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Abstract—International guidelines/standards have been 

published for human protection from electromagnetic field 
exposure. The research in the intermediate frequencies (IF: 300 
Hz-10 MHz) is scattered unlike for other frequencies, and thus 
the limit prescribed in the guidelines/standards are different by a 
factor of 10. The IEEE International Committee on 
Electromagnetic Safety has published a research agenda for 
exploring the electrostimulation thresholds. However, the 
consistency of the excitation models for specific target tissue 
needs to be revised. For this purpose, we present the first 
intercomparison study using multiphysics modelling to 
investigate stimulation thresholds during transcranial magnetic 
stimulation (TMS). To define the stimulation threshold, a non-
invasive technique for brain stimulation has been used. In this 
study, by incorporating individual neurons into electromagnetic 
computation in realistic head models, stimulation thresholds can 
be determined. The study case of one subject showed that the 
allowable external magnetic field strength in the current 
guidelines/standard is conservative.   

Keywords—stimulation threshold; TMS; electric field; nerve 
model; intercomparison; multiphysics; dosimetry; 

I.  INTRODUCTION 

There have been concerns about potential adverse health 
effects caused by human exposure to electromagnetic fields. 
For human exposure to electromagnetic fields, the dominant 
biological effect is electrostimulation at frequencies typically 
lower than 100 kHz, while a thermal effect is described at the 
frequencies higher than 100 kHz in the international 
standards/guidelines [1], [2]. In the standards/guidelines, a 
safety/reduction factor is applied to known or operational 
thresholds. However, in the intermediate frequencies (IF) 
where the stimulation is attributable to axon activation, the 
threshold assessment for the pain or sensory effect is limited. 

To derive a limit in a scientific manner combining the 
electromagnetics and neuron model is listed in the research 
agenda of the IEEE International Committee on 
Electromagnetic Safety (ICES) [3]. A working group on 
‘Exploring the electrostimulation threshold in the brain’ has 
been established in IEEE ICES to clarify certain aspects, and is 
led by the authors. The mission of this working group includes 

assessment of cortical stimulation threshold variability by 
combining modelling of electromagnetics and CNS neuron 
models.  

However, due to ethical problems, it is difficult to evaluate 
the human threshold of stimulation in non-medical applications. 
Stimulation thresholds can be determined by transcranial 
magnetic stimulation (TMS), which is a non-invasive brain 
stimulation technique. TMS induces an eddy current in the 
brain to activate a target area when a strong pulsed current is 
injected into a coil. The most common protocol for TMS is 
targeting the motor cortex owing to the presence of a relatively 
straightforward measurable marker of activation, such as the 
threshold for motor evoked potentials (MEPs). The threshold 
for MEPs is used in the clinical application as a percentage of 
the maximum stimulation output of the stimulation device. 
However, the in-situ electric field for stimulation threshold in 
the brain are unknown from in vivo human measurements.  

Computational dosimetry becomes an essential tool for 
estimating induced physical quantities. Some of the techniques 
have been developed for human safety, and now it has also 
been extended to medical applications [4]. There is an 
increasing trend in incorporating individual neurons into 
realistic head models that can be used to investigate neuron 
stimulation thresholds. However, the consistency of excitation 
models for a specific target tissue needs to be revised.  

In this study, an intercomparison of the EF computation and 
its effects using nerve modelling has been conducted for the 
first time. Different numerical methods were used to compute 
the EF and axon model to account for model differences. Then, 
the reference levels, which are the allowable field strengths in 
the international guidelines/standard, have been derived to 
discuss their conservativeness in the guidelines for IF 
frequencies between 1 to 100 kHz. 

II. MODEL AND METHODS  

A. Human Models and Exposure Scenarios 

We used a freely available magnetic resonance image 
database to create a realistic head model (available on 
http://hdl.handle.net/1926/1687). The head model consisted of 
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Fig. 1. Intercomparison of the in-situ EF in the brain cortex. (A) TMS coil 
is applied on the scalp on the Cz position. Computation is performed by 
(B) SPFD and (C) FEM numerical methods. 

14 tissues/body fluids [5], of which the electrical conductivities 
were determined using the fourth order Cole-Cole model [6] at  
10 kHz. The model resolution was 0.5 mm (65.3×106 voxels). 
Tissue conductivity was assumed to be linear and isotropic.  

A 70 mm figure-eight coil was modeled as a single loop of 
thin wire with an input current of 1 A. The position of the coil 
was over the midline central position (CZ position in the 10-20 
system) with a medial-lateral orientation of the coil in 
subsection III.A of this paper. The coil was configured to 
stimulate the motor cortex in subsection III.B. The optimal coil 
orientation was along the anterior-posterior orientation (well-
known orientation for the motor cortex). The stimulation 
position on the scalp was optimized for maximum EF strength 
in the hand motor cortex. The reference level was derived 
using a uniform low-frequency exposure (1, 10, and 100 kHz) 
in the lateral–medial direction to activate the pyramidal axons 
by a continuous sinusoidal stimulation. 

B. Volume Conductor Model 

The induced scalar potential and EF were solved 
numerically by the scalar potential finite difference (SPFD [7]) 
carried out by Nagoya Institute of Technology and the finite 
element method (FEM) with rectilinear elements using 
Sim4Life software carried out by Ghent University [8]. These 
are based on the magneto-quasistatic methods. The computed 
induced EF and scalar electric potential corresponded to 
temporal peak values that were 2.65 times the EF computed at 
10 kHz [9]. 

C. Pyramidal Axon Model  

Activation thresholds of thick pyramidal axons were 
obtained for axons projected from the precentral gyrus of the 
hand motor area. The activation threshold is the lowest 
stimulation intensity necessary to propagate an action potential 
for each fast-conducting thickly myelinated pyramidal fiber (10 
μm in diameter [10]). The spatial structure of the axon consists 
of internodes (segments ensheathed by myelin) concatenated 
with nodes of Ranvier (ionic channels) using the spatially 
extended nonlinear nodal (SENN [11]) representation. At the 
myelinated internodes, the leak conductance was modeled as a 
passive element or set to zero. At the nodes of Ranvier, the 
ionic membrane current depends on the dynamics of voltage-
gated sodium and leakage channels, which is formulated as a 
conductance-based voltage-gated model. In this study, the 
Chiu–Ritchie–Rogart–Stagg–Sweeney (CRRSS) model was 
used [12]. The TMS-induced EF was coupled with the axon 
model as the extracellular membrane potential (Ve) in the 
membrane potential equation Vm = Vi-Ve at each node and 
internode, where Vi is the intracellular membrane potential 
obtained from the cable equation of the axon model. The 
SENN axonal representation with CRRSS nodal model was 
implemented independently by two research groups: Nagoya 
Institute of Technology (referred here as Nitech model [13]) 
and Ghent University (referred here as SENN-M and SENN-
MA models, where MA standards for myelin approximation) 
[14]. The Nitech and SENN-M models used the same 
parameters, while the SENN-MA implementation neglects the 
myelin capacitance and conductance. The set of model 
parameters is summarized in Table A (appendix). The 

elicitation of an action potential was indicated by the 
depolarization of the transmembrane potential by 50 mV, in at 
least four consecutive nodes of Ranvier using an in-house code 

D. Data Analysis 

The highest in-situ EF values were suppressed because of 
numerical artifacts arising from staircase approximation in 
voxelized models. The post-processing metrics to suppress the 
artifacts were 99.9th percentile, 99th percentile, and 2×2×2 mm3 

[2] in the brain (8×106 voxels). In the case of a 2-mm cube, the 
induced EF was averaged over 64 voxels. The EF distributions 
between SPFD and FEM were compared by averaging the 
absolute difference of the EF point-to-point. The 
intercomparisons of Nitech vs. SENN-M and Nitech vs. 
SENN-MA were quantified by the relative percentage 
difference of the activation thresholds . 

III. NUMERICAL RESULTS 

A. In-situ EF Intercomparison 

Fig. 1 shows computed results for the in-situ field strength 
on the brain cortex during TMS stimulation over the CZ site. 
Similar EF distributions were obtained for the two numerical 
methods employed (SPFD and FEM). The voxel maximum of 
an in-situ EF is affected by the staircasing error, as shown in 
Table I. The maximum of the volume-averaged (2 mm cube) 
value of the EF provides some suppression when compared to 
the original resolution of 0.5 mm. The in-situ field strength 
values show less variation (around 59 mV/m) between the two 
numerical methods using the metrics of 99.9th percentile and 2-
mm cube adapting 99.9th percentile. The maximum field 
strength at 1 mm and 2 mm inside the cortical surface (regions 
where thick pyramidal axons are projected from the grey 
matter) is larger than 99.9th percentile. The averaged absolute 
difference was 2.2±12.4 [%] in the whole brain and 3.6±4.0 
[%] in the hotspots (>0.7E99.9). The EF distributions obtained 
using the SPFD method were used in the following sections. 

B. Nerve modelling Intercomparison 

Intercomparison of the stimulation threshold is conducted for 
independent implementations of pyramidal axons models 
embedded in the motor hand area (Fig. 2). The stimulation 
thresholds correspond to the in-situ EF strength or the external 
magnetic field, as shown in Fig. 3. There is good agreement 
between the Nitech and SENN-M implementations and 
significant disagreement between Nitech and SENN-MA,  
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Fig. 4. Excitation thresholds for uniform exposure compared with 
ICNIRP guidelines and IEEE safety standard. (A) Dosimetry reference 
level. (B) Exposure reference level. Minimum threshold was selected 
between nerves in Fig. 2B  for each frequency. 

 

Fig. 2. (A) TMS exposure over the hand motor cortex (B) Activation of 
sixty-three fibers projecting from the motor hand. 

 

Fig. 3. (A) Intercomparison of pyramidal axon activation for fibers thickness 
of 10 μm. The axon numeration corresponds to Fig. 2B. (B) Relative 
percentage difference of the activation threshold.  

TABLE I.  COMPUTED EF STRENGTH IN THE GRAY MATTER DURING TMS. 
99.9TH AND 99TH PERCENTILES ARE APPLIED TO EF. ALSO, EF IS AVERAGED 

OVER 2×2×2 MM3 CUBE. 

Metric 
Numerical Methods 

SPFD [mV/m] FEM [mV/m] 

Voxel Maximum (0.5 mm model) 93.2 3368.4 

2-mm Cube 76.2 122.8 

99.9% ile (0.5 mm model) 61.6 61.2 

2-mm Cube 99.9%ile 58.0 56.1 

99 % ile (0.5 mm model) 37.7 37.8 

2-mm Cube 99 %ile 36.5 35.8 

Voxel Maximum 1 mm-depth 83.6 106.7 

Voxel Maximum 2 mm-depth 74.4 99.9 

 

as shown in Fig. 3a. The mean relative difference is 9.8% 
between Nitech and SENN-M in Fig. 3b. And, the variability 
of the relative difference is larger between Nitech and SENN-
MA with a mean difference of 64.6%. 

C. Reference Level 

Threshold-frequency curves were derived from uniform 
exposure of the axons nerves (Nitech model) in Fig. 2b and 
compared with current exposure limits issued by ICNIRP and 
IEEE. Fig. 4 shows that allowable external magnetic field 
strength and in-situ EF in the current guidelines/standard are 
conservative with different factors over the frequency range. 
Specifically, IEEE reference level is smaller with factors of 5–
60 and 9–31 for the in-situ EF and external magnetic field, 
respectively in a controlled environment. ICNIRP occupational 
basic restriction is smaller with factors of 15–67 and 64–261 
for the in-situ EF and external magnetic field, respectively. The 
higher and lower factors are for 1 kHz and 100 kHz, 
respectively. 

IV. DISCUSSION 

This study investigated cortical stimulation threshold by 
combined modelling of electromagnetics and neuron models 
for TMS. The computed in-situ EF is corroborated by two 
different methods (SPFD and FEM), and intercomparison of 
pyramidal axons modelling results was conducted. 

The voxel maximum of an in-situ EF is affected by the 
staircasing error (inherent when using voxelized anatomical 
models) [15]. This issue is listed in the research agenda of the 
IEEE International Committee on Electromagnetic Safety 
(ICES) [3]. In the case of TMS, suppression of numerical 
artifacts needs to be revised on the grey matter as the artifacts 
are more significant in comparison with the other head tissues 
due to the high conductivity contrast with cerebrospinal fluid. 
Analytical solutions existing for multi-spherical models of the 
head tissues have shown that suppression of numerical artifacts 
by using the 99.9th percentile method is effective for grey 
matter tissue [16]. However, computation of TMS-induced EFs 
is challenging because no analytical solutions exist for 
anatomical head models. As indirect verification, our results 

confirmed that 99.9th percentile also is stable for two different 
numerical methods (SPFD and FEM), as shown in Table I. The 
99th percentile would substantially underestimate the EF 
considering that the field strength 2 mm below the cortical 
surface metric (Table I) is two times higher. 

Intercomparison of TMS-induced EF activation was 
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conducted on fast-conducting thickly myelinated pyramidal 
fibers for corticospinal tracts. The stimulation site occurred at 
the bend due to a higher electric field gradient. The results 
showed that the in-situ EF (99.9th percentile) on the gray matter 
of the hand motor area was between 100 V/m and 200 V/m for 
activating axons with lower thresholds, which agrees with 
estimated field for motor evoked potentials response in TMS 
[17]. The external magnetic field was lower than 0.3 T which is 
lower than the maximum generated by a TMS device (1.5 T). 
Intercomparison showed that the excitation threshold agrees for 
independent implementations of the CRRSS model. However, 
the selection of different parameters (Ranvier node length, 
axoplasmatic resistivity, and membrane capacitance) increased 
the relative difference of the threshold by six times (Fig. 3). 

The derived reference level in Fig. 4 showed that allowable 
external magnetic field strength and in-situ EF established by 
both guidelines/standards are significantly lower than the 
internal EF needed for the stimulation of the central nervous 
system for medical applications [18]. The conservativeness 
from the guidelines/standards was expected considering that 
ICNIRP basic restrictions and IEEE dosimetry reference for 
CNS are based on phosphenes at frequencies smaller than 400 
Hz and synapse activity thresholds with smaller thresholds 
than the nerve axon activation. In future, more subjects need to 
be considered to derive the reference levels due to high inter-
subject variability. Also, neural circuits could be included to 
consider subthreshold stimulation at smaller thresholds. 

V. CONCLUSION 

Intercomparison of electrostimulation threshold was 
conducted for a multiphysics model of TMS for the first time. 
A significant variation of the stimulation threshold was 
presented due to different morphological and electrical 
parameters selected in the axon model. However, the results 
showed that the relative difference was 10% between 
independent implementations of the CRRSS model with 
similar parameters.  Reference levels defined by ICNIRP and 
IEEE international guidelines/standards were significantly 
conservative for nerve stimulation in the motor cortex of one 
subject during uniform exposure in the lateral–medial direction.  

APPENDIX 

The detailed implementation of the CRRSS model can be 
found in [13] for Nitech model and [14] for SENN-M and 
SENN-MA models. The parameters used by the two research 
groups are summarized in Table A. 

TABLE A. NERVE MODEL PARAMETERS 

Parameter Nitech  SENN-M SENN-MA 

Inner diameter 0.64D
a
 0.64D 0.7D 

Ranvier node lengthb 1.5×10-4 1.5×10-4 2.5×10-4 

No. of myelin layers 75×104D 75×104D 0 

Axoplasmatic resistivityb 0.07 0.07 0.11 

Myelin conductance/layerb 1  1  0 

Membrane capacitanceb 1 1 2.5 
a. D is the external axon diameter [µm] 

b. Length, resistivity, conductance and capacitance values are in [cm], [kΩcm], [mS/cm2] and [µF/cm2]. 
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