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Abstract 
The aim of this paper is to evaluate the exposure of the 

medical staff during a transcranial magnetic stimulation 

(TMS) treatment, by means of numerical dosimetry. Two 

exposure conditions are provided through the use of a 

discretized realistic human model, in the case of a circular 

coil. Results of the induced electric field in the tissues of 

the human body model show that in some cases exposure 

limits are exceeded. This study could be a useful starting 

point for future risk assessment studies and to provide 

general safety indications. 

 

1 Introduction 
 

The assessment of the risk in work environment due to 

exposure to electromagnetic fields (EMF) has emerged as 

a topic to be investigated mainly after the publication of 

European Directive 2013/35/EU [1]. This issue was 

brought to the attention by the proliferation of industrial 

and health applications using EMF, even of considerable 

intensity. Rapid technological development has not always 

been accompanied by adequate growth in the culture of 

prevention and safety with the result that many work 

situations present risks that are not sufficiently in-depth. In 

this study, it was decided to assess the risk due to exposure 

to a variable magnetic field produced by a widely used 

biomedical application: the transcranial magnetic 

stimulation (TMS). TMS is a modern diagnostic and 

therapy method, used for different pathologies, such as 

depression or bipolar disorder [2]. The operating principle 

of TMS is based on neuronal activation, which is induced 

by the high intense electric field induced into the patient's 

brain tissue by the magnetic one[3]. The variable magnetic 

field is produced by an intense electric current that flows 

inside a coil. One issue lays on the fact that, in order to 

reach the cortical area of destination, the manual skills of 

the clinician are very important and require healthcare 

personnel to operate in the vicinity of the patient, often 

holding the coil with their hand [4]. Clinicians can use 

TMS for several hours a day and for many days, with the 

result that he/she remain exposed for a long time to the 

magnetic field produced by the source. Here it was chosen 

to analyze, by means of numerical dosimetry, the exposure 

of the clinician staff to a circular coil, as one of the widely 

used sources in the TMS treatment. The aim is to provide 

indications which can be useful for improving the health 

and safety of clinicians involved in such kind of treatments. 

 

2 Models and Methods  
 

2.1 Source model. In this study we considered the circular 

commercial coil Magstim MAG-978400, supplied by a 

short duration sinusoidal current of 5.6 kA and fed by 

monophasic stimulator Magstim200. Since the induced EF 

reaches its maximum value at the time instant where the 

time derivative of the current is maximum (i.e., at the 

beginning of the stimulus), generally the current signal is 

assimilated to a pure sinusoid, which approximates the 

damped sinusoid at the origin [5] [6]. In this case the 

frequency of the sinusoid used was set equal to 3 kHz. The 

highest field strength of magnetic flux density (B) occurs 

near the inner turn, when the stimulator was set to 5.6 kA, 

which corresponds to the maximum output of the Magstim 

Rapid200. The maximum B is equal to 2 T. The parameters 

of the considered TMS are summarized in Table I 

Table I 

TMS circular coil characteristics 
Component Description 

TMS appliance Magstim Rapid200 

Frequency 3 kHz 

Current 5.6 kA 

Inner diameter 7 cm 

Outer diameter 12.2 cm 

Turns 14 

 

The coil geometry and stimulator parameters were based 

on specifications provided by manufacturer manual. 

2.2 Human model. To investigate the field intensities 

produced by the TMS coil during operation, a Sim4Life 

v.4.4 (ZMT, Zurich MedTech AG) model was created, 

with the Magneto quasi static module. The simulation 

environment included the model of both the clinician staff 

and the patient. This latter has been approximated by the 

presence of the head with two layers: shell and liquid, 

which represent skull and brain respectively, using a 

simplified model of head, called Sam, made available in 

Sim4life. Sam was developed by members of IEEE 
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Standards Coordinating Committee 34, Sub Committee 2, 

Working Group 1 (SCC34/SC2/WG1). The presence of the 

patient’s head has been included to take into account a 

proper coupling of the TMS circular coil with both the 

human body model of the clinician and with the patient, 

resulting in a more realistic scenario; nevertheless, it is 

beyond the aim of this paper to study what happens inside 

the patient. Authors have assigned a conductivity equal to 

0.01 S/m for Sam shell and 0.33 S/m for the liquid [7]. To 

model the clinician, the virtual population member Duke 

[8] was considered. This male model is a surface-based 

model, counting a total number of 319 tissues, that was 

discretized with a 2 mm resolution . The authors also 

considered a posable version of Duke, that allows to 

modify its body posture, thus simulating the arm and hand 

position while gripping the coil. 

 

2.3 Calculation of induced Electric Field.  

First the authors have studied the possible positions taken 

by the operator during a TMS treatment. This was done 

through workplace surveys, as well as through indications 

from our previous studies,  from the equipment manual and 

from information articles. Authors have chosen one among 

the most usual conditions of TMS treatment, that is when 

the clinician is positioned sideways from the edge of the 

coil, with the coil at chest height, as showed in Figure 1. 

This is the case that is presented in this study. To reproduce 

this real position authors have chosen to place Duke at 12 

cm of distance from the coil.  

 

Figure 1. Exposure scenario, with TMS coil positioned at 

distance d equal to 12 cm from the surface of the chest of 

the human model Duke, representing the clinician. Under 

the coil, Sam model is reported representing the patient; 

coil is positioned at height equal to 136 cm from the 

ground. 

The induced EF in the body of the clinician performing 

TMS, provided by Sim4life, was post-processed in order to 

derive values to be compared with the appropriate 

regulatory limits. For each dataset, compliance with 

ICNIRP 2010 [9] was assessed for internal EF, by 

comparing the 99th percentile with the limits. These 

guidelines gives a maximum electric field in tissue of 0.8 

V/m (rms) that is 1.13 V/m (peak) at frequencies between 

0.4 and 3 kHz for occupational exposure. Therefore, we 

referred to this limit of 1.13 V/m computing the 99th 

percentile peak values of the EF evaluated in each voxel of 

the discretized human male model Duke. The authors refer 

to the Guidelines ICNIRP 2010 and not to the 2020 update, 

as ICNIRP 2020 [10] replace the 100 kHz to 10 MHz EMF 

frequency range, that doesn't concern this study.  

Finally, to get a complete view of the exposure, we have 

chosen to evaluate also the exposure by considering Duke 

holding  the coil. 

 

3 Results 
 

First of all the TMS coil characterization was carried out, 

based on what is reported in the user manual and through 

comparative studies. In particular, the user manual suggests 

that B of 2 T is generated in the inner turn, under the highest 

possible output conditions. This value is taken at the outer 

surface of the coil, i.e. at the coating. In our model we used 

a coil consisting only of windings (without coating), 

therefore, in order to consider the presence of the external 

plastic shell, we fed the coil so as to have the maximum B 

value 4 mm away from the windings, considering that 

4 mm represents the thickness of the coating, inhere not 

modelled. With the geometric characteristics shown in 

Table I, in order to obtain a value of B equal to the desired 

one, it was necessary to power the coil with a current of 5.6 

kA (at the frequency of 3 kHz). The mapping of the field 

obtained is shown in Figure 2. 

 

 

Figure 2. (a) Mapping of B field on the surface of the coil, 

in correspondence of the windings. In this plane the B max 

is ~5 T; (b) B on a surface 4 mm apart from the coil 

windings, where B max is 2 T; (c) view of streamlines; (d) 

view of plane perpendicular to coil surface. 

By feeding the coil with 5.6 kA, B field at the 4 mm from 

the windings is equal to 2 T.  

B distribution and streamlines confirm that the behavior of 

this circular coil model is comparable with that of other 

scientific studies, with which the results were compared 

[11]. Afterwards, human body models were included in the 

simulation environment, as shown in Figure 1. What 

emerged is that the induced EF, that is generated inside the 

worker's body is not negligible when the coil is used at 

maximum output. This result is shown in Figure 3, 

considering the transversal plane. It is highlighted that 



large areas of the body are affected by field values 

exceeding 1 V/m (see Figure 3a). 

 

 

Figure 3. (a) Mapping of induced Electric Field in the 

human body model representing the clinician view on 

transversal plane, at the surface of the coil. The patient, 

represented by Sam’s head, wasn’t processed. Circular coil 

is over the head of the patient; (b) Current Density in the 

body of the clinician, over the axial plane. 

Figure 3 clearly shows the importance of further 

investigate the issue of the exposure of medical staff. It is 

evident that the areas affected by induced EF > 1 V7m are 

large and regards not only the anatomical district at the 

surface directly exposed, but also, the interior of the body 

when the coil is used at maximum output. To better 

understand the extent of such an exposure, the values 

obtained with the Sim4life solver have been post processed 

with MATLAB, in order to identify the 99th percentile, 

which is the value that will be compared with the limits of 

the ICNIRP2010. The results are shown in Table II. 

Table II 

Percentile of induced Electric Field (V/m) and Current 

Density (A/m2) in the body 

 
99th 99.9th 99.99th 100th 

E (Vm -1) 5.69 10.03 21.97 67 

J (Am -2) 1.34 2.14 2.88 10.4 

 

The data show that, in this exposure condition, the limits 

suggested by the ICNIRP 2010 guidelines, which at the 

frequency of 3 kHz is equal to 1.13 V/m (peak), is widely 

exceeded. The authors also considered important to 

evaluate another dosimetric quantity: current density (J), as 

shown in Table II. This is because, due to a not proper 

focality of the coil, it generates a not negligible current 

density in the body [12]. Induced electric currents at 

considerable levels can be the cause of a number of 

physiological effects that increase in severity as the 

induced current density is increased. The value present in 

the central nervous system (CNS), equal to 1.22 A/m2, 

considering 99th percentile, should suggest how much this 

device needs to be controlled. Suffice it to say that the 

previous ICNIRP guidelines of 1998 [13] suggested the 

basic restriction limits to protect against acute exposure 

effects on the central nervous system, allowing higher 

current densities in body tissues other than the central 

nervous system under the same exposure conditions. Such 

limits were set, in range 4 Hz to 1 kHz, less than 10 mA/m2 

rms, that increase progressively above 1 kHz.  

Finally, the authors have chosen to consider the exposure 

in which the clinician holds the coil. To do this, the Duke 

posable model has been considered, as shown in Figure 4.  

 

 

Figure 4. (a) Mapping of the induced electric field on 

surface of hand of clinician that grips the coil, with model 

poser Duke (b) mapping of the induced current density in 

the same condition. 

In this case the hand and forearm are the anatomical 

districts in which the highest values of induced EF are 

reached, again in the worst case condition of the coil used 

at the maximum output. The coil handle, which is located 

in the plane of the coil, results in a short distance between 

the source of the field and the hand and forearm of the 

operator.  The head and trunk of the operator is at most an 

arm-length apart from the source, thus limiting exposures 

of such regions of the body. The maximum EF, as can be 

seen in Figure 4, is induced inside the hand, reaching high  

values greater than 10 V/m. These results show how it is 

necessary to conduct, further studies for different TMS coil 

designs, as this should provide deeper insights on the 

distance that should be kept from the surface of the coils, 

also considering real operational conditions not at the 

maximum output, to avoid exceeding of the limits in terms 

of induced electric field on the staff, during normal patient 

treatment conditions. 

 

4 Discussion and Conclusions 
 

Several studies have highlighted a critical issue in the 

clinician staff usage of TMS coils for treatment of patients 

[14], but the literature that deepens professional exposure 

is lacking. To date there are no recognized technical 

indications for these devices but rather there is great 

variability of adopted requirements. This lack of 

harmonization in conformity assessment emphasizes the 

need for an international particular standard for the devices, 

with appropriate requirements for TMS coils [15]. This 

study shows an exposure scenario, which the authors found 

in real working environments. It is clear that the clinician 

is potentially exposed above safety limits, however it is not 

the purpose of this study to give technical safety 

indications, but on the basis of our results we can conclude 

that further investigations are needed.  
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