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ABSTRACT Permissible limits have been established by international guidelines and standards for human
protection against electromagnetic field exposure to prevent adverse health effects stemming from electros-
timulation in the most sensitive body part. That is the peripheral nervous system (PNS) in the intermediate
frequency range (300 Hz to 100 kHz) and the central nervous system (CNS) at lower frequencies. However,
there is a need to reevaluate protection limits against CNS electrostimulation in the intermediate frequency
range, considering the importance of brain tissues during electromagnetic head exposure. This study aims
to derive the level of CNS cortical stimulation to evaluate compliance with existing protection limits.
To achieve this, a numerical multi-scale model was used to evaluate neuron stimulation thresholds by
integrating individual neurons into realistic anatomical head models. Five different excitable membrane
models within the motor cortex were examined across three human head models, providing the most
comprehensive and extensive evaluation to date. The results show that current protection limits are confirmed
as conservative, with non-compliance observed in only 0.02% and 2.4% of axons under clamped and sealed
boundary conditions, respectively. The study also highlights significant intersubject variability (up to a 600%
mean threshold) and clarifies the influence of neural excitation models on permissible level assessments.
In conclusion, current electric field limits are conservative for CNS electrostimulation in the intermediate
frequency range, but the margin of safety decreases at higher frequencies, warranting further evaluation. The
study’s findings and methodology contribute to the rationale and provide valuable insights for re-evaluating
electromagnetic safety exposure guidelines.

INDEX TERMS Dosimetry, electric field, intermediate frequency, multi-scale modeling, nerve model,
protection limits.

I. INTRODUCTION
International guidelines (ICNIRP [1] and IEEE ICES [2])
aim to prevent adverse health effects from non-ionizing
electromagnetic field exposure by setting [1], [2] expo-
sure limits based on electrostimulation and thermal effects.
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Electrostimulation effects dominate at lower frequencies (up
to 100 kHz for continuous exposure and up to 5–10 MHz
for brief pulse exposures). At higher frequencies, thermal
effects from energy absorption become the primary concern.
Both guidelines apply safety margins, distinguishing between
public (unrestricted) and occupational (restricted) exposure
scenarios.
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Limits are defined for the most sensitive region. For the
intermediate frequency range (∼400Hz in ICNIRP and∼750
Hz to 100 kHz in IEEE), the peripheral nervous system
(PNS) has been adopted as the basis for limits. In the IEEE
standard, the PNS threshold is derived from the electric field
threshold required to stimulate a 20 µm straight axon fiber
model (SENN: spatially extended nonlinear node) in a uni-
form isotropic medium, using Frankenhaeuser-Huxley (FH)
membrane dynamics [3], which is consistent with experimen-
tal thresholds [4]. Central nervous system (CNS) thresholds
are derived using the same nerve modeling criteria as for the
PNS (except that the PNS and CNS axon model diameters
are 20 µm and 10 µm, respectively). CNS safety limits
also consider adverse synaptic effects based on phosphenes
thresholds as a surrogate. In this frequency range, PNS shows
lower activation thresholds than CNS.

However, the assumption of considering the same neural
model for CNS and PNS raises concerns. First, excita-
tion thresholds vary significantly across different membrane
dynamics models [5]. The SENN model relies solely on FH
dynamics, which may not adequately represent CNS neuron
behavior.

Second, neural axons with diameters up to 20 µm have
been reported in CNS structures [6]. Including these larger
fibers would result in lower (less conservative) stimulation
thresholds. Third, the assumption of a uniform, isotropic, and
homogeneous medium oversimplifies the complex anatom-
ical geometry [7]. High conductivity contrasts in the head,
at interfaces such as cerebrospinal fluid (CSF) and gray
matter, can create local electric field hotspots and signifi-
cant spatial gradients. These effects can influence stimulation
beyond the axon terminal mechanism assumed in PNS
models [8]. Finally, individual anatomical differences and
complex nerve trajectories within convoluted gray matter
regions are not accounted for in current standards, which
assume straight axon models [1], [2]. Axonal bends, in par-
ticular, are known to be sites of reduced activation thresholds
and should be considered [3].

These factors highlight the need for more comprehensive
modeling specific to CNS tissue when deriving exposure
limits for electromagnetic safety at intermediate frequen-
cies [8]. In this context, multi-scale simulations that couple
electric field analysis in biological tissues (millimeter scale)
with neuron models (micrometer scale) are necessary [9],
as outlined in the research agenda of IEEE ICES [10]. Like-
wise, ICNIRP recommends conducting excitation modeling
and threshold assessments to refine permissible exposure
levels [11]. Therefore, there is a need to estimate neuronal
activation thresholds under more realistic scenarios [9], [12],
[13], particularly given the limited experimental data avail-
able in the intermediate frequency range [14].

A working group within the IEEE ICES Technical Com-
mittee 95 Subcommittee 6, led by the authors, was established
to explore electrostimulation thresholds in the brain. Initial
efforts evaluated the consistency of the multi-scale computa-
tions and assessed the conservativeness of permissible field

strengths in international guidelines at intermediate frequen-
cies [15]. However, a comprehensive assessment of CNS
stimulation in this frequency range remains lacking.

This study aims to investigate brain cortical stimulation
thresholds, considering various classical neural models and
individual differences in head anatomy, using a multi-scale
computational approach for uniform magnetic field expo-
sure at intermediate frequencies (300 Hz to 100 kHz).
Moreover, the conservativeness of protection limits in inter-
national guidelines is investigated. Importantly, the results
and methodology of this study could contribute to the ratio-
nale and refinement of international safety standards by
providing a more accurate scientific basis for protection and
serving as input for the re-evaluation of the guidelines and the
conservativeness of the limits in the intermediate frequency
exposure guidelines.

II. MODELS AND METHODS
A. HUMAN HEAD MODEL
Three realistic head models (all male, 41 years old, healthy)
were created from freely available magnetic resonance imag-
ing (MRI) data. The head models were voxelized with a
resolution of 0.5 mm and consisted of 12 tissues/body fluids,
as shown in [16].

B. ELECTROMAGNETIC COMPUTATIONAL MODEL
In the context of electrostimulation, the allowable quantity
is estimated from the internal electric field induced within
the exposed individual’s body. At intermediate frequencies,
the magneto-quasistatic approximation applies to the com-
putation of the internal electric field in biological tissues.
The electric and external magnetic fields are decoupled and
treating the exposure to these fields separately is possible.
Also, permittivity can be neglected; only tissue conductivity
is considered, as the displacement currents are more than one
order of magnitude smaller than the conduction currents [17].
Thus, the induced scalar electric potential φ is given by the
following equation:

∇ · σ∇φ = −∇ · σ
∂A
∂t

, (1)

where A and σ denote the magnetic vector potential of the
applied (external) magnetic field and tissue conductivity,
respectively. When (1) is solved, the internal electric field E
is calculated: E = −. ∇φ – jωA0.
Equation (1) was solved numerically by the scalar poten-

tial finite difference method [18]. Tissue conductivities were
assumed linear and isotropic and were determined using the
fourth-order Cole-Cole model [19] at the frequencies corre-
sponding to different exposure scenarios.

C. NEURONAL COMPARTMENT COMPUTATIONAL MODEL
We calculated stimulation thresholds of thick pyramidal
axons extending from the hand motor cortex (Fig. 1A). Stim-
ulation thresholds are identified when the induced electric
field elicits action potentials in the cortical axon models.
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FIGURE 1. (A) Cortical axons are placed on the hand motor area (hand
knob). (B) Cross-section plane showing the distribution of the axons and
local electric fields induced by uniform exposure. The arrow is the
direction of the uniform B-field.

The axon model from [3] is utilized, representing myelinated
axons comprising internodes (segments covered by myelin
sheaths) interspersed with nodes of Ranvier (short segments
with a high ionic channel density) [20]. At the nodes of
Ranvier, the ionic membrane current is formulated based
on five classical models that follow a conductance-based
voltage-gated model. These classical membrane models were
the five earliest Hodgkin-Huxley type models obtained from
patch clamp data. They were chosen for this study, because
they are used frequently in computational neuroscience or
neural engineering studies [21], e.g., for modelling of the
human cochlear nerve and conduction block [ [21], [22]]).
In particular, the Frankenhaeuser-Huxley model (FH) has
been used in the IEEE ICES C95.6 and C95.1 standards [2]
and in the ICNIRP 2010 guideline [10] Tomake the Hodgkin-
Huxley (HH) model compatible with the myelinated axon
model, the nodal conductivity and capacitance values were
scaled, as in [23]. At the internodes, the membrane current
was modelled by the passive conductance multiplied by the
membrane potential.

Neural activation is driven by the extracellular potential
along the axons (Fig. 1B). The extracellular potential is esti-
mated as a local linear integral of the internal electric field
along the axon trajectory (resulting in a ‘‘quasipotential’’,
because the electric field is not conservative in general. The
elicitation of an action potential is considered when the mem-
brane potential is depolarized and exceeds 50 mV, with either
propagation over at least four consecutive nodes of Ranvier in
either direction, or symmetrical propagation in both the ortho-
and antidromic directions over two nodes of Ranvier [5].
Thus, the threshold can be expressed as the required internal
electric field (or external magnetic field strength) to elicit an
action potential.

Two boundary conditions were selected to approximate a
terminating axon without considering other parts of the neu-
ron (soma, axon collaterals, and dendritic tree). The sealed
boundary condition is normally used as boundary conditions
at the terminations of axon collaterals (e.g., [24]). The voltage
clamp boundary condition considers that the axon end does
not exist by assuming a fixed value equal to the resting
potential of the node of Ranvier. This boundary condition is
motivated by the observation that, in reality, there would be

a connection with the soma instead of this termination. Here,
voltage clamp conditions might be a good first approximation
for the axial current running from the axon terminal towards
the soma.

D. EXPOSURE SCENARIOS
We explored the influence of uniform exposure (300 Hz,
1 kHz, 10 kHz, 100 kHz) on neural activation of cortical
axons (using 5 membrane models) embedded in three head
models. We direct a uniform magnetic field (vector potential
A in (1) is defined such that the magnetic field is constant)
from the lateral to medial direction with continuous sinu-
soidal pulses (Figure 1A). We opted for this direction due to
its lower thresholds for the axons projecting from the putative
hand motor area compared to the two other conventional uni-
form magnetic field exposure directions (anterior-posterior
and superior-inferior) [15].

Fast-conducting thickly myelinated pyramidal tract axons
(Betz cell’s axon) were considered for the hand motor area
(20 µm in diameter [6]). An average of approximately ten
thousand neural axons are projected from the hand motor cor-
tex of each headmodel [25], as illustrated in Figure 1B. These
axons traverse the gray-white matter boundary nearly perpen-
dicular, ultimately forming the pyramidal tracts. Considering
the influence of the electric field on axon bending, we inte-
grated the bending of pyramidal cell axons into our model
for axonal projection from the gyral wall and crown. These
axon pathways were situated within the putative hand knob
region of the primary motor cortex, approximately 2.5 mm
beneath the cortical surface. A detailed explanation of how
we generated pyramidal axon models can be found in [25].

E. DATA ANALYSIS
Post-processing techniques are implemented to effectively
mitigate outliers in electric field values inherent when using
voxelized anatomical models, where curved boundaries are
approximated with a stair-step method. The 99th percentile
field strength in the brain cortex is used to mitigate com-
putational artifacts in the standards for scenarios of uniform
exposure [26]. For a specific tissue, the 99th percentile value
of the electric field is the relevant value to be compared with
internal allowable quantities. This quantity is termed dosi-
metric reference limit (DRL) in IEEE and basic restriction
(BR) in ICNIRP. ICNIRP delineates its restrictions based
on two categories: one applicable to the general public and
another to occupational exposure, where the latter permits
higher thresholds (less conservative). Meanwhile, IEEE clas-
sifies exposure scenarios as either restricted or unrestricted
environments.

III. NUMERICAL RESULTS
A. ELECTRIC FIELD DISTRIBUTION AND NEURAL
ACTIVATION
Figure 2 shows activation maps at frequencies from 300 Hz to
100 kHz depicting the electric field threshold for each axon
projecting from the cortical surface of the hand knob. Internal
electric field thresholds are observed to increase at higher
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FIGURE 2. Spatial distribution of cortical activation thresholds at
different frequencies on the hand motor area for one subject (7,358
cortical axons) for FH voltage clamped.

frequencies (a 35 and 8.3-fold increase over the range 300 Hz
to 100 kHz of themean andminimal thresholds, respectively).
Also, despite some variability in the proportion of electri-
cal conductivity among tissues at different frequencies, the
shape of the activation maps remains consistent across the
frequencies investigated. These observations were found to
be consistent across all membrane neural models.

B. PERMISSIBLE FIELD STRENGTH
Figures 3 and 4 show that the stimulation thresholds increase
with frequency, irrespective of the neuronal membrane and
anatomical head models. In Figure 3, the stimulation thresh-
olds of all axons show the conservativeness of all the
protection limits in the clamped terminal condition, except for
0.3% of the CRRSS axons in subject 2 (S2) exhibiting thresh-
olds below the limits at 100 kHz in the restricted environment
(representing only 0.02% of all axons in the clamped condi-
tion at 100 kHz). Figure 4 shows that all axons comply with
the limits for frequencies ranging from 300 Hz to 10 kHz for
the sealed terminal. Also, all axons are compliant at 100 kHz,
except for 4%-18% (CRRSS, S1-S3) and 5% (FH, S2) in the
IEEE restricted environment (representing only 2.4% of all
axons in the sealed condition). Figures 3 and 4 show that
the most conservative limits are presented for lower-end fre-
quencies (300 Hz −1 kHz). In the voltage-clamped terminal
condition, there is a 22.5-fold gap between theminimum axon
threshold and the unrestricted limit at 1 kHz (S2, HH model).
The minimum gap is reduced to 5.2 and 2.3 times at 10 and
100 kHz, respectively. The gap is smaller in the sealed
terminal condition to 10.9 times, 3.1 times, and 1.3 times
at 300 Hz −1 kHz, 10 kHz, and 100 kHz, respectively.
There is also an important difference between the membrane
models. For lower-end frequencies (300 Hz −1 kHz), the
FH and HH models present the minimum thresholds and are
closer to the limits (sealed or clamped terminals). For the
middle frequency (10 kHz), the HH, FH, and CRRSS models
present smaller thresholds. For the end frequency (100 kHz),
FH and CRRSS models present the minimum thresholds.
The SE model shows the highest minimum thresholds for all
frequencies. Threshold computation implemented in sealed
end terminals reduces the threshold compared to clamped
terminals by a factor of 6.7 to 106.

C. INDIVIDUAL DIFFERENCE
Figure 5 compares excitation thresholds among the three head
models across all conditions. The ratios of mean and mini-

FIGURE 3. Excitation thresholds are estimated using the clamped
terminal condition for uniform exposure compared with permissible
internal limits of ICNIRP guidelines and IEEE safety standards. Excitation
thresholds are plotted for 300 Hz, 1 kHz, 10 kHz, and 100 kHz: horizontal
offsets between different subjects and membrane models are added for
visualization. Abbreviations: HH: Hodgkin-Huxley, FH:
Frankenhaeuser-Huxley, CRRSS: Chiu-Ritchie-Rogart-Stagg-Sweeney, SE:
Schwarz-Eikhof, SRB: Schwarz-Reid-Bostock.

FIGURE 4. Excitation thresholds are estimated using a sealed terminal
condition for uniform exposure compared with the permissible internal
limits of ICNIRP guidelines and the IEEE safety standard. Excitation
thresholds are plotted for 300 Hz, 1 kHz, 10 kHz, and 100 kHz: horizontal
offsets between different subjects and membrane models are added for
visualization. Abbreviations: HH: Hodgkin-Huxley, FH:
Frankenhaeuser-Huxley, CRRSS: Chiu-Ritchie-Rogart-Stagg-Sweeney, SE:
Schwarz-Eikhof, SRB: Schwarz-Reid-Bostock.

mum thresholds were calculated with one headmodel serving
as the common reference (e.g., S3/S1 and S2/S1). In voltage-
clamped conditions (Figure 5A), the variations among mean
ratio thresholds range from 0.2 to 1.7, while in sealed condi-
tions (Figure 5B), they range from 0.7 to 2.6. This represents
variations of up to 127% in theminimum threshold among the
head models for a fixed membrane model, as well as bound-
ary condition and frequency. The variation among average
thresholds exceeds that amongminimum thresholds, reaching
up to 600%. We observed a larger intersubject variation of
the mean threshold ratio in the voltage-clamped terminal than
in the sealed terminal boundary condition across different
frequencies and membrane models (a 3.6-fold increase in
variation on average between both boundary conditions).
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FIGURE 5. Ratio of threshold variations among three head models using
one as common reference (S1) for (a) clamped and (b) sealed terminal
conditions.

IV. DISCUSSION
This study examined CNS thresholds using axonal mod-
els projecting from the brain cortex to evaluate compliance
with international electromagnetic exposure guidelines. IEEE
Std C95.1-2019 specifies ERLs for whole-body exposure
to prevent exceeding a DRL in the most sensitive regions.
This corresponds to the PNS in the intermediate frequency.
However, given the importance of CNS protection, it is nec-
essary to revisit protection limits in this frequency range by
incorporating axonal trajectories, anatomically realistic head
models, and detailed membrane dynamics. Applying recent
methodologies to investigate CNS thresholds will enhance
the scientific basis of these standards and improve under-
standing of CNS exposure limits.

A. CONSERVATIVENESS
Conservativeness is investigated by considering various sce-
narios: five membrane models, an average of approximately
ten thousand axonal fibers per head model, three head mod-
els, terminal conditions (sealed end or voltage clamped), and
four frequencies (0.3, 1, 10, and 100 kHz). In total, we con-
ducted more than 1.2 million exposure scenarios to evaluate
the conservativeness of the limits. For the general public
(unrestricted environment), conservativeness was confirmed
for the ICNIRP and IEEE limits in all conditions. For occupa-
tional exposure (restricted environment), a marginal number
of axons (0.02% among all voltage clamp boundary condition
simulations) did not comply with the limits at 100 kHz.
More non-compliant axons (2.4% among all conditions) were
observed at the restricted environment levels at 100 kHz for
sealed terminals.

B. TERMINAL BOUNDARY CONDITIONS
The selection of the terminal boundary conditions influenced
the stimulation threshold. Sealed ends reduced the thresh-
old compared to voltage-clamped conditions by a factor of

approximately 5 to 100. Voltage-clamped axons are gener-
ally more difficult to excite, making sealed terminals more
conservative for challenging the limits. However, cortical
stimulation thresholds under clamped terminal conditions at
1 kHz are closer to the 50 V/m threshold (the lower tol-
erance interval of the active motor threshold) observed in
transcranial magnetic stimulation than those under sealed
terminals [12]. This suggests that voltage-clamped conditions
better reflect a realistic scenario. It is important to note that
we used a conservative assumption of large fiber thickness
(20 µm diameter). For more common values of 1-5 µm [24],
the thresholds are expected to increase by one to two orders
of magnitude. Under these conditions, sealed ends may align
more closely with experimentally observed thresholds, such
as in a multi-scale modeling study of transcranial magnetic
stimulation that used Blue Brain Project neural cells [24].
In this context, sealed thresholds would approach those of
clamped conditions for a 20 µm fiber [27]. Thus, voltage-
clamped conditions remain suitable for comparison with
protection limits. In the case of ICNIRP, BRs apply a five-fold
safety margin for occupational environments and a 10-fold
reduction for the general public. In the case of IEEE, the
DRLs apply safety factors of three for unrestricted environ-
ments and nine for restricted environments in the frequency
range investigated in this study. Mean thresholds complied
with the margins in all conditions. In the case of minimum
thresholds, the margin was reduced at higher frequencies.
The margins are satisfied with the minimum estimated cor-
tical thresholds except at 100 kHz, where the limits of the
restricted environment were near the minimum thresholds.

C. LIMITATIONS AND FUTURE WORK
First, an important consideration is that the excitation thresh-
old strongly depends on how neuronal excitation is defined,
especially at higher frequencies. The action potential is
defined as depolarization over VT = 50 mV and imposed
conditions on action potential propagation over consecutive
nodes of Ranvier. Varying depolarization threshold VT or
AP propagation conditions is expected to change the exci-
tation thresholds. At higher frequencies, the typical action
potential shape can be lost by fast membrane voltage oscilla-
tions occurring simultaneously at subsequent nodes. If these
oscillation amplitudes are sufficient, they are considered
action potentials under our conditions, potentially causing
false positives. Proper identification of these could reduce
non-compliant axons. Also, the gap between current expo-
sure guidelines and obtained electro-stimulation thresholds
is small in the high-frequency band, and sensitivity analysis
of electrostimulation thresholds should also be considered.
Second, as in the rationale for the safety guidelines/standard,
we used neuronal excitation of an axon model constrained
by boundary conditions to assess the conservativeness of
safety guidelines. However, subthreshold electromagnetic
fields below the action potential threshold are still capable
of altering brain function [28]. Furthermore, morphologically

VOLUME 13, 2025 124959



J. Gomez-Tames et al.: Numerical Study on Human Brain Cortical Electrostimulation Assessment

realistic models of human cortical cells, incorporating soma,
dendritic trees, and axon collaterals, could enhance simula-
tion accuracy. Future work should clarify subthreshold effects
and the role of morphological realism in safety assessments.
A source of uncertainty arises from electric conductiv-
ity variations (anisotropy, uniformity, and age dependency)
[29], [30]. Third, this study highlights the importance of
considering various head models because of the signifi-
cant intersubject variability observed in three head models
(Fig. 5). Future research should explore larger datasets and
improved volume conductor models, such as diffusion tensor
imaging and MRI-based anisotropic conductivities, for more
accurate assessments of safety guideline conservativeness.
Fourth, this study employed a uniform magnetic exposure
scenario, which is consistent with conservative exposure
assumptions used in international safety guidelines, which is
considered the worst-case scenario. However, it is necessary
to confirm whether uniform exposure can still be regarded as
the worst-case scenario when using anatomical body models.
In real-world settings, magnetic fields are often spatially non-
uniform, leading to local variations in the induced electric
fields and potentially different neural activation patterns and
thresholds. Such exposure scenarios should also be con-
sidered to evaluate conservativeness. While such cases are
beyond the scope of this study, our methodology could
be extended to assess those configurations in future work.
Finally, while electrophysiological data for direct validation
of the numerical simulations remain limited, generating such
data represents an important next step in refining this model-
ing approach.

V. CONCLUSION
We determined that the electric field limits established in both
guidelines are conservative with the internal electric field
needed for CNS stimulation in the intermediate frequency
range, although the margin of conservativeness is reduced
at higher frequencies when considering the strictest evalua-
tions. For example, for voltage clamp conditions we observed
22.5-fold and 2.3-fold gaps between the lowest threshold
and the unrestricted environment ICES guidelines at low-end
(300 Hz – 1 kHz) and high-end (10 kHz - 100 kHz) fre-
quencies, respectively. An extensive comparison considering
more than 1.2 million scenarios from different nerve models,
implementations, and head models provides a rationale for
basing protection against adverse effects on PNS electros-
timulation at intermediate frequencies. Future studies should
revise the effects of higher frequencies that may affect the
definition of stimulation thresholds that tend to be more com-
promised under the current results. Importantly, the results
and methodology of this study could potentially contribute
to the rationale and serve as input for the re-evaluation or
updates of the intermediate frequency exposure guidelines.
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