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Abstract: The external field strength according to the international guidelines and standards for
human protection are derived to prevent peripheral nerve system pain at frequencies from 300–750 Hz
to 1 MHz. In this frequency range, the stimulation is attributable to axon electrostimulation. One
limitation in the current international guidelines is the lack of respective stimulation thresholds in
the brain and peripheral nervous system from in vivo human measurements over a wide frequency
range. This study investigates peripheral stimulation thresholds using a multi-scale computation
based on a human anatomical model for uniform exposure. The nerve parameters are first adjusted
from the measured data to fit the peripheral nerve in the trunk. From the parameters, the external
magnetic field strength to stimulate the nerve was estimated. Here, the conservativeness of protection
limits of the international guidelines and standards for peripheral stimulation was confirmed. The
results showed a margin factor of 4–6 and 10–24 times between internal and external protection
limits of Institute of Electrical and Electronics Engineers standard (IEEE C95.1) and International
Commission on Non-Ionizing Radiation Protection guidelines, with the computed pain thresholds.

Keywords: dosimetry; human safety; nerve model; multi-scale; standardization; uniform exposure;
occupational and public protection

1. Introduction

Limits or restrictions for non-ionizing electromagnetic field exposures were developed
and published by the International Commission on Non-Ionizing Radiation Protection (IC-
NIRP) [1,2] and the Institute of Electrical and Electronics Engineers International Committee
on Electromagnetic Safety (IEEE ICES) Technical Committee 95 [3,4]. These guidelines and
standards are set to protect from stimulation and thermal effects, which are the lowest
exposure levels that can cause adverse health effects, therefore, protecting against any
other effects. In addition, these guidelines do not address product safety issues, which are
intended to limit EMF emissions from specific devices under specified test conditions [5,6].

The standard/guidelines describe that the dominant effect for instantaneous exposure
is electrostimulation up to 100 kHz (5–10 MHz for brief pulse exposures). The thermal effect
is dominant at frequencies higher than 100 kHz for continuous exposure due to the absorp-
tion of energy from electromagnetic fields. This work focuses on the electrostimulation
effect at intermediate frequencies (300 Hz to 1 MHz).

The physical quantity (surrogate) of electrostimulation is specified as an internal (in
situ) electric field in both guidelines and standards. IEEE protects against adverse periph-
eral nerve stimulation for frequencies >750 Hz for all environments. ICNIRP addresses

Int. J. Environ. Res. Public Health 2022, 19, 390. https://doi.org/10.3390/ijerph19010390 https://www.mdpi.com/journal/ijerph

https://doi.org/10.3390/ijerph19010390
https://doi.org/10.3390/ijerph19010390
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com
https://orcid.org/0000-0003-1917-8979
https://orcid.org/0000-0001-8336-1140
https://doi.org/10.3390/ijerph19010390
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com/article/10.3390/ijerph19010390?type=check_update&version=1


Int. J. Environ. Res. Public Health 2022, 19, 390 2 of 15

peripheral nerve stimulation for frequencies >300 Hz (general public) and >400 Hz (occu-
pational exposure). Above these transition frequencies and lower than 100 kHz, the pain
due to peripheral stimulation (axon firing) becomes dominant. Thus, the limit has been set
to prevent stimulation attributable to this axon firing.

The limits are named basic restriction (BR) and dosimetric reference limit (DRL) in
ICNIRP and IEEE, respectively. In the IEEE standard, the DRLs for the peripheral nervous
system were derived from an internal electric field threshold estimated from a 20 µm fiber
model (SENN: spatially extended nonlinear node) model excited by a uniform electric
field [7] that were consistent with experimental thresholds [8–10]. Reduction factors were
applied to the above threshold to obtain the DRLs. In the ICNIRP guidelines for the
peripheral nervous system, the internal electric field threshold was based on experimental
measurements, to which the reduction factor is applied to obtain the BRs.

In the IEEE C95.6 standards, which was revised as IEEE C95.1 standard in 2019, an
ellipse is used to relate an external magnetic field to an internal electric field. The ICNIRP
2010 guidelines used anatomical model computation to derive the relationship between
external magnetic field strength and the internal electric field.

Due to the lack of relation between internal and external field strength and nerve
activation, the internal and external field strength in the guidelines and standard is thus de-
rived conservatively. Only a few experimental studies are worth replicating the relationship
between the spatially non-uniform external field strength and the pain [8–10]. Another lim-
itation is that the experimental threshold evaluation is difficult across the frequency range,
and in vivo measurement of the electric field in millimeter resolution cannot be conducted.
For these reasons, the simulation method is commonly used [11]. In addition, to understand
the stimulation from the external field, the multi-scale simulation, i.e., the electromagnetics
and neuron model, is needed, as is listed in the research agenda of the IEEE ICES [12].
In addition, ICNIRP recommended that excitation modeling and threshold assessment
be conducted to improve the accuracy of restrictions [11]. These recommendations and
computational advances in incorporating neurons into realistic human models [13–19]
motivate revisiting the current protection limits of the standard and guidelines and provide
rationality of the applied reduction factors as safety margins. A few studies have evaluated
the threshold for central nervous system stimulation considering axonal stimulation indi-
cating conservativeness with respect to the current guidelines/standard presented at low
frequency [20,21]. However, systematic analysis of the peripheral nervous system has not
been conducted for human safety.

This study estimates the relationship between the internal electric field and the ex-
ternal magnetic field thresholds based on numerical dosimetry analysis to discuss the
protection limits to the electrostimulation effect at intermediate frequencies. First, we used
an electromagnetic field analysis integrated with an axonal model derived by replicating
experimental measurements. Then, the activation model for peripheral threshold is derived
computationally at a frequency of 300 Hz–1 MHz. Then, the conservativeness of protection
limits in the international guidelines/standards is discussed.

2. Materials and Methods
2.1. Human Body Model

An anatomical model of a Japanese adult man (TARO) [22] was used to model a
volume conductor. The height and weight of TARO were 173.2 cm and 65 kg, respectively.
The original TARO model consisted of more than 40 million voxels with a 2 mm resolution.
The number of tissues considered in this model was 51, including skin, muscle, bone, and
heart. The resolution of the model was converted into 1 mm for representing the target
tissue in which the nerve was placed with higher resolution. The electrical conductivity
of the tissues was determined based on the 4-Cole-Cole model [23] and assigned to each
tissue.
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2.2. Electromagnetic Computational Method

At frequencies up to 10 MHz, biological tissue was assumed not to perturb the external
magnetic field. In this frequency range, a magneto-quasistatic approximation applies to the
computation of the internal electric field in biological tissues [24]. The applicability of the
quasistatic approximation was confirmed in [25] by comparison with full-wave analysis.
In addition, the conduction currents were at least one order of magnitude higher than the
displacement currents, and, therefore, tissue electrical conductivity was considered, while
the permittivity can be neglected [26,27].

The internal electric field was computed by substituting the magnetic vector potential
distribution into an electromagnetic solver based on the scalar potential finite difference
(SPFD) method. In this method, the body models were discretized with cubic voxels, and
simultaneous linear equations were developed for all contacts, with the electric scalar
potential as unknown variables [28].

6

∑
n=1

snφn −
(

6

∑
n=1

sn

)
φ0 = jω

6

∑
n=1

(−1)nsnln A0n (1)

where A0n, sn, ln, and ω denote the magnetic vector potential of the applied uniform
magnetic field, edge conductance derived from the tissue conductivity, the length between
the nodes, and the angular frequency, respectively. The SPFD defines the scalar potentials
φ (unknowns) at each node n of a voxel, and a branch current flowing from one node to a
neighboring one along the side of a voxel was derived, which includes the vector potential
owing to the applied magnetic field. In this study, the scalar potential was computed
iteratively via the successive-over-relaxation and multigrid methods [24]. When (1) is
solved, the internal electric field E is calculated as the following: E = − ∇φ − jωA0.

This study evaluated the electric field strength calculated using SPFD using the 2 mm
cubic averaging method and 5 mm line averaging [29] following the criteria dose for evalu-
ating BR compliance as defined by ICNIRP and IEEE, respectively. ICNIRP recommends
determining the internal electric field “as a vector average of the electric field in a small
contiguous tissue volume of 2 × 2 × 2 cubic millimeters. For a specific tissue, the 99th
percentile value of the electric field was the relevant value to be compared with the BR.” In
addition, we considered the criteria for IEEE, “the in situ electric field DRL applies to the
rms electric field strength measured in the direction and location providing the maximum
in situ electric field vector (vector magnitude) over a 5 mm linear distance.”

2.3. Neuronal Activation Computational Models

The effects of the induced electric field on peripheral nerve axons were described in
the compartmental form [30]:

Cm,n
dVm,n

dt
+ Iion,n −

Vm,n−1 − 2Vm,n + 2Vm,n+1

0.5(Rm,i + Rm,n)
=

Ve,n−1 − 2Ve,n + 2Ve,n+1

0.5(Rm,i + Rm,n)
(2)

Thus each compartment corresponds to nodes (n) or internodes (i), forming a myeli-
nated axon fiber that consists of membrane capacitance (Cm) and axial resistances (Rm,i, and
Rm,n). The term Vm denotes the membrane potential along the cable; the quasi-potential
Ve is the line integral of the internal electric field, obtained in the previous section, along
the path of the fiber. At the nodes of Ranvier, the ionic membrane current was devel-
oped using a conductance-based voltage-gated model of sodium and leakage currents
(Chiu–Ritchie–Rogart–Stagg–Sweeney model or CRRSS model) [31]. At the internodes,
the membrane current Iion,n was modeled by the passive conductance multiplied by the
membrane potential. The electrical parameters of the CRRSS model are shown in Table 1.
Note that the membrane parameters in the CRRSS model were derived from the measure-
ment of rabbit [32]. The threshold value was obtained when the membrane potential was
depolarized up to 80 mV in at least four neighboring nodes at successive times [33].
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Table 1. The electrical parameters used in the CRRSS model.

Parameter Value

Nernst potential for sodium channels (ENa) 115 mV
Nernst potential for leakage channels (El) −0.01 mV
Capacity of membrane at internode (Cm,i) 28.8 nF

Capacity of membrane at node (Cm,n) 30.2 nF
Internode membrane resistance (Rm,i) 218 kΩ

Nodal membrane resistance (Rm,n) 3.26 kΩ
Myelin conductance (Gm) 26.8 nS

Sodium channel conductance (GNa) 1445 mS/cm2

Leaked channel conductance (Gl) 128 mS/cm2

2.4. Strength-Duration (S-D) Curve

The strength-duration curve or S-D curve shows the relationship between the stimula-
tion threshold and pulse duration. The S-D curve can be expressed by 2 quantities: rheobase
and chronaxie. The former was the minimum current intensity that elicits an activation
after a long duration; the latter was the pulse duration corresponding to a stimulation
current that was twice the rheobase value. The S-D curve relationship can be expressed by
the following equation:

I = b(1 + C/w) (3)

where I is the input current, w is the pulse width of the stimulation, b is the rheobase, and
C is the chronaxie. These parameters describe the excitability characteristics of different
nerve fibers and are usually reported in experimental measurements.

2.5. Experimental Stimulation Thresholds

The compartmental model parameters in Equation (2) were adjusted based on an
experimental S-D curve derived from the reported magnetic field simulation of the torso
using a gradient coil in another study [34]. The experimental S-D curve in [34] was obtained
using a scale from 0 to 10 according to the reported response by changing the stimulation
strength at different durations (50–1000 µs). The minimum and maximum in the scale
corresponded to no feeling and intolerable. To match the experimental and computational S-
D curves, parameters of C, Gl, Gna were used to fit the rheobase and chronaxie values [18,35].
Additionally, the diameter of the peripheral model was set to 20 µm as used in the IEEE
standard.

In this study, we considered the uncomfortable excitation threshold (scale 5) as an
adverse reaction for comparison with the protection limits in addition to the reported
perception threshold (scale one) [9,34]. The reported rheobase values derived from the ex-
perimental strength–duration curve were 28.3 T/s and 18.8 T/s for uncomfortable and per-
ceptual responses, respectively. The ratio between uncomfortable and perceptual rheobases
(1.5) was according to the multiplier factor of 1.45 between painful stimulation and percep-
tion in IEEE standard. The measured chronaxie was 360 µs [34].

The corresponding rheobase value of the internal electric field (Eth) was derived from
the following equation [9]:

Eth = Esim

(
dB
dt

)
th(

dB
dt

)
sim

(4)

where (dB/dt)th is the measured value of the rheobase (external), (dB/dt)sim and Esim were
the external magnetic field and internal field obtained by dosimetry analysis simulating
the gradient coil [9]. Using Equation (4), the rheobase expressed as internal electric field
values were 4.8 V/m and 7.3 V/m for perceptual and uncomfortable excitation thresholds,
respectively.

For the parameter fitting using the S-D curve in Section 3.1 (see Figure 1), a bipolar
square wave simulated the same exposure waveform in the experimental condition [34].
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The pulse widths were 20, 50, 100, 150, 200, 300, 500, 700, and 1000 µs, and the pulse interval
was set to 300 µs.

2.6. Computational Exposure Scenarios

The body model was exposed to a uniform magnetic field from the front-to-back
direction as the one producing the highest internal electric fields. In Sections 3.2 and 3.3,
the frequency was set to 1 kHz to investigate the internal electric field distribution and
threshold dependence on nerve orientation (see Figure 2). The differences in the internal
electric distribution caused by frequency were marginal, considering the linear variation
with frequency.

In the standard and guidelines, the nerve was placed in the subcutaneous fat tissue
and skin as a surrogate for peripheral nerve tissue. The fibers were centered in positions
corresponding to the top electric fields strength values (see Figures 3 and 4), and 2 types of
orientations were considered [36]. One was straight fibers with different directions (0◦ to
180◦ with steps of 30◦, anticlockwise), and the other was fibers bent along the electric field
(see Figure 5). Moreover, we considered the thresholds distribution considering different
numbers of fibers (10 to 100), as shown in Figure 6. These thresholds were obtained using
fibers centered on the top electric fields and oriented along the electric field (see Figure 6).

To assess the protection limits in the international standard/guidelines in Section 3.4,
the frequency was set from 300 Hz to 1 MHz. In addition, the computed external stimulation
threshold was compared with the external field strength prescribed in the ICNIRP (reference
levels for occupational exposure) and IEEE (exposure reference levels for head and torso in
restricted environments).

In addition, we considered small fibers related to pain and nerves related to proprio-
ception. A validated myelinated small fiber (Aδ) for pain thresholds of 5 µm was placed
in the subcutaneous fat tissue [18]. In addition, we assigned the same myelinated nerve
(A-fiber type) with parameters adjusted to 20 µm considering the thickness of Aα-fibers
for proprioception in muscle tissue [37,38]. These were included to assess the results’
conservativeness and the nerve model developed in this study.

3. Results
3.1. S-D Curve Response of Nerve Model

The parameters in the nerve activation model were adjusted to estimate the external
magnetic field for the stimulation threshold based on S-D curve experiments during mag-
netic exposure. The rheobase values of perceptual (4.8 V/m) and uncomfortable (7.3 V/m)
were derived from dosimetry analysis in [9] based on experimental results in [34]. We
modified the electrical parameters of the CRRSS model (C, Gna, and Gl) to fit the computed
S-D curve to the experimental. The S-D curve obtained from the fitted nerve activation
model is shown in Figure 1 for the estimated parameters in Table 2. The difference be-
tween experiment and computed values was up to 10% for rheobase and chronaxie values,
considering different nerve positions for the top electric field values (see next section).

Table 2. Adjusted passive parameters of CRRSS for experimental responses.

Parameter
Value

Perceptual Uncomfortable

Capacity of membrane (C) 6.0 times 8.5 times
Sodium channel conductance (GNa) 8.0 times 4.5 times
Leaked channel conductivity (Gl) 0.25 times 0.25 times
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Figure 1. Experimental and computed S-D curves of (A) perceptual thresholds and (B) uncomfortable
thresholds. Experimental results are presented with permission from [34].

3.2. Distribution of Hotspots of Internal Electric Field

Figure 2A–C show the original (voxel data), 5 mm line-averaged, and 2 mm cube-
averaged internal electric field strength in a human model exposed to a uniform field at
1 kHz. High internal electric fields were mitigated around underarms, crotch, and part
of the neck based on the two averaging methods. Figure 3 presents the distribution of
the positions with the top internal electric field values on the subcutaneous fat tissue that
shows distinct areas. A high concentration of top electric field points was observed in the
lateral parts of the chest, abdomen, and also neck. The percentile internal electric fields and
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distribution were not significantly different between the 5 mm line-averaged and 2 mm
cube-averaged methods. We adopted the linear averaging for selecting the positions of the
top-electric fields where the fibers were centered in the following sections.
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3.3. Electrostimulation Threshold Based on Nerve Orientation

We selected peripheral nerves from the positions with top electric field strength values
from the distinct regions in the chest, abdomen, and neck and investigated the threshold
dependence on nerve orientation. Figure 4 shows the external threshold dependence on
straight nerve oriented at different angles θ and the external threshold when the nerve
model was curved along the electric field direction. The variation of the straight nerve
threshold with the orientation was significant in most of the positions, while its minimum
was comparable to stimulation thresholds of the curved nerves. A larger variability was
observed for the curved nerve than the straight nerve (4.2 mT vs. 2.5 mT) in terms of the
minimum threshold. Figure 5 illustrates the nerve model orientation with the minimum
threshold obtained for straight nerve and curved nerves aligned along the electric field.

Figure 6 shows the threshold variability for a group of nerves. We selected only
fibers bent along the electric field as they present the smallest threshold for conservative
evaluation. Considering different number of fibers (10–100 fibers) and each fiber centered
on the top 100 electric fields positions, the median threshold was calculated for each
group. We found that the median threshold converges for a group of fibers larger than 30
(6.8 ± 3.5 mT), in which the effect of few fibers with high thresholds is reduced.
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3.4. Comparison with Protection Limits

Figure 7 shows threshold-frequency curves derived from uniform exposure of the
fitted nerve model for perceptual and uncomfortable responses. The fiber corresponding to
the median threshold was selected for fitting the space parameter. The computed internal
electric field threshold increased with the frequency, from 100 Hz to 1 MHz. Compared
with international guidelines/standards, computed internal perceptual thresholds were
6.9- and 2.6-times higher than the limits in the ICNIRP guidelines and then the IEEE
standards, respectively. Similarly, computed external perceptual thresholds were 16.8-
and 3.4-times higher than the limits in the ICNIRP guidelines and the IEEE standards.
For uncomfortable excitation thresholds, computed uncomfortable internal thresholds
were 9.9- and 3.8-times higher than the limits in the ICNIRP guidelines and the IEEE
standards. External thresholds were conservative, about 24.3-times higher than the ICNIRP
guidelines and about 5.7-times higher than the IEEE standards, as shown in Figure 7B. The
thresholds for pain myelinated small fibers of 5 µm were about 34 times higher than the
perceptual thresholds. Furthermore, the thresholds for large, myelinated fibers in muscle
tissue were about 5-times higher than the perceptual thresholds. This result confirms that
electromagnetic field strength below the protection levels does not activate the peripheral
nerves. In addition, Figure 7 also shows that threshold variability produced by nerves with
different bending on different positions of the top electric fields also complies with the
conservativeness of the limits.



Int. J. Environ. Res. Public Health 2022, 19, 390 10 of 15Int. J. Environ. Res. Public Health 2022, 18, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 7. Thresholds of (A) internal electric field and (B) external magnetic flux density to activate 
peripheral nerve computed by a multi-scale approach. Comparison with protection levels by IC-
NIRP (reference levels for occupational exposure) and IEEE (exposure reference levels for head and 
torso in restricted environments). 

4. Discussion 
This work investigated the peripheral nerve stimulation threshold by combined 

modeling of electromagnetic dosimetry and the nerve activation model verified with an 

Figure 7. Thresholds of (A) internal electric field and (B) external magnetic flux density to activate
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(reference levels for occupational exposure) and IEEE (exposure reference levels for head and torso in
restricted environments).

4. Discussion

This work investigated the peripheral nerve stimulation threshold by combined mod-
eling of electromagnetic dosimetry and the nerve activation model verified with an experi-
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mental S-D curve for comparison with protection limits in the international guidelines and
standard for frequencies of 300 Hz–1 MHz.

Conservative conditions of peripheral stimulation threshold were considered for
comparison with the protection levels by the international guidelines and standards. We
look into the regions with top-electric fields as a condition for conservative estimation of
external thresholds. Two methods (2 mm cubic averaging and 5 mm linear averaging)
for spatially averaging the internal electric field in the standard and guidelines were
considered to obtain a stable peak estimation [12]. The 2 mm cubic averaging method
specified by ICNIRP seems to be more suitable for considering the collective “network”
effect of interacting nerve cells. For a specific tissue, the 99th percentile value of the electric
field is the relevant value to mitigate maximal values prone to numerical artifacts such as
stair-casing errors in voxel models. The 5 mm IEEE linear averaging method was derived
from the length of the myelinated nerve exposed in the internal electric field because the
nerve excitation seems to be most sensitive to the electric field oriented with the long
axis of the nerve fiber. It does not specify a percentile as the uniform isotropic ellipsoidal
induction model was adopted for deriving the limits. Although the implementations for the
two methods differ, their percentile internal electric fields were not significantly different
from one another. Some differences in the averaged electric fields between using the two
methods mainly exist on the tissue boundary voxels. This is attributable to the difference
in the sets of averaged voxels, as the averaging methods exclude electric field values if the
voxels in the averaging volume/line do not belong to the same tissue. In fact, the difference
in the averaged electric field for the voxels in common for the two methods is marginal [39].
As shown in Figs. 2 and 3, the distributions of the top electric field positions were relatively
consistent in the chest and abdomen areas between the two methods, in line with other
studies that have reported no significant difference between the two methods [40]. We also
observed a few top-electric fields in the crotch and armpit, although that may appear due to
current crossing skin layers that are not applied in current DRLs. In addition, those regions
were not reported as the positions of pain in the experimental measurements [34,39]. We
then investigated the effect of fiber orientation for fibers centered on the top electric field
positions on the chest and abdomen based on the 5 mm linear averaging. We confirmed
that the threshold converged to a median value when considering a minimum pool of
30 fiber, and that presented a variability of 50% due to different levels of bending for the
fiber aligned along the electric field [36]. Marginal variation of the median thresholds (less
than 5%) was observed if the 2 mm cubic averaging method was applied.

The response of the peripheral nerve model was adjusted to reproduce the same
experimental S-D curves in terms of the internal electric field of the selected responses.
In the standard and guidelines, BR and DRLs are for protection against adverse health
effects. In ICNIRP, “the risks come from transient nervous system responses.” In addition,
“ICNIRP notes the relatively narrow margin between peripheral nerve perception and pain
thresholds.” ICNIRP applies a five-fold safety margin for controlled environments and an
additional 2-fold reduction for the public. In the case of IEEE, the dosimetric reference level
is based on peripheral nerve stimulation that agrees with a median reaction threshold that
corresponds to a detectable response. A multiplier factor of 1.45 is considered for painful
stimulation because perception itself is not an adverse effect, in which additional safety
factors of three and nine are applied to body parts in a public and controlled environment.
Notably, ICNIRP does not explain how the reduction factors are obtained, whereas a
rationale is given in the IEEE standard. In this study, the S-D curves corresponded to felt
stimulus and uncomfortable responses. The first one is a strict condition. The second is a
reasonable comparison to the pain threshold considering the multiplier factor observed
in experimental studies (1.3–1.6 times) of pain above perception [41–43] and used in the
IEEE standard. The mammalian peripheral nerve model was based on the CRRSS model
with modified parameters for adjusting the S-D curves. The activation threshold may be
adjusted using different combinations of various parameters related to the ionic channels’
morphology and membrane dynamics [38,44]. For simplicity, we adopted a small parameter
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space for fitting [18], considering that the rheobase depends primarily on the conductance,
whereas the chronaxie depends on the capacitance and sodium conductance [35]. The fiber
corresponding to the median threshold was selected for fitting the space parameter.

As shown in Figure 7, it is confirmed that the peripheral nerve is not activated by
the external electromagnetic field strength specified by ICNIRP and IEEE. Furthermore,
it is confirmed that the protection levels are conservatively defined for the discomfort
threshold. We also noticed that the threshold for perceptual activation is seven times
the protection level in the ICNIRP guidelines, close to the reduction factor of five in the
ICNIRP guidelines for “transient nervous system responses.” The threshold of discomfort
is four times the protection levels in the IEEE, which is also close to the reduction factor
of three defined in IEEE standards for painful stimulation. Indeed, the guidelines and
standards incorporate reasonably large margins of safety as they should be especially
conservative because the safety factors are applied against perception phenomena (e.g.,
electrostimulation and behavioral disruption).

Moreover, evaluating additional myelinated nerve fibers models related to pain per-
ception and muscle proprioception yielded even more conservative results. The threshold
of the myelinated nerve with a thickness of 20 µm, which is assumed to be the largest nerve
in the human body, converged to about 40 V/m at minimum frequency. The electric field
threshold presents similar values to the perception threshold on the muscle for magnetic
stimulation of the Broca’s at 35–42 V/m as [19]. In addition, we found consistency from
rheobase values reported from different exposures, including that used in this work. In
the case of contact currents from electrical stimulation, the rheobase value in terms of the
internal electric field strength was estimated between 66 to 129 V/m using 1.0 µm for
a small fiber during the perception threshold [18]. An adjustment to 20 µm resulted in
approximately between 3.3 V/m and 6.4 V/m, considering that the threshold is inversely
proportional to the diameter. This agrees with reported induced electric field thresholds in
magnetic exposure (2 V/m to 6 V/m) as well [9,34]. Further revision on the agreement of
thresholds from different exposures will contribute to the rationality and harmonization of
the standard and guidelines.

One limitation is the interpretation of the pain threshold for adverse reactions in
experimental results. Although nerve stimulation thresholds based on discomfort and
even perception responses did not violate the protection limits, experimental reports
are encouraged to investigate this systematically in particular individual variations of
electrostimulation threshold. In addition, external electrostimulation thresholds are affected
by many factors, such as body size and posture [45]. From internal electric fields obtained
in available anatomical models (see [46]), it is possible to estimate a small reduction
of the external magnetic field threshold for larger models than TARO model but not
significant to violate the protection limits considering the margins estimated in this study
(10–24 times higher than the standard/guidelines). It is important to mention also that one
significant source of uncertainty is the electrical conductivity (anisotropy, uniformity, age
dependency [47,48]), and further studies are necessary in order to improve the accuracy and
validity of relevant dosimetry studies. Another limitation is that the experiment employed
a gradient coil to investigate the internal electric field threshold. Nevertheless, similar
rheobase values obtained from uniform exposure (6.15 V/m) [49] and a coil encircling the
forearm (5.9 V/m) [8] and intrinsic characteristics of the nerve threshold are reported. This
in part as the gradient coil generates a distribution that resembles uniform exposure in the
front-to-back direction. Finally, the external protection limits described in the international
exposure guidelines and standard assumes that humans standing in free space are exposed
to a uniform field. In addition, there is conservativeness when applying the uniform
magnetic field-based criteria for assessment when considering non-uniform exposure in
practical applications [50,51].
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5. Conclusions

This study investigated peripheral stimulation thresholds using a multi-scale com-
putation based on a human anatomical model during uniform magnetic field exposure
for the first time in the context of revisiting the protection limits of international stan-
dards/guidelines. Computed internal and external field strengths were compared with
the limits indicated on IEEE standard and International Commission on Non-Ionizing
Radiation Protection (ICNIRP) guidelines for human protection in low frequency (300 Hz
to 1 MHz), in which stimulation is attributable to axon electrostimulation. Our results
confirmed the conservativeness of protection limits of the international guidelines and
standards for peripheral stimulation. The results showed a margin factor of 4–6 and
10–24 times between internal and external protection limits of the international guidelines
and standards. The difference between the threshold and the protection limits of the in-
duced electric field was about the same as the reduction factor assumed in the international
guidelines and standards. On the other hand, the difference between the threshold and
the protection limits of the external magnetic field was more than twice as large as that
of the induced electric field. However, it is important to note that the protection limits
incorporate reasonably large margins of safety.
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