J is the current 

density. It is possible to express the equation in the frequency domain: 
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6ÏÌÙÌɯϬɯÐÚɯÛÏÌɯÈÕÎÜÓÈÙɯÍÙÌØÜÌÕÊàɯÈÕËɯÑǻȄɯȹ-1). Further, equations that consider the material 

behavior in the presence of EMF must also be considered, that are the constitutive relations 

of the material:  
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╙  „╔  ╙ (3. 11) 

 

6ÏÌÙÌɯϘ0 and ϟ0  are respectively the permittivity and the permeability in the free space, 

ÞÏÐÓÌɯϘr ÈÕËɯϟr are the permittivity and the permeability in the  material. The last equation is 

ÛÏÌɯ$,ɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɯÖÍɯÛÏÌɯÓÈÞɯÖÍɯ.ÏÔȮɯÞÏÌÙÌɯϦɯÐÚɯÛÏÌɯÊÖÕËÜÊÛÐÝÐÛàɯÖÍɯÛÏÌɯÔÈÛÌÙÐÈÓɯÈÕËɯ)0  

represents an external 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 

int egral 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 must 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 if three conditions are satisfied109:  

1. The dimensions of the involved objects and their mutual distances should be small 

when compared to the free-space wavelength (i.e., up to 40 MHz for the human 

body); 

2. The size of the 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 109 of the human  tissues are included between 19 m, for 
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blood, and up to 1314 m, for skin dry) 109, 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 used. Based 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 BiotɬSavart law (equation 3.12) and equation 3.13.  
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where A  is the magnetic vector potential; J0 is the current source; µ0 is the magnetic 

permeability (constant over the entire domain Ⱥ͙ȰɯÙɯÈÕËɯÙɛɯÈÙÌɯÛÏÌɯposition vector inside the 

domain and the position  vector of the source, respectively.  

║ ᶯ ═ (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 : 

 

Ͻɳ„ɳ‰ Ὦ‫ɳϽ„ὃ (3. 14) 

 

where Ϧ is the conductivity of each tissue, Ϭ is the angular frequency, and ϩ 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 )110. It is 
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important to highlight that t his software is widely used in the research literature for 

dosimetric purpose 111,112,113. 

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. This sort of solver library is developed at Yale 

University 114. The tool allows us to directly couple the results obtained by the EM 

simulations with the neuronal dynamics. When exposed to an EM field, a nerve fiber reacts 

by changing the electrical activity of its membrane 115,116,117. This latter  results in temporally 

and spatially limited changes in the transmembrane potent ial118, 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 

characteristics119 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 

ÈÕɯ$,ɯÍÐÌÓËɯËÌÛÌÊÛÚɯÈÕɯÌÓÌÊÛÙÐÊɯ×ÖÛÌÕÛÐÈÓɯȹϩȺɯËÐÚÛÙÐÉÜÛÐÖÕɯÛÏÈÛɯÊÈÕɯÉÌɯÌßÛÙÈÊÛÌËɯËÐÙÌÊÛÓàɯÈÚɯÛÏÌɯ

quantity of QS LF 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): 

 

╔ ɳ(15 .3) ה 

 

 

Where:  
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where C is a linear path that connects each data point to an arbitrary zero-voltage reference, 

and dl is the integral of the path length . In ÛÏÌɯÊÖÕÛÌßÛɯÖÍɯÛÏÌɯ-ÌÜÙÖÕɯÚÖÓÝÌÙȮɯϩɯÈÕËɯ5ext are 

the data that are passed to the Neuron Solver to 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 ȹϩɯǻɯ5ÌßÛȺɯdetected by the neuron. Thus, the final threshold field is the product of 

the static potential from the initial EM field  ϩȮɯthe modulating pulse a(t), and the titra tion 

factor .͔ 

ה Ô Ͻ ɬ Ͻὥὸ   ╔Ὠὰה
 

 (3. 17) 

 

Therefore, T is 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 characteristics that 

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 model120: describe the membrane dynamics of myelinated 

sensory axon fibers; 

- Motor modify  MRG model 120: describe the membrane dynamics of myelinated motor 

axon fibers; 

3ÏÌÚÌɯÛÞÖɯÔÖËÌÓÚɯÈÙÌɯÕÈÔÌËɯɁÔÖËÐÍàɂȮɯÚÐÕÊÌɯÛÏÌàɯÈÙÌɯÖÉÛÈÐÕÌËɯÛÏÈÕÒÚɯto a change in the 

basic model, implemented by McIntyre, Richardson, and Grill  (MRG)121. 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) 122. The Verification is a static process that consists 

of analyzing documents, data, and literature, to correctly implement a source. The question 

to ask yourself at this stage is "Am I 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 means of 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 
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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.  

 

 

Figure III. 1. (a) Evaluation of B-field at 80 mm from the center of the coil; (b) Evaluation of B-field at 65 mm from the 

center of the coil; (c) on the top coil placed in the plane xy, on the bottom B-field around the 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 B-field . 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, the 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 campaign123 conducted by the group of INAIL Research 

Center in Nov ember 2009. During this campaign, the commercial Magstim MAG -9784-00 

circular coil fed by the BiStim appliance 124,125,126 has been used. In Table III -1, the features of 

the entire system are analyzed: 

 

Table III - 1. Features of the devices  
 

 Circular coil  

Magstim MAG -9784-00 

Power system BiStim 

Frequency 1 kHz 

Current ( MSO* ) 9.7 kA 

Inner diameter  7 cm 

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 error127,128 when compared with the time-dependent signals. 

The experimental acquisitions have been conducted in a medical center and the 

measurement conditi ons 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 III.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 III.2 , is reported the measurement setup. 
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Figure III. 2: Measurement setup 

 

We define D1, as the 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 

III -2: 

Table III - 2. Measured B-Field 

POINTS OF MEASURE   

 D1 [cm] D2 [cm] B(µT)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 III -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 129. Therefore the coil was reproduced in the 

simulation environment as dimensionless wires placed at the center of the real wires129,130. 

This implied a 2D coil approximation that may slightly underestimate the induced E -field, 

but the overall error was typically below 2% 129,131 in the range of work frequency here 
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considered. In Figure III.3, it is reported the modeled coil in numerical software and the 

distribution of the magnetic field produced.  

 

 

Figure III. 3 Modeled coil in simulation environment: (A) coil in the grid (mesh) set in the simulation environment, (B) 

circular coil numerical model, (C) distribution of the magnetic flux density B(T) on the surface of the coil in corresponding 

of the windings, (D) distribution of B(T) in corresponding on the surface in the position of 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 III.4 shows the behavior o f the B-field, with the 

maximum peak achieved in the corresponding of the inner turn of the coil (as the geometry 

of the coil suggests). 

 

Figure III. 4 B-field (T) along the line through the center of the coil in the outer surface. 
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The comparison with experimental measurements, along the two directions, is summarized 

in Table III -3 and Table III-4:  

 

 

Table III - 3. Measurements of B (mT) along the radial direction 
 

 

 

 

 

 

 

 

Table III - 4. Measurements of B (mT) along the axial direction 
 

 

 

 

 

 

 

 

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 is successfully completed.  

The characterization of the second coil, modeled in Sim4Life, is carried out from a 

comparison of the results obtained by Bottauscio et al. 201643, where an assessment of risk 

for occupational exposure to a circular commercial coil MC125 is conducted. Bottauscio et 

Distance 
Measured values  

70% MSO 

Simulated values 

70% MSO 

32 cm 1.827 2.2 

64 cm 0.251 0.268 

Distance 
Measured values  

70% MSO 

Simulated values 

70% MSO 

4 cm 667 669.9 

64 cm 0.494 0.52 

96 cm 0.153 0.158 
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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 Bmax measured 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 µs. Since the 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 III - 5. Features of MC125 circular coil 

TMS SUPPLY MAGPRO R30  

Max initial dB/dt 41 kT/s  

Inner diameter 28 mm 

Outer diameter 114 mm 

Turns 13 

Currentpeak 5.6 kA 

Frequency 3.45 kHz 

 

Moreover , since a risk  assessment study is considered, the 99th percentile of the induced E-

field in the human male model Duke ( member of the ViP of Sim4Life132 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, 

as reported in Figure III.5.  

 

Figure III. 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 study, we 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 coil is 

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

 

Figure III. 6: Distribution of B-field produced by the modeled MC125 circular coil, (A) distribution of the magnetic flux 

density B(T) on the surface of the coil in corresponding of the windings, (B) distribution of B(T) on the surface at the 

position of the coating, i.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 cases in our computatio nal environment, we evaluated the 99th 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 (Ḑ5÷7%) in comparison with the results given by the 2 m m voxels. Data are 

reported in Table III -6: 

Table III - 6. Comparison of results 
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Voxel  
Distance 

from body axis  

Results  

of this work  

Results 

of Bottauscio et al.  

Total body 4 mm 40 cm 1.80 V/m 1.91 V/m 

Total body 4 mm 60 cm 0.57 V/m 0.69 V/m 

CNS 4 mm 40 cm 0.59 V/m 0.57 V/m 

CNS 2 mm 40 cm 0.57 V/m 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. 133 are 

characterized through the information found in the user manuals 134ɬ136. In 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 9925-00, Magstim. This coil will be referred as figure -of-

eight. Typically the commercial figure -of-eight coil is powered by the two -phase generator 

Magstim Rapid2 135.  

 

Figure III. 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 coil 

is 1.2 T 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 mm diameter 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 

µs)137. In our model, we used a coil consisting of only windings, without the surrounding 

coating. To consider the presence of the external plastic 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 III -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 coil, i.e., radial direction).  

 

 

Figure III. 8 Mapping of B on the surface of the Std. Double coil 9925-00. The maximum B-field 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 III.9, whereas the same data in the plane away 4 mm from the windings is shown 

in Figure III.10: 

 

 

Figure III. 9|B| along radial direction, through the center and the two lobes, on the surface of the coil 

 

 

Figure III. 10: |B| along radial direction, through the center and the two lobes, on the plane 4 mm away from the surface 

of the coil. 

Following these results, to have a Bmax = 1.2 T (maximum output of Magstim Rapid 2) 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 second Magstim 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.  

 

Figure III. 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 windings138. The simulation environment was discretized with the same 

step as before and also considering the extremely 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 III.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 III.12 (b)). 
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Figure III. 12. a) Mapping of B-field on the plane at 4 mm from the surface of the coil; b) B-field along the radial 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 III - 7. Features of the coils 

 Figure-of -eight Coil  Circular Coil  Circular coil  Circular Coil  

2Ü××Óàȯɯ Magstim Rapid2  Magstim 200 Magstim BiStim  MagPro R30 

,Èßɯ!ɯ.ÜÛ×ÜÛȯɯ 1.2 T 2 T 3.2 T 1.8 T (= 41 kT/s) 

(ÕÕÌÙɯ#ÐÈÔÌÛÌÙ 52 mm 70 mm 70 mm 28 mm 

.ÜÛÌÙɯ#ÐÈÔÌÛÌÙɯ 88 mm 122 mm 122 mm 114 mm 

3ÜÙÕÚ Double turn  14 14 13 

"ÜÙÙÌÕÛ 4 kA  5.6 kA  9.7 kA 5.6 kA 

Frequency 3 kHz  3 kHz  1 kHz  3.45 kHz  

 

 

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, websites139, 
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papers140, and pictures obtained during the measurement campaigns made by the National 

Institute for Insurance against Accidents  at Work (INAIL) 141. 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 coil 

with respect to the clinician depends on several factors, such as the available equipment, 

e.g., type of coil, 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/she holds the coil with the hands. Further, 

some coils are equipped with  a supporting tool (a sort of plastic stick) that help s the 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 III. 13):  

 

Figure III. 13. TMS treatment with use of plastic tool. Figure adapted from https://www.smarttms.co.uk 

 

 ÕÖÛÏÌÙɯÍÈÊÛÖÙɯÐÚɯÛÏÌɯ×ÈÛÐÌÕÛɀÚɯÏÖÓËÌÙȮɯÐȭÌȭȮɯÉÌËɯÖÙɯÊÏÈÐÙɯÉÌÊÈÜÚÌɯÉÖÛÏɯËÌÛÌÙÔÐÕÌɯÛÏÌɯ×ÖÚÐÛÐÖÕɯ

ÖÍɯÛÏÌɯ×ÈÛÐÌÕÛɀÚɯÏÌÈËɯÞÐÛÏɯÙÌÚ×ÌÊÛɯÛÖɯÛÏÌɯÍÙÖÕÛÈÓɯÈßÐÚɯÖÍɯÛÏÌɯÊÓÐÕÐÊÐÈÕȭɯ%ÖÙɯÌßÈÔ×ÓÌȮɯÛÏÌɯ

presence of a 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 III.14:  

 



77 
 

 

Figure III. 14. Exposure of lower abdomen with use of bed support for patient. Figure 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 III.15):  

 

 

Figure III. 15. Exposure of chin/neck of the operator. Figure adapted from website 

https://www.cincinnatichildrens.org/research/divisions/n/neurology/labs/gilbert-wu. 

 

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 III.1 6:  
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Figure III. 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 chest, (C) exposure of 

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 III.16 (A) ; 

B. Chest, Figure III.16 (B); 

C. Abdomen, Figure III.16 (C); 

D. Lower abdomen, Figure III.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.  
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IV.  CHAPTER  

4.1 Occupational exposure conditions during TMS treatment: 

methods and modeling  

 

In this chapter 142, it is considered the exposure of a TMS operator to two kinds  of commercial 

coils: the Magstim MAG -9925-00 standard double (simply called the figure -of-eight) and the 

Magstim MAG -9784-00 circular coil. TMS pulses were assimilated to pure sinusoids at 

equivalent frequencies, as aforementioned. The features of the TMS devices here considered 

are listed in Table III -7. As before mentioned, the coils were reproduced in the simulation 

environment as dimensionless wires placed at the center of the real wires35,143. This implied 

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

reported, the overall error was detected as below to 2%35,144 

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)145. Duke is a surface-based 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.3.1145), 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 

×ÙÖ×ÌÙÛÐÌÚɯÖÍɯÛÏÌɯÛÐÚÚÜÌÚɯÞÌÙÌɯÈÚÚÐÎÕÌËɯÍÙÖÔɯ+%ɯ(3ɀ(2ɯdatabase v.4146 embedded in Sim4Life 

(software chosen for the simulations, see above paragraph 3.1). 

%ÜÙÛÏÌÙÔÖÙÌȮɯÛÏÌɯËÖÚÐÔÌÛÙÐÊɯÈÕÈÓàÚÐÚɯÐÕÊÓÜËÌËɯÛÏÌɯ×ÈÛÐÌÕÛɀÚɯÏÌÈËȮɯÔÖËÌÓÌËɯÉàɯÛÏÌɯÚÐÔ×ÓÐÍÐÌËɯ

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/m147 respectively. The phantom was placed approximately 1 cm below the surface of the 

coil and positioned at the center of the ÚÐÔÜÓÈÛÐÖÕɯËÖÔÈÐÕȭɯ!àɯÊÖÕÚÐËÌÙÐÕÎɯÛÏÌɯ×ÈÛÐÌÕÛɀÚɯÏÌÈËȮɯ

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 

×ÈÛÐÌÕÛɀÚɯÏÌÈËȭ 

To ÊÖÕÚÐËÌÙɯÛÏÌɯÌß×ÖÚÜÙÌɯÖÍɯÛÏÌɯÖ×ÌÙÈÛÖÙɀÚɯÈÕÈÛÖÔÐÊÈÓɯËÐÚÛÙÐÊÛÚɯ×ÙÌÝÐÖÜÚÓàɯÐËÌÕÛÐÍÐÌËɯȹ%ÐÎure 

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

the ground and they are denoted, as before stated, as cases A, B, C, and D (Figure IV.1). 

 

 

Figure IV. 1 The dosimetric model. Two coil orientations (I and II) and four vertical positions: case A-exposure of the 

chin/neck (h1 = 153.5 cm), case B-exposure of the chest (h2 = 136 cm), case C-exposure of the abdomen (h3 = 112 cm), 

case D- exposure of the lower abdomen (h4 = 95.3 cm). For orientation I, the distance between the center of the coil and 

ÛÏÌɯÚÜÙÍÈÊÌɯÖÍɯÛÏÌɯÊÓÐÕÐÊÐÈÕɀÚɯÉÖËàɯÔÖËÌÓɯȹËI) is 21 cm, whereas for orientation II, the distance between the edge of the coil 

ÈÕËɯÛÏÌɯÚÜÙÍÈÊÌɯÖÍɯÛÏÌɯÊÓÐÕÐÊÐÈÕɀÚɯÉÖËà dII is 12 cm. 

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

vertical position, as shown in Figure I 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 

ÊÖÕÚÛÈÕÛɯÉÌÛÞÌÌÕɯÛÏÌɯÊÌÕÛÌÙɯÖÍɯÛÏÌɯÊÖÐÓɯÈÕËɯÛÏÌɯÚÜÙÍÈÊÌɯÖÍɯÛÏÌɯÊÓÐÕÐÊÐÈÕɀÚɯÉÖËàɯÔÖËÌÓȭɯ3ÏÐÚɯ

distance considers thÌɯƖƔȭƙɯÊÔɯÓÌÕÎÛÏɯÖÍɯÛÏÌɯÊÖÐÓɀÚɯÏÈÕËÓÌȮɯ×ÓÜÚɯƔȭƙɯÊÔɯÈÚɯÛÏÌɯÊÓÖÚÌÚÛɯ×ÖÚÚÐÉÓÌɯ

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

ÛÏÌɯÊÓÐÕÐÊÐÈÕɀÚɯÉÖËàɯÔÖËÌÓɯÐÚɯ×ÓÈÊÌËɯÖÕɯÛÏÌɯÚÐËÌɯÖÍɯÛÏÌɯÊÖÐÓɯȹÊÖÐÓɯÈÕÎÜÓÈÙɯ×ÖÚÐÛÐÖÕɯƝƔȘȺɯÈÛɯa 
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distance of 12 cm 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 dII as reasonable; 

-The conclusions of the study by Rutherford et al. 147, 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 torso, 

where this value is considered equal to about 12 cm.  

-Conversely, the choice of 21 cm from the coil center (d I), considered in orientation  I, 

corresponds to a minimum possible distance (i.e., 0.5 cm) from the coil handle, which 

is 20.5 cm long, as reported in 87; 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 the 2010 ICNIRP 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: Ɂ%ÖÙɯÈɯÝÌÙàɯÓÖÊÈÓÐáÌËɯÚÖÜÙÊÌɯÞÐÛÏɯÈɯËÐÚÛÈÕÊÌɯÖÍɯÈɯÍÌÞɯÊÌÕÛÐÔÌÛÌÙÚɯÍÙÖÔɯÛÏÌɯ

body, the only realistic 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 less 

localized but is still non-uniform, in which case it is possible to determine the spatial average along 

the body or part of it 148,149ȭɂ 

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

Table IV - 1. Exposure conditions 

 I Orientation II Orientation 

Coil angular positions 0° 90° 

Distance of surface of 

Duke (d) 

21 cm 
From the center of coil  

12 cm 
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 (Figure IV.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 coil d = 5 cm; 

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

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

 

 

Figure IV. 2. Explanatory image of the 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% of MSO, because the stimulator output of the coils can be different between 

treatments. Therefore, it was necessary to consider other values for the identification of the 

motor stimulation threshold 150 for single patients, which requires different output power 

from the generator. As aforementioned, the coils are typically used with a percentage of 

MSO151 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 III -7. To assess compliance with the ICNIRP 2010 

guidelines, for each coil configuration, we compared the 99 th percentile of the E-field 

induced inside the Duke model with the limits reported in Table II -2. Since these limits are 

frequency dependent, for the occupational exposure at the frequency of work of the coils, is 

fixed  at Ḑ1.13 V/m (peak value). Furthermore, for both orientations, after finding the worst -

case exposure 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 IV.3 for the 

two coils placed at the level of the abdomen (case C) and oriented according to orientation 

II . 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 IV. 3. Streamline distribution map at a simulation output of 100%. Worst case exposure of: (a) Std. Double coil 

9925-00, Magstim, (b) circular coil 9784-00, Magstim. 

 

As expected, the B-field 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 IV .3 (a)). This is because the figure-of-eight coil has a better focality inside 

ÛÏÌɯ×ÈÛÐÌÕÛɀÚɯÏÌÈËȮɯÊÖÔ×ÈÙÌËɯÛÖɯÛÏÌɯÊÐÙÊÜÓÈÙɯÖÕÌȮɯÞÏÖÚÌɯÎÌÕÌÙÈÛÌËɯ!-field is characterized 

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-ÍÐÌÓËɯËÐÚÛÙÐÉÜÛÐÖÕÚɯÐÕÚÐËÌɯÛÏÌɯÖ×ÌÙÈÛÖÙɀÚɯ

body are reported for the two Magstim coils placed at each exposure scenario described in 

Figure IV.1. In particular, the results from orientation I are presented in Fig ure IV.4, and 

those from orientation II are presented in Fig ure IV.5. In both cases, the feeding condition 

at MSO of 50% was considered. The two figures show the induced E-field on the Duke's 

sagittal plane, passing through the center of the coil, 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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Figure IV. 4. E-field map at 50% of the maximum output for orientation I: (1) Exposure to the Double coil 9925-00 in 

the four cases, A-B-C-D; (2) Exposure to the Circular coil 9784-00 in the four cases, A-B-C-D. 
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Figure IV. 5. E-field map at 50% of the maximum output for orientation II: (1) Exposure to the Double coil 

9925-00 in the four cases, A-B-C-D; (2) Exposure to the Circular coil 9784-00 in the four cases, A-B-C-D. 

 

In all conditions shown in Figures IV. 4 and IV.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 II (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 to intensities above the 

ICNIRP limit mainly  involved  the front of the operator, and some for which  this condition 

reached the back of the model (e.g., Figure IV.4, panel 2 cases A-B-C-D and Figure IV.5, 

panel 1 cases C-D and panel 2 cases A-B-C-D). Considering the exposure to the figure -of-

eight placed in position C and oriented according to orientation II (Fig ure IV.5, panel 1-C), 

the E-field induced on the back, at the hip joint reaches a maximum val ue of 1 V/m, even if 

in a small area. A more widespread exposure of the back to E-field 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 I and II 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%. The 

comparison is also between the two models of coils: circular MAG -9784-00 and Std. Double 

MAG -9925-00. 

 

Table IV - 2. Orientation I - percentiles of detected induced E-field (V/m) as a 

function of %MSO 

   

Chin/neck  

(A)  

Chest 

(B) 

Abdomen  

(C) 

Lower 

abdomen 

(D)   
%MSO 30% 100% 30% 100% 30% 100% 30% 100% 

Std. Double coil 

(MAG-9925-00) 

99th 0.08 0.27 0.07 0.25 0.08 0.26 0.09 0.31 

99.9th 0.15 0.50 0.12 0.38 0.13 0.43 0.16 0.53 

Circular coil 

MAG-9784-00 

99th 1.13 3.77 1.21 4.01 1.30 4.34 1.51 5.02 

99.9th 2.13 7.09 2.18 7.28 2.34 7.81 2.78 9.27 

 

 

Table IV - 3. Orientation II - percentiles of detected induced E-field (V/m) as a 

function of %MSO 

   
Chin/neck  

(A)  

Chest 

(B) 

Abdomen  

(C) 

Lower abdomen  

(D)   
%MSO 30% 100% 30% 100% 30% 100% 30% 100% 

Std. Double coil 

MAG-9925-00 

99th 0.33 1.11 0.31 1.04 0.40 1.34 0.38 1.26 

99.9th 0.62 2.07 0.55 1.85 0.72 2.41 0.76 2.54 

Circular coil 

MAG-9784-00 

99th 1.80 6.00 1.80 6.01 2.19 7.32 2.01 6.71 

99.9th 3.44 11.48 3.01 12.87 4.00 13.33 3.91 11.73 
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The results indicated that the exposure to circular coil caused a 99th 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 figure-of-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 I and case- C in orientation II. For these cases, we 

evaluated the 99th percentile as a function of the distance for each considered percentage of 

the stimulator output 50. The results are presented in Figures IV.6 and IV.7 for orientations I 

and II, respectively.  

 

Figure IV. 6. 99th percentile of induced E-field for case D - lower abdomen (worst case scenario in orientation I owing to 

exposure to circular coil Magstim 9784-00) as a function of the distance from the center of the coil. 

 



89 
 

 

Figure IV. 7.  99th percentile of induced E-field for case C - abdomen (worst case scenario in orientation II owing 

to exposure to circular coil Magstim 9784-00) as a function of the distance from the coil windings edge.  

 

Generally, the induced E-field decreased as the ËÐÚÛÈÕÊÌɯÐÕÊÙÌÈÚÌËɯÈÕËɯÛÏÌɯÚÛÐÔÜÓÈÛÖÙɀÚɯ

percentage of output decreased. Therefore, the possibility of exceeding the E-field limit 

could be considerably reduced when the operator stays at specific distances from the coil, 

which gradually increases as a function  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 II at a MSO of 100% (Table IV-3). In the worst -case scenario (i.e., case C), we 

established that the induced E-field decreases to 0.91 V/m  at a distance of 15 cm, indicating 

that the exposure limits are respected if the coil is moved 3 cm 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 

II (Figure IV.7, red line), or at approximately 44 cm from the center of the coil in the 

orientation I (Fig ure IV.6, red line). These distances can be reduced by feeding the coil with 

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

II (Figure IV.7, blue curve) and orientation I (Fig ure IV.6, blue curve), respectively. From 

these data, it is confirmed that the circular coil ÏÌÙÌÐÕɯÊÖÕÚÐËÌÙÌËɯÙÌÔÈÐÕÚɯÛÏÌɯÔÖÚÛɯɁÊÙÐÛÐÊÈÓɂɯ

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.8, are reported the safe distances as a function of the %MSO. In 

red is reported the case shown in Figure IV.6 (exposure of lower abdomen, worst case for 

orientation I), while in blue is reported the case of Figure IV.7 (exposure of abdomen, worst 

case for orientation II) 

 

Figure IV. 8. Safe distances as a function of the MSO%. Red line the lower abdomen exposure in the I orientation; blue 

line the abdomen exposure in II orientation. 

 

Since the worst case, it is fully noted in orientation II, 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 c oil. However, in order to take into account the other characterized 

coil, results are reported in the orientation II at 50% MSO caused by MC125 coil powered 

by MagPro30 (Figure IV.9): 
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Figure IV. 9. Induced E-field map at 50% of the maximum output for orientation II. Coil placed in correspondence to: (a) 

chin/neck- case A, (b) chest- case B, (c) abdomen- case C, (d) lower abdomen -case D. 

 

The MC-125 coil behaves similarly to the circular Magstim. The slight differences are, for 

example, due to the differen ces in geometry. The induced electric field generated inside the 

ÊÓÐÕÐÊÐÈÕɀÚɯÉÖËàɯÉàɯÛÏÌɯÛÏÙÌÌɯÊÖÐÓɯÔÖËÌÓÚ, in these four  positions for orientation II, is shown 

in Figure IV. 9 and is compared in terms of the 99th percentile, for different percentages of 

stimulator output, as reported in Table IV -4. 

Table IV - 4. The 99th percentiles of induced E-field (V/m) 

 
Chin/neck Chest Abdomen Lower abdomen 

%MSO 30% 100% 30% 100% 30% 100% 30% 100% 

Magstim 

figure-of-eight 
0.33 1.11 0.312 1.04 0.402 1.34 0.38 1.26 

Magstim 

circular  
1.80 6 1.8 6.01 2.19 7.32 2.01 6.71 

MagVenture 

circular coil 

MC-125 

1.19 3.98 1.13 3.77 1.58 5.26 1.31 4.38 
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As it can be seen, the magnetic field generated by the MagVenture MC125 induces an E-

field estimated as the 99th 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 201013 

for the occupational exposure, is 0.93 V/m (rms), i.e. 1.31 V/m (peak). Thus, in this case, as 

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 th is model of the TMS source, strongly dependent on the model.  

For a complete analysis of the exposure scenario, a focus on the limb positioned 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 case the exposure 

to the Std. Double MAG -9925-00 has been considered 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 coil 

with a slightly open hand at  two distances between the thumb and the outermost winding 

(2.5 cm and 5 cm, Figure IV.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 hand at 5 cm and open hand at 2.5 cm, respectively.  
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Figure IV. 10. Exposure condition: (a) On the top the human model of the Duke posable model, on the bottom the 

ÐÓÓÜÚÛÙÈÛÐÖÕɯÖÍɯÏÈÕËɀÚɯdistance d; (b) E-field induced on the surface of the closed hand 5 cm from coil edge; (c) E-field 

induced on 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 IV.10 (b), for 

the closed hand, a peak of the E-field 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 estimate the maximum values induced in the three conditions 

investigated in this study.  
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Table IV - 5. Percentiles of the Induced E-ÍÐÌÓËɯȹ5ɤÔȺɯÐÕɯÛÏÌɯÖ×ÌÙÈÛÖÙɀÚɯÏÈÕËɯÈÚɯÈɯ

function of percentage of stimulator output 

  30% 50% 80% 100% 

Closed hand 
*d = 5 cm 

99th 0.85 1.43 2.28 2.85 

99.9th 1.03 1.71 2.74 3.42 

99.99th 1.2 2 3.20 4.01 

Open hand  
*d = 5 cm 

99th 0.9 1.5 2.4 3 

99.9th 1.11 1.85 2.96 3. 7 

99.99th 1.23 2.06 3.3 4.12 

Open hand  
*d = 2.5 cm 

99th 2.22 3.69 5.91 7.02 

99.9th 3.01 5.03 8.04 10.06 

99.99th 3.44 5.74 9.19 11.49 

 

 *d: distance between the coil edge and the hand, as shown in Figure IV.10 (a). 

To estimate the maximum value, we computed the percentile up to 99.99th because the area 

of interest was reduced to the hand only and low er values of percentiles (as the 99th 

percentile) may not be completely representative of the exposure because of the presence of 

local spikes. In fact, one of these local spikes occurs at the point of contact between the two 

fingers and is well detected by the 99.99th 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 studies104,105,  in which, in order  to reduce numerical errors affecting 

the 100th percentile and to improve the underestimation relative to the 99 th percentile, it was 

chosen to evaluate also the 99.9th percentile, since it 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 IV.11 shows how the extent of exposure could depend closely on the percentiles 

considered. In the case of this condition 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 99th percentile. The percentiles above 

99th represent in these cases local peaks of the induced E-field, which should thus not be 

ignored. 

In general, considering maximum output, for the closed hand, a 99 th 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 characterized by 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. These data 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 th at 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 non-negligible induced current density, as 

shown in Figure IV.12, which illustrates two exposure conditions: case A (exposure of the 

chin/neck) for orientation I and case C (exposure of the abdomen) for orientation II.  

  

Figure IV. 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 figure-of-eight coil (B) for two cases of 

exposure: neck/chin (case-A orientation I) and the abdomen (case-C orientation II). 
 

The graph shows that the exposure to the magnetic field produced by Std. Double MAG -

9925-00 causes a lower induced current density in the CNS than that caused by the circular 

MAG -9784-00. 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 

(ÕɯÛÏÐÚɯÊÏÈ×ÛÌÙȮɯÈɯÚàÚÛÌÔÈÛÐÊɯÕÜÔÌÙÐÊÈÓɯÈÚÚÌÚÚÔÌÕÛɯÖÍɯÛÏÌɯÖ×ÌÙÈÛÖÙÚɀɯÌß×ÖÚÜÙÌɯÛÖɯÛÏÌɯEMF 

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 

Ö×ÌÙÈÛÖÙÚɀɯÌß×ÖÚÜÙÌɯÛÖɯ3,2ɯÈÙÐÚÌÚɯÍÙÖÔɯÛÏÌɯÓÈÊÒɯÖÍɯÈɯÚÛÈÕËÈÙËÐáÌËɯÔÌÛÏÖËÖÓÖÎàɯÍÖÙɯÛÏÌɯ

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.152 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 would be done during a cerebellar TMS153. 

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. 201643, 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., 

2010152. Lu et al., 2010152 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 the aforementioned studies, the 

evaluation of the safety distance was limited to the coil placed at the level of the chest43,152, 

and some exposure scenarios evaluated were far from real ones, such as case #C (coil at the 

level of the eyes) in Bottauscio et al., 201643. 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 scenarios to 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. (201021) and Bottauscio et al. (201622), 
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and of the chin/neck considered only in Bottauscio et al., 201622, 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 

ÞÐÛÏɯÙÌÚ×ÌÊÛɯÛÖɯÛÏÌɯÊÓÐÕÐÊÐÈÕɀÚɯÉÖËàȭɯFurther, because the exposure to a variable magnetic 

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 (%MSO=100%), 

we considered 30%, 50%, and 80%, while the literature  studies considered exposure solely 

to the maximum stimulator output (100%) 43,152. 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 

purposes150,151. Our results at 100% were consistent with the previous literature, particularly 

with those from Bottauscio et al., 201643, where the 99th 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 ɬ case B, orientation I), an 

induced E-field  ÖÍɯƘȭƔƕɯ5ɤÔɯÞÈÚɯÍÖÜÕËɯÐÕÚÐËÌɯÛÏÌɯÖ×ÌÙÈÛÖÙɀÚɯÉÖËàɯÈÛɯÈɯËÐÚÛÈÕÊÌɯÖÍɯƖƕɯÊÔɯ

ÉÌÛÞÌÌÕɯÛÏÌɯÊÌÕÛÌÙɯÖÍɯÛÏÌɯÊÖÐÓɯÈÕËɯÛÏÌɯÚÜÙÍÈÊÌɯÖÍɯÛÏÌɯÖ×ÌÙÈÛÖÙɀÚɯÉÖËàȭɯ%ÙÖÔɯÛÏÌɯÐÕÝÌÚÛÐÎÈÛÐÖÕɯ

of the exposure of other body parts with respect t o Bottauscio et al., 201643, we estimated 

that the 99th 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 II 

(i.e. 7.32 V/m). For the latter our condition (case-C, orientation II), the safety distance was 

estimated as 38 cm (distance between the edge of the coil and body surface), which is closer 

than the distance estimated in Bottauscio et al., 201643. This difference can be attributed to 

the different geometrical characteristics of the simulated coils, as can be observed by 

comparing Table II I-7 with their Table I 43. For the exposure to the figure-of-eight, the 99th 

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 II, which are cases that were not investigated in 

the previous works 43,152. 

The dependence of the exposure from the MSO% has also been considered. As 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 studies150,151, 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 

ÖÜÛ×ÜÛɯÐÚɯÊÏÖÚÌÕɯÉÈÚÌËɯÖÕɯÛÏÌɯ3,2ɯÛÙÌÈÛÔÌÕÛȰɯÏÌÕÊÌȮɯÛÏÌɯËÐÚÛÈÕÊÌɯÉÌÛÞÌÌÕɯÛÏÌɯÊÓÐÕÐÊÐÈÕɀÚɯ

body and the coil is the principal quantity that should be varied to guarantee compliance 

with the guidel ine limits. Based on this, we evaluated the 99th 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 conducted 

for the worst -case scenario of each coil orientation, that is, circular coil in case D (i.e., the 

lower abdomen) for orientation I  (Figure IV.6) and case C (i.e., the abdomen) for orientation 

II (Figure IV.7). For the latter case, the induced E-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 investiga ted 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  (as explained in Chapter II) . 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 43,152. 



100 
 

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 E-field 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 IV.4, 

Table IV-2). Conversely, in some cases studied for orientation II, 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 IV-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, hence it 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 147,154, 

only one study that considered the operator with bent arm holding the coil was found in 

literature 154. 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 coil, as well as the case in which the operator grabs the handle with only one 
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hand but closer to the source. Considering the 99th 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 percentages of 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/EU1). Therefore, the 

aspect concerning auxiliary handpieces or insulating protection sleeves should be 

investigated in  future analysis. As regards the methods to improve safety in the workplace, 

being pending the publication of relevant technical standards indicating, if any, which 

methods in the TMS use can guarantee the safety of the operator even if the limits for health 

effects are exceeded, similarly to the case 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, t o 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, 2010152, which 

addressed the issue of the internal currents in the body of the clinician, because they referred 

to the 1998 ICNIRP guidelines91. Their results indicated that the commercial figure -of-eight 

has less leakage magnetic field and a lower current density induced in tÏÌɯÖ×ÌÙÈÛÖÙɀÚɯÉÖËàɯ

compared with the circular coil, as confirmed in our study. Furthermore, they established 

that at a distance of 70 cm, the current density induced by exposure to the figure -of-eight 

coil and the circular coil averaged in 1 cm2 of CNS tissue were 13.9 mA/m2 (or 19.2 mA/m2 

without simulating the cable, i.e. coil only) and 33.9 mA/m 2 (or 25.6 mA/m2 without cable) 152. 

Compliance with the ICNIRP 1998 BRs occurred at a distance of 110 cm 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 2) 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/m2 and 0.9 A/m 2, considering the total 

body and the CNS exposure only, respectively (Figure IV .12). To better understand these 

values, they can be compared with the limits suggested by ICNIRP 199891, set at 3 kHz a 

maximum acceptable induced current equal to 0.04 A/m2 (peak) for occupational exposure. 

 

4.4 Conclusions 

A simulation -based safety assessment of operator exposure to three models of commercial 

coils was conducted to investigate the induced E-field and compare it with the limits 

suggested by the ICNIRP 2010 guidelines. The analysis demonstrated that during a TM S 

treatment, several factors can influence the exposure of the clinician, such as the type of coil, 

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 holdin g 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 compliance with  the ICNIRP 2010 guidelines was 

conducted, considering both the whole body and local exposure. However, the results of 

the dosimetry assessment presented in this analysis 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, and 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 (case-B, see chapter III 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. 202255 shows that a difference in terms of exposure response exists owing  to gender 

although in a different frequency band;  in this study , a numerical assessment of the risk of 

human exposure to RF-EMFs (2.45 GHz) emitted by a wearable antenna is executed. Results 

show how t he value of SAR depends on gender, 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 + ƛƙȭƝǔɯÍÖÙɯÛÏÌɯÈÙÔɀÚɯÊÈÚÌȭɯThese results lead the authors to state that a possible 

ÙÌÈÚÖÕɯÍÖÙɯÛÏÌɯÐÕÊÙÌÈÚÌɯÐÕɯÛÏÌɯ#ÜÒÌɀÚɯÝÈÓÜÌÚɯÐÚɯÛÏÌɯÎÙÌÈÛÌÙɯÈÔÖÜÕÛɯÖÍɯÔÜÚÊÓÌɯcompared to 

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 t he 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. 2009155, examined the induced E-field and the current density (J) inside the 

Japanese human male and female models: Taro and Hanako respectively156. The paper aims 

to discuss the effect 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 

quantities, a computational analysis is made by using the QS FDT methods157. 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 assume that the reason is that the circumference of the male model is larger 

than that of the female. The same conclusions are achieved by A. Hirata et al. 2009 

comparing their results with those of Dimbylow et al. 2000 18, 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, analyzed in Chapter IV for 

the Duke model, are here considered for the female one (see Figure IV.1). As a guide, also, 

in this case, the human female model, represents the operator that performs the TMS 

treatment in standing position close to the patient. Therefor e, 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)23. 

Ella is a surface-based model obtained from the MRI scans of a healthy volunteer and she 

counts 312 different body structures 158. To consider the same exposure conditions  of the 

operator, previously identified ( see Figure III. 16 and Figure IV.1), and to obtain a 

comparison of the results between the male and female models, the exposure is set as 

following:  

 

Figure V. 1. The exposure conditions. Two coil orientations (I and II) and four vertical positions: case A-exposure of the 

chin/neck (h1 = 141.3 cm), case B-exposure of the chest (h2 = 125 cm), case C-exposure of the abdomen (h3 = 103 cm), 

case D- exposure of the lower abdomen (h4 = 87.7 cm). For orientation I, the distance between the center of the coil and 

ÛÏÌɯÚÜÙÍÈÊÌɯÖÍɯÛÏÌɯÊÓÐÕÐÊÐÈÕɀÚɯÉÖËàɯÔÖËÌÓɯÐÚɯƖƕɯÊÔȮɯÞÏÌÙÌÈÚ, for orientation II, the distance between the edge of the coil and 

ÛÏÌɯÚÜÙÍÈÊÌɯÖÍɯÛÏÌɯÊÓÐÕÐÊÐÈÕɀÚɯÉÖËà is 12 cm (as previously defined). 

As can be seen from Figure 5ȭƕȮɯÛÏÌɯÔÈÐÕɯËÐÍÍÌÙÌÕÊÌÚɯÖÊÊÜÙɯÐÕɯÛÏÌɯÊÖÐÓɀÚɯÏÌÐÎÏÛÚɯÐÕɯÙÌÍÌÙÌÕÊÌɯ

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 

orientati ons 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 9925-00 (figure -of-eight) and the circular coil  Magstim  9784-

00 (circular). Features are summarized in previous Table III ɬ 7.  
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Since from the results obtained by the assessment of the exposure with the Duke model the 

exposure to the circular coil in orientation  II results in the worst case, here, first of all, we 

evaluated the streamline of the B-field produced by the circular coil in orientation II, 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 subjects. The 

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 (case B) 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. 

 

Figure V. 2. Streamline distribution with 100% MSO. Exposure case B (chest) produced by circular coil 9784-00, 

Magstim. (a) Duke male model, (b) Ella female model. 

 

As it can be seen, the generated B-field 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 t he same, the anatomical characteristics of the models mean that how the 

field invades the body is different. For example, the $ÓÓÈɀÚɯÔÖÙÌɯÊÜÙÝÌËɯÉÈÊÒɯÚÌÌÔÚɯÛÖɯÊÈÜÚÌɯ

a greater exposure in the head area, and in general, her 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 coil, for the 

orientations I and II 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 ɬ2: 

Table V - 1. Orientation I - percentiles of detected induced E-field (V/m) in Ella as a 

function of %MSO 

 

 
 

Chin/neck  

(A)  
Chest 

(B) 
Abdomen  

(C) 
Lower abdomen  

(D)  

 %MSO 30% 100% 30% 100% 30% 100% 30% 100% 

Double coil 

(MAG-9925-00) 
99th 0.12 0.40 0.07 0.25 0.08 0.27 0.09 0.30 

99.9th 0.24 0.80 0.11 0.38 0.12 0.41 0.13 0.44 

Circular coil 

MAG-9784-00 
99th 1.54 5.13 1.28 4.28 1.37 4.59 1.33 4.46 

99.9th 2.47 8.26 2.04 6.80 2.29 7.63 2.14 7.15 

 

Table V - 2. Orientation II - percentiles of detected induced E-field (V/m) in Ella as a 

function of %MSO 

 

 
 

Chin/neck  

(A)  
Chest 

(B) 
Abdomen  

(C) 
Lower abdomen  

(D)  

 %MSO 30% 100% 30% 100% 30% 100% 30% 100% 

Double coil 

(MAG-9925-00) 

99th 0.49 1.63 0.32 1.09 0.41 1.35 0.34 1.15 

99.9th 0.81 2.68 0.53 1.78 0.67 2.25 0.61 2.04 

Circular coil 

MAG-9784-00 

99th 2.45 8.18 1.84 6.14 2.02 6.72 1.76 5.86 

99.9th 3.93 13.13 2.95 9.83 3.33 11.11 2.86 9.54 
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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 II 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 I and II, 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 I) and +26.6% (orientation II); while in the case B the values 

are +3.5% (orientation I) and +7.32% (orientation II). Similar behavior occurs in the case of 

the exposure to the figure-of-eight, wherein in all the cases the percentiles of the induced E-

field are lower in Ella than Duke, except for case A for both orientations I and II, in which 

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

Except for these cases, in all the others the percentiles of induced E-field are lower in Ella 

than in Duke. What is obtained is in line with the literature, where overall, the induced 

quantities 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 

quantities 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 factors (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% MSO. From the evaluated percentiles of the 

induced E-field, it can be detected the worst cases of exposure of Ella, that occurs in the 

ÖÙÐÌÕÛÈÛÐÖÕɯ((ɯÊÈÜÚÌËɯÉàɯÛÏÌɯÊÐÙÊÜÓÈÙɯÊÖÐÓȮɯÈÚɯÏÈ××ÌÕÌËɯÍÖÙɯ#ÜÒÌɀÚɯÌß×ÖÚÜÙÌȭɯTherefore, a 
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comparison of the distribution o f the induced E-field  due to the circular coil in Orientation 

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

 

Figure V. 3. E-field map at 50% MSO for orientation II: (a) Exposure of Ella to circular coil 9784-00 in the four cases, 

A-B-C-D; (2) Exposure of Duke to the Circular coil 9784-00 in the four cases, A-B-C-D. The maximum color bar is set 

to the limit suggested by ICNIRP guidelines. 

 

As we can observe, also 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 percentiles). In 

case A, the head of Ella is much more invaded by the induced E-field ( i.e., intense red of the 

color bar). Whereas in case B, it is possible to note that a more defined region of intense red 

is present in 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 II ( 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 II ɬ percentiles Induced E-Field (V/m) -exposure to a 

circular coil 

 

 
 

Chin/neck  

(A)  
Chest 

(B) 
Abdomen  

(C) 
Lower abdomen  

(D)  

 %MSO 30% 100% 30% 100% 30% 100% 30% 100% 

Ella 
99th 2.45 8.18 1.84 6.14 2.02 6.72 1.76 5.86 

99.9th 3.93 13.13 2.95 9.83 3.33 11.11 2.86 9.54 

Duke 

99th 1.80 6.00 1.80 6.01 2.19 7.32 2.01 6.71 

99.9th 3.44 11.48 3.01 12.87 4.00 13.33 3.91 11.73 

 

From these results, it can be noted that the 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 II, 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 case in 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 II, is provided:  
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Figure V. 4. Exposure to the circular coil, orientation II, 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 percent iles 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 100th. 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 of the Induced E-field (V/m) in the tissues 

 

Duke  Ella  
 

Fat Heart CNS Breast Fat Heart CNS Breast 

99th 9.87 3.62 4.32 / 10.34 4.57 5.66 8.86 

99.9th 14.68 4.23 5.68 / 14.65 6.15 7.91 9.70 

99.99th 18.75 4.76 6.90 / 18.28 7.15 10.39 11.17 

100th 25.61 5.10 9.38 / 24.02 7.71 13.54 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 

II. 
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Figure V. 5. Exposure to circular coil in orientation II, case B. Panel 1 refers to Duke, panel 2 refers to Ella. Distribution 

of the induced E-field (a)-(b) on a transversal plane at the height of the coil of Duke and Ella respectively; (c)-(d) on a 

transversal plane in correspondence of the chest on the plane below 4.5 cm from the surface of the coil, in Duke and Ella 

respectively. (e)(f) slices of tissues in the correspondence of the Duke and Ella chest, respectively. 

 

In Figure V.5 (a) and (b), is reported a comparison of the E-field 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 coil). 

Finally in Figure V.5 (e) and (f) are reported the same slices of (c) 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 be quite 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 the breast tissue contributes to a slower decreasing in 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 
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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, is clear 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 area where 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 II, 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 II, case C. Panel 1 refers to Duke, panel 2 refers to Ella. Distribution 

of the induced E-field (a)-(b) on the transversal plane at the height of the coil of Duke and Ella respectively; (c)-(d) in a 

slice of the hip, below 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, some gender 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 clearly 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 between male 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 III.  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 is necessary to have an accurate evaluation 

of the EM quantiti es induced inside the human body159  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 distribution , these models are typically  obtained 

from magnetic resonance (MR) or computed tomography (CT) images and successively 

processed with digital imaging techniques 160. 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) project23, used in this work, 

which includes , among the others, the male (Duke, Jeduk, etc.) and female (Ella, Yoon-Sun, 

etc.) models, both obtained from MRI scans of healthy volunteers , as aforementioned. 

However, o ther works of literature have produced very detailed human models over the 

years161ɬ163. 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.164, Liu et al. 2005165, Dimbylow et al.  2005166, Nagaoka et al. 2004156 as well as in Ella and 

Yoon-Sun models (belonging to ViP23) the representation of tissues in the thoracic area are 

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 needed167.  

From these assumptions, although some differences are already visible between the male 

and female models, to improve the assessment of the exposure, the second phase of the 

female exposure assessment was to obtain an enhanced model of Ella. Enhanced, means 

obtaining a form that better represents the realistic case of a female operator that 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 of interest 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) 168 was used, and the 

following modeling steps were performed:  

1. Reconstruction of the three basic models of 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. 

These steps are shown in Figure VI.1. 
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Figure VI. 1. Blender manipulation. (a) Basic tissues- the first step, (b) reconstruction of the real shape ɬ second step, (c) 

improvement region of the thoracic area obtained- 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 tissue, subcutaneous 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 makes it 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, and thus 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. 

 

Figure VI. 2. Comparison between the anatomical female human models. (a) a panel of Ella original, with a section of tissues in 3D, 

sagittal and axial views, followed by the profile of the model; (b) panel of Enhanced Ella, with a section of tissues in 3D, sagittal and 

axial views, followed by the profile of the model, respectively. 

 

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 possible to 

observe the modification of the breast tissue, which is characterized by a greater volume, 

and also it is possible to see that the other tissues (i.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 III.7), that is the device characterized from the 

measurement campaign of INAIL 123 exposed in the Chapter III. For this comparison two 

exposure conditions were considered, that is case B (chest exposure) and case C (abdomen 

exposure) in orientation II. The case B is important in order to carry out a comparison 

between the different body shapes of the models; whereas case C, represents simultaneously  

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 (i.e., for Duke model).    

As explained in Chapter IV and in particular Table IV -1, in orientation II the distance 

between the coil windings and the operator's surface is set at 12 cm. For the exposure of Ella, 

the coil is positioned in orientation II at the height of the chest and at the height of the 

ÈÉËÖÔÌÕȮɯÔÈÐÕÛÈÐÕÐÕÎɯÈɯËÐÚÛÈÕÊÌɯÌØÜÈÓɯÛÖɯƕƖɯÊÔɯÉÌÛÞÌÌÕɯÛÏÌɯÊÖÐÓɀÚɯÞÐÕËÐÕÎÚɯÈÕËɯÛÏÌɯÉÖËàɀÚɯ

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 considered. 

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 of the breast 

(green in c.1); 

- d3, distance of 12 cm between the windings of the coil and the previously (original) 

external surface, this means that 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. 

 

 

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 Original Ella (d0 = 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 VI.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, since 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 VI. 4. Induced E-field distribution at 70% MSO on sagittal planes. Exposure of abdomen, orientation II: (a) 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 VI.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 Ella (original) , 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 exposure since 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. Induced E-field (V/m) in the human female models 

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

 99th 99.9th 99.99th 100th 

Ella 2.82 4.37 6.24 21.45 

Enhanced Ella ƖȭƜƚ ƘȭƗƘ ƚȭƕƕ ƕƝȭƛƜ 

 

From these results, it is clear that when we consider the whole body to evaluate the 99th 

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 

99th 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 E-field inside the Enhanced model. At this 

point, it is fundamental to assess the exposure of the chest (case B). Therefore, as previously 

done, first the distribution of the induced E -filed is shown (Figure IV.5).  
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Figure VI. 5. Induced E-field 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 three different distances for both models are considered. It is 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 induced E-field 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 tissue, 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 E-field 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, but in 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 E-field (V/m) in the human female models 

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

 Ella  

d0= 12 cm 

Enhanced Ella 

d1= 12 cm 

Enhanced Ella 

d2= 10.3 cm 

Enhanced Ella 

d3= 8.6 cm 

99th whole body  2.43 1.63 1.99 2.82 

99th breast 3.32 2.04 2.56 3.09 

99th heart  ƕȭƜƙ ƕȭƔƙ ƕȭƖƝ ƕȭƙƘ 

99th skin ƙȭƕƗ ƗȭƗƚ ƘȭƖƕ ƙȭƔƗ 

99th SAT ƙȭƝƙ ƗȭƖƔ ƗȭƝƚ Ƙȭƛƛ 

 

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 VI.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 coil. 
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Figure VI. 6. Comparison between Ella and Enhanced Ella, of the normalized probability of the distribution of E-field 

intensity (|E|) induced by TMS inside the tissues, in the case of exposure of the chest. 

 

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)23,45 available 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 conditions 

chosen for the assessment of the exposure are orientation II with the coil positioned at the 

abdomen and chest heights. These are chosen in order to take into account, on one hand the 

worst -case exposure 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, i.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 Ella hot spots are created that 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 99th 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 to move the body away 

from the source and so from the patient, precisely because of its shape (i.e., 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 the 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 the results 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 results are preliminary to an 

important area that needs to be studied in order to improve the dosimetric occupational risk 

assessment.  
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VII . 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 

may depend ÖÕɯÛÏÌɯÊÓÐÕÐÊÐÈÕɀÚɯÉÖËàɯÊÏÈÙÈÊÛÌÙÐÚÛÐÊÚȮɯÚÜÊÏɯÈÚɯsize, height , or overall body 

structures. These factors may lead to differences in terms of the ÖÙÎÈÕÚɀ size and location as 

well as in the ËÐÚÛÙÐÉÜÛÐÖÕɯÖÍɯÛÐÚÚÜÌÚɀɯÊÖÕËÜÊÛÐÝÐÛÐÌÚȮɯÐÕÍÓÜÌÕÊing the distribution of the 

induced electric field 111,169ɬ171. 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-ÐÕËÐÝÐËÜÈÓɯÝÈÙÐÈÛÐÖÕÚɯÐÕɯ×Ö×ÜÓÈÛÐÖÕÚɀɯÙÌÚ×ÖÕÚÌɯÛÖɯÛÏÌɯ

exposure to the EM field 172. Typically scientific research deepens the study of how 

sensitivity 173 and human variability influence the estimated thresholds 174 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 175 addressed the topic of the importance to use accurate 

human body models jointly to the own dielectric properties, highlighting the need to 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 did not conduct a 

comparative study on how the body anatomy could influence the induced E -field . 

Conversely, the cited study of S. Gallucci et al.2022176 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, studies 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 campaign177 described in Chapter III . For this study, 

it is considered the exposure to the circular coil placed  only  in two positions  among the four 

detected (i.e., cases B and C among the cases A-B-C-D) and in the detected worst orientation  

(i.e., II). 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 as the 99th 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) has been considered, analyzing  the influence of the body 

structure (shape, volume, and so on). Thus, the maps of the E-field  and conductivity within 

tissues has been produced to 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 as the anatomical district of interest , showing the 

minimu m, 25th, 50th, 75th 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 .  

 

Figure VII. 1. The dosimetric exposure scenarios, representative of the intersubject analysis. The two coil positions are 

described: (a) at the height h of the abdomen; (b) at the height h of the chest. Both in the defined Orientation II 

 

The coil used is the commercial Magstim MAG -9784-00 circular coil fed by the BiStim 

appliance124,125, characterized from the experimental data obtained by the measurement 

campaign and explain in Chapter III . The features of the TMS device are reported in Table 

III -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 the exposure 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, respectively49)ȭɯ3ÏÌɯÊÖÐÓɯÞÈÚɯ×ÓÈÊÌËɯÈÉÖÝÌɯ2ÈÔɀÚɯÏÌÈËɯÈÛɯËÐÚÛÈÕÊÌɯÌØÜÈÓɯÛÖɯ

approximately 1 cm . 

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

(ViP., v.3.0)23,45 have been chosen, all available in the software Sim4Life as surface-based 

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

The characteristics of each model are reported in 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 

 

* It includes a nerve that is separated for neuronal analysis. 

Besides the differences shown in the table, which relate only to age, weight , and height, the 

subjects also 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 is a Korean man model, which in comparison with the 

European one has a smaller height as well as a tiny cross-sectional size, more comparable in 

some aspects to the body characteristics of the European woman Ella. Finally, 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 fat (subcutaneous and visceral fat), which as 
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far as observed from the analysis on Ella and Enhanced 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 

quantities behavior. The dielectric properties for the tissues of the four models have been 

ÈÚÚÐÎÕÌËɯÉàɯ+%ɯ(3ɀ(2ɯËÈÛÈÉÈÚÌ v.4.0146,178 available in Sim4Life, 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 

Gabriel179 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 could  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 one (i.e., chest 

exposure). The condition of abdomen exposure was detected as the worst case142. The 

distance between the ÞÐÕËÐÕÎÚɀɯedge of the coil and the surface of the clinician is kept equal 

to 12 cm for 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 the 

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 VII  -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 the human height. The coil, marked with a cross, in (a) exposure of 

abdomen and (b) exposure of chest, in the four human models: Duke (light blue), Ella (pink), Jeduk (orange), Fats (green). 

 

The simulations were implemented with the Magneto -Quasi Static solver as explained in 

Chapter III. All the human models were discretized in 2 × 2 × 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 99th percentile of the induced E-field  inside the 

human tissues is evaluated and subsequently compared with the limit s, as suggested by the 

ICNIRP 2010 Guidelines13 referring to BRs expressed in terms of induced E-field . These 

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

(Epeak), since the guidelines stated that for the range 1 Hz ɬ 3kHz, the BR for the internal 

electric field is equal to 0.8 V/m (Erms). Evaluation of the 99th percentile also allowed us to 

address a possible worst -case scenario and also to carry out an evaluation of the extent of 

exposure inside the ÉÖËàɀÚɯÛÐÚÚÜÌÚɯÐÕɯÛÏÌɯÍÖÜÙɯÔÖËÌÓÚȭɯIn addition,  we focused the attention 

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 99th and the 99.9th percentiles are summarized in the following Table III -2.  

 

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

 

70% MSO 
 

DUKE  ELLA  JEDUK  FATS 

Exposure of Abdomen 
99th 2.98 2.82 2.57 2.39 

99.9th 5.12 4.37 4.06 3.88 

Exposure of Chest 
99th 2.33 2.43 2.40 2.63 

99.9th 4.15 3.86 5.68 4.39 

 

Results indicate that the exposure to circular coil TMS causes a 99th percentile of the induced 

E-field that exceeds the suggested limit of 1.13 V/m in all the exposure conditions. In the 

case of the coil at the height of the abdomen, the worst case occurred in the Duke model, in 

which the 99th 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 the 99th 

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-ÍÐÌÓËɯȹɁÚÈÍÌÙɯÊÈÚÌɂȺ, that is 2.39 V/m for the Fats 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 these boxes, we analyzed the 99th 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.  

 

Figure VII. 3. Exposure of Abdomen at 70% MSO. Induced E-Field behavior along the body of human models. Marked 

with the cross the position of the coil. 
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Figure VII. 4. Exposure of Chest at 70% MSO. Induced E-Field behavior along the body of human models. Marked with 

the cross the position of the coil. 

 

The presence of the coil at the height of the abdomen showed a great variability of the E-

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 system. The 

overall behavior of the 99th 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/m in Ella , and 2.44 V/m in 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 (Figure VII. 4), we can see similar 

behavior in the distribution of the induced E -field along the height of the four human 

models. The 99th percentile of the E-field  reached the maximum in correspondence of the 

ÉÖßɯÐÕɯÞÏÐÊÏɯÛÏÌɯÚÖÜÙÊÌɯÞÈÚɯ×ÙÌÚÌÕÛȭɯ.ÕÓàɯÐÕɯÛÏÌɯÊÈÚÌɯÖÍɯ$ÓÓÈɀÚɯÌß×ÖÚÜÙÌ, the induced E-field  

remained at the peak values in a larger area of the chest (i.e., 3.23 V/m and 3.18 V/m in two 

consecutive boxes), compared to other models. This is probably due to the tissue that 

characterized the female chest; in fact, 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 E-field  in correspondence to the pubic area. As 

expected, in this case, the intensity of this second peak was lower than that induced by the 

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

At this point, since some studies104,105 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 (99th, 99.9th, 99.99th, and 100th) 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 the percentiles of the induced E-field in the exposure of the abdomen. Comparison among 

the four human models.  

 

Figure VII. 6. Metric dose of the percentiles of the induced E-field in the exposure of the chest. Comparison 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 99th 

reflect those of the 99th 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 100th 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 99th percentile 

suggests a maximum value in Fats, the 99.9th 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 th percentile is sometimes 

considered more reliable in the literature for verifying compliance with the limits than the 

99th, which in turn, as we have seen above, alone may not provide complete information on 

the extent of exposure. For example, in the case of chest exposure, the contribution of the 

female body characteristics (breast) is almost lost or however not totally appreciated . This 

is mainly because the 99th 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 cross-section of the conductivity maps of the tissues ( )̀, followed 

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

 

Figure VII. 7. Transverse slice, coil at height of the Abdomen at 70% MSO. Induced E-field (1), the conductivity 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  fall s in 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 Figure VII.7 (1). In this exposure conditio n, 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 same situation occurred in 

Ella, where a maximum of 3.70 V/m is reached in the abdominal region in the subcutaneous 

adipose tissue (i.e., SAT). As regards the exposure of Jeduk, we found 3.64 V/m in the SAT. 

While, i n the case of the Fats model, we computed a maximum of induced E-field  equal to 

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

Successively, the second case of exposure where the coil is at the height of the chest is 

considered, with  results reported in Figure  VII.8. 
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Figure VII. 8. Transverse slice, coil at height of the Chest at 70% MSO: Induced E-Field (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 th, 50th, 75th, 97th 

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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Figure VII. 9. Exposure of the Chest at 70% MSO. Boxplot of the E-field in SAT, fat, skin, and breast tissues, referred to 

a local area of the body in front of the coil 

 

The boxplot shown in Figure VII.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 different behavior. In the case of Duke, the distribution is symmetrical, the 

first (25th percentile) and third quartiles (75 th 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, %ÈÛÚɀ boxplot 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 Table VII - 3, the 99th 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. The 99th percentile of Induced Electric Field (V/m) for tissues of 

interest 

 

70% MSO  
DUKE  ELLA  JEDUK  FATS 

Abdomen 

SAT 5.89 4.38 5.61 4.01 

SAT + Skin + Fat 5.79 4.46 5.06 3.9 

Chest 

SAT 6.96 4.86 8.88 4.82 

SAT + Skin + Fat + Breast 3.55 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 chest). 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 99th 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 145 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 



150 
 

taken into account in previous studies about exposure assessment of the medical staff to 

TMS, which conversely focused on the exposure variabilit y due to different coil positions 

and orientations 43,147,152,154. 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 

frequencies180 but at low frequencies as well181,182. 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 II .  

Two aspects are addressed: i) the assessment of risk shape-dependent and ii) the influence 

of intrinsic characteristics on the assessment of human exposure. 

Regarding the first aspect, results of the 99th 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 99th 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 

2.33 V/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 exposure 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 tissues in 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 shows a 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 99th percentile of EF, probably 

caused by the presence of breast tissue, that has a conductivity close to the one of the fat and 

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 peak (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 o f 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 99.9th percentile for better verification of the compliance,  these other percentiles, overall 

confirms the information provided by the 99 th (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. 3ÏÌɯÔÈ×ÚɯÏÌÓ×ɯÛÖɯÜÕËÌÙÚÛÈÕËɯÛÏÌɯÌßÛÌÕÛɯÖÍɯÛÏÌɯÌß×ÖÚÜÙÌɯÐÕɯÛÏÌɯÉÖËàɀÚɯ
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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 s was 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 

ÙÌÚÌÔÉÓÐÕÎɯËÐÚÛÙÐÉÜÛÐÖÕÚɯÖÍɯÍÈÛɤ2 3ɯÊÈÕɯÉÌɯÍÖÜÕËȭɯ!ÖÛÏɯÔÈ×ÚɯÈÙÌɯÊÏÈÙÈÊÛÌÙÐáÌËɯÉàɯɁÍÓÈÔÌÚɂɯ

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 internally, following exactly the 

profile of the SAT. Fats is characterized by a thicker SAT, that trapped the E-field  in ÈɯɁÍÈÕɂɯ

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 (Figure VII.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 the profile  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 area in 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, behaves more 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 of the chest, the greatest amount of SAT appears in Fats, 

followed by Duke, then by Ella and finally by Jeduk. This precis ely translates to a greater E 

field  in Jeduk than in Fats.  

In the case of exposure of the abdomen, the greater amount of SAT in Fats, confirms the 

lower 99th 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 tendon creates 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 in a 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 E-field  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.  

 

VIII .  CHAPTER  

8.1 Possible health effects during TMS treatments: possible 

neuronal stimulation response 

 

As widely supported in the ICNIRP guidelines 13,14, 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 note 183, 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 183,21. In the low -

frequency range, experimental data indicate that the stimulation threshold  of peripheral 

nerve fibers falls in the 4 ɬ 6 V/m range of electric field strength and this assumption d erives 

from the results obtained by So et al. 2004184, 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. 2001185, 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 ɬ 2002), it is found that the minor thresholds 

of the stimulation due to an external magnetic field, are equal to 6.15 V/m   (or 7.3 V/m in the 

case of sinusoidal stimulation) for fiber with a diameter of 20 µm, equal to 12.3 V/m  for 10 

µm and 24.6 V/m for 5 µm, with a uniform stimulus field (or current) oriented along the 

length of the fi ber axis186. This threshold achieved 6.2 V/m186 or 12 V/m187ɬ189 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 system188 , in the end, 0.075 V/m for phosphenes.  

In addition is also important to consider another study by Laakso et al. 2016190 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 precise 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 thresho lds 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 the BR and the identified threshold. Therefore, it  is not possible to 

guarantee the health of workers exposed to levels exceeding the health effects 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 101. 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 99th 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, 

Sim4life 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 team191 ÈÕËɯ(3ɀ(219, has been transformed into  its 

neuro-functionalized version . This model was obtained from the original high-resolution 

cryosection images used to obtain the basic 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 (3ɀ(2ɯ ÈÕËɯ ÛÏÌ Visible 

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 meshed. The neuronal analysis 

allows to evaluate the EM-induced neuronal activation, inhibition, and synchron ization 

http://vkh3.kisti.re.kr/?q=node/24
http://vkh3.kisti.re.kr/?q=node/24
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using either complex, multi -compartmental representations of the neuronal trajectories. To 

do this  Sim4Life uses the Neuron solver (see Chapter III for more information) developed at 

Yale University 192 which is ideal for studying neuronal interaction mechanisms. The 

presence of both the models, male and female, is an important extension that allows us 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 Yoon-Sun 

is 26 years old, 1.52 m, 54.6 kg. Jeduk includes a set of 1186 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 IV, 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 figure-of-eight 

coil, which is one of the most used devices for TMS treatments, power by the Rapid2 of the 

,ÈÎÚÛÐÔɯ"ÖȭȰɯÛÏÐÚɯÔÌÈÕÚɯÛÖɯÞÖÙÒɯÈÛɯƗɯÒ'áɯÞÐÛÏɯÊÜÙÙÌÕÛɯǽƘɯÒ ɯȹÚÌÌɯChapter III). The two 

human models (Jeduk and Yoon-Sun) grip the coils but with both their hands, keeping  the 

standing position adjacent to the pat ient, 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 Yoon-Sun, and since the hands are highly 

innervated,  there is a great attention to possible nerve stimulation eventually induced by 

the TMS exposure.  

https://zmt.swiss/sim4life/
http://www.neuron.yale.edu/
https://itis.swiss/assets/Downloads/VirtualPopulation/Tissue-list-V4-0/Jeduk-V4-0-tissuelist.txt
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Together with these considerations there are other parameters to be considered as the type 

of fiber to be used in the simulations  (comprehensive of its diameter) and the selection 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 186ɬ189, 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 has a lower threshold of stimulus compared to the motor fibers ( with the 

same diameter and the same location). Therefore, in our analysis, we chose to consider only 

the sensory fibers with  a maximum diameter considerable, which is 20 µm (the range of the 

choice is from 5 µm up to 20 µm). 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. For example, 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. Exposure operator-dependent. Distribution of the induced E-field with the figure-of-eight inclined of about 

55° on the head of the patient. (a)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 E-field. 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 the trajectories to involve in the neuron study. (a) All the trajectories present in the upper part 

of the body, (b) selected trajectories forming part of the body region in which we have a relevant E-field.  

 

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 consider those 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 

×ÈÙÛÐÊÜÓÈÙȮɯÛÞÖɯÊÖÕÍÐÎÜÙÈÛÐÖÕÚɯÏÈÝÌɯÉÌÌÕɯÊÏÖÚÌÕȯɯϔȺɯÐÕɯÞÏÐÊÏɯÛÏÌɯ/ÈÛÐÌÕÛɀÚ ear faces the 

clinical chest, and ϕȺɯÐÕɯÞÏÐÊÏɯÛÏÌɯ/ÈÛÐÌÕÛɀÚ nape of the neck faces the clinical 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) Position ϔ, ear of the patient facing the chest of the operator, that keeps the coil in 

positions with both hands, (b) Position ϕȮɯÕÈ×ÌɯÖÍɯÛÏÌɯÕÌÊÒɯÖÍɯÛÏÌɯ×ÈÛÐÌÕÛɯÍÈÊÐÕÎɯthe chest of the operator, that keeps the 

coil in positions with both hands. Coil 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 coil, placing the latter one so as to hold the coil 

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 assessment of 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 

$,ɯÍÐÌÓËɯËÌÛÌÊÛÚɯÈÕɯÌÓÌÊÛÙÐÊɯ×ÖÛÌÕÛÐÈÓɯȹϩȺɯËÐÚÛÙÐÉÜÛÐÖÕɯÛÏÈÛɯÊÈÕɯÉÌɯÌßÛÙÈÊÛÌËɯËÐÙÌÊÛÓàɯÈÚɯÛÏÌɯ


























































































