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ABSTRACT International exposure standard/guidelines establish limits for external electromagnetic field
strengths. At low frequencies, these maximum allowable exposure levels are derived from the limits defined
for internal electric field strengths which have been set to avoid adverse health effects. In the IEEE
International Committee on Electromagnetic Safety standard, the relationship between internal and external
fields was obtained through homogeneous elliptical models without considering the dielectric properties
of tissues. However, the International Commission on Non-Ionizing Radiation Protection guidelines were
established using computational dosimetry on realistic anatomical models. In this case, variability in the
electrical conductivity of the tissues represents a major source of uncertainty when deriving allowable
external field strengths. Here we characterized this uncertainty by studying the effect of different tissue
conductivity values on the variability of the peak electric field strengths induced in the brain of twenty-
five individuals exposed to uniform magnetic fields at 50 Hz. Results showed that the maximum electric
field strengths computed with new estimations of brain tissue conductivities were significantly lower than
those obtained with commonly used values in low-frequency dosimetry. The lower strengths were due to the
new brain conductivity values being considerably higher than those usually adopted in dosimetry modeling
studies. A sensitivity analysis also revealed that variations in the electrical conductivities of the grey and
white matter had a major effect on the peak electric field strengths in the brain. Our findings are intended to
lessen dosimetric uncertainty in the evaluation of the electric field strengths due to electrical properties of
the biological tissues.

INDEX TERMS Anatomical head models, dosimetry, electromagnetic field exposure, induced electric field,

low frequency, tissue conductivity.

I. INTRODUCTION

Safety limits have been established by the International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP) [1]
and the Institute of Electrical and Electronics Engineers
International Committee on Electromagnetic Safety (IEEE
ICES) [2], [3] to protect individuals against adverse health
effects that might arise from human exposure to low-
frequency (LF) electromagnetic fields. The LF range is
defined as the interval of frequencies lower than 10 MHz in
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the ICNIRP guidelines [1], and below 5 MHz in the IEEE
standard [2]. In addition, the World Health Organization [4]
further divides the LF interval into extremely low-frequency
range (ELF, from 0 Hz to 300 Hz), and intermediate fre-
quency range (IF, from 300 Hz to 10 MHz). In this context,
the exposure limits are intended to limit the electric field
strength induced by LF time varying electromagnetic fields,
which can alter the synaptic activity at ELF or excite nerve
and muscle cells at IF [1], [2]. To avoid these adverse health
effects, both standard/guidelines established exposure limits
termed as basic restrictions [1] or dosimetric reference lim-
its [2], [3], which are expressed in terms of induced electric
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field strength. However, direct measurements of the induced
electric field in the human body are not feasible. For this
reason, the ICNIRP guidelines and IEEE standard introduced
easier dosimetric quantities to measure, namely the reference
levels [1] or exposure reference levels [3]. Compliance with
the (exposure) reference levels should guarantee that the
induced electric fields satisfy the basic restrictions/dosimetric
reference limits.

In the ICNIRP guidelines [1], the basic restrictions were
derived from published data based on thresholds for the
induction of magnetic phosphenes and peripheral nerve stim-
ulation [5]. The reference levels were obtained from the
basic restrictions through dosimetry modeling by means of a
male and female realistic anatomical models [6], [7]. Uncer-
tainty in computational modeling and variability among the
population were taken into account by applying a reduction
factor of 3 when deriving the reference levels from the basic
restrictions. In the IEEE standard [2], [3], reduction factors
were instead applied directly to the dosimetric reference
limits, which were derived from threshold data of magne-
tophosphenes [9], [10] and peripheral nerve stimulation using
an excitation model [11]. The exposure reference levels were
then obtained using homogeneous elliptical models [2], [3].

As the reference levels were obtained from the basic
restrictions using anatomical models, one of the most impor-
tant source of uncertainty is represented by the estima-
tion of the tissue electrical conductivities. A recent ICNIRP
knowledge gap document [14] highlighted the necessity of
further characterizing this uncertainty, and called for new
studies focused on measuring the tissue conductivities. In the
LF range, most of the dosimetric investigations [12], [13],
[15]-[18] used the values employed by Dimbylow in two
studies that were used as a basis for developing the ICNIRP
guidelines [6], [7]. This set of electrical conductivities
was derived from a list of values for frequency below
100 Hz, which was published in a technical report released
by Gabriel [19] after a series of investigations in the
field [20]-[22]. Other works [5], [23] assigned the conduc-
tivity values based on a 4-Cole-Cole dispersion model meant
for higher frequencies [22], which was also included in the
technical report [19]. Herein, we investigated whether these
two data sets produced significantly different electric field
strengths in the brain.

Most of the conductivity values in Gabriel’s investiga-
tions were derived from measurements on excised and post-
mortem tissues. However, these samples are characterized by
a different electrolyte concentration in respect to live tissues,
which might affect the estimation of electrical conductiv-
ity [24], [25]. In this context, higher conductivity values than
those reported in [6] and [22] were obtained for the white
and grey matter following in vivo measurements during brain
surgery [26]. New advanced non-invasive methods based on
in vivo measurements, such as electrical impedance tomog-
raphy (EIT) and Magnetic Resonance EIT (MREIT), seem
to confirm higher electrical conductivity values for brain
tissues [27]. An extensive meta-analysis review of the latest
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papers on human head electrical conductivities was recently
conducted in [27], which showed higher values than those
widely used in low-frequency dosimetry.

Hence the aim of this research was to characterize the
effect of uncertainty in tissue properties on the electric field
strengths induced in the brain. Twenty-five high-resolution
head models were generated from magnetic resonance (MR)
images. Electrical conductivities were then assigned to the
tissues based on the values reported in three investigations,
namely Dimbylow [6], Gabriel [22] and McCann [27]. The
head models were exposed to uniform magnetic fields at
50 Hz along three different orthogonal directions (anterior-
posterior, top-to-bottom and lateral). We selected the fre-
quency of 50 Hz as it corresponds to the European power
line frequency, and therefore it represents a common real-life
exposure scenario. For this reason, most of the investigations
in this field of research considered a frequency of 50 Hz [5],
[6], [8], [16], [23], [29]. Please note that the conductivity
ratios of the head tissues do not vary significantly up to
frequencies of 100 kHz [28]. Therefore, the results obtained
in the present study could be scaled within this frequency
range [29]. Numerical calculations were performed with the
purpose of estimating the variability of the calculated electric
field strengths due to the uncertainty in the electrical conduc-
tivity of the tissues. In addition, a sensitivity analysis was
conducted to evaluate which head tissue is mainly affected
by electrical conductivity uncertainty when estimating the
electric field strengths induced in the brain.

Il. MATERIALS AND METHODS

A. PARTICIPANTS AND IMAGING METHODS

This investigation considered twenty-five participants who
were recruited in a previous study [18]. The participants
consisted of 12 males and 13 females (mean age + stan-
dard deviation: 30 £ 6 years), who were scanned using a
3 T Magnetic Resonance Imaging (MRI) system (Magne-
tom Skyra; Siemens, Ltd., Erlangen, Germany) to obtain
structural T1- and T2-weighted images. The Magnetization
Prepared Rapid Acquisition in Gradient Echo (MPRAGE)
sequence was used to acquire the structural T1-weighted
images (TR = 2530 ms, TE = 3.3 ms, TI = 1100 ms,
FA = 7°, FOV = 256 mm, voxel size = 1 x 1 x 1 mm,
slice number = 176). For each participant, T2-weighted
images were also obtained (TR = 3200 ms, TE = 412 ms,
FA = 120°, FOV = 256 mm, voxel size = 1 x 1 x 1 mm,
slice number = 176).

B. HUMAN MODELS

FreeSurfer [30], [31] was used to process the structural
T1-weighted images to segment the brain tissues. A semi-
automatic procedure [32] was employed to improve the seg-
mentation of the subcortical structures. In addition, our in-
house segmentation pipeline processed T1- and T2-weighted
images to segment the other non-brain tissues, i.e., skin, skull
and cerebrospinal fluid (CSF). The segmented head models
were then voxelized using cubic elements with a resolution
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TABLE 1. Electrical conductivities (S/m) of the tissues at 50 Hz, and their
ratio for the main tissues of the head (CSF:GM, GM:WM).

Tissue Gabriel Dimbylow  McCann
GM 0.08 0.10 0.47
WM 0.05 0.06 0.22
Cerebellar GM 0.10 0.10 0.54
Cerebellar WM 0.05 0.06 0.22
CSF 2.00 2.00 1.71
Brainstem 0.05 0.06 0.22
Compact bone 0.02 0.02 0.005
Spongy bone 0.08 0.07 0.05
Fat 0.045 0.04 0.06
Skin 4.5 x 1074 0.10 0.41
Muscle 0.24 0.35 0.32
Dura 0.50 0.50 0.46
Blood 0.70 0.70 0.57
CSF:GM 25 20 3.6
GM:WM 1.6 1.7 2.1

of 0.5 mm. Subsequently, we assigned to each voxel an
electrical conductivity based on the values tabulated in three
studies, which will be referred from now on as Gabriel [22],
Dimbylow [6] and McCann [27] data sets. Table 1 shows the
conductivities of the head tissues derived from these inves-
tigations. Please note that in the frequency range, the total
conductivity ¢* is the complex quantity c* = o + jwe,
where w is the angular frequency, and o and ¢ are the electri-
cal conductivity and permittivity of the tissues, respectively.
However, at low-frequencies, biological tissues can be con-
sidered purely resistive as the conductivity o exceeds the
permittivity € by several orders of magnitude [33]. Therefore,
the displacement current can be neglected, i.e., jwe < o [33].

C. EXPOSURE SCENARIOS

Exposure of the anatomically realistic head models to spa-
tially uniform magnetic fields was considered, as it represents
the reference exposure scenario for both ICNIRP [1] and
IEEE [2], [3]. As shown in Fig. 1, three different magnetic
field directions were investigated: top-bottom (TOP), left-
right (LAT), and antero-posterior (AP). The homogeneous
magnetic flux density (Bg) at 50 Hz was set to be equal
to the the reference level defined by ICNIRP guidelines
for occupational exposure (1 mT). This allowed to directly
compare our results with those used as a basis to develop
the ICNIRP guidelines [6]. In addition, the incident mag-
netic field directions (TOP, LAT and AP) were aligned with
the anatomical axes of each individual using a previously
described procedure [18].

D. ELECTRIC FIELD MODELING
The total induced electric field E can be expressed as the sum
of primary (E1) and secondary (E;) electric fields as follows:

E=E +E = —V¢ + joA, (1

where A is the magnetic vector potential and ¢ is the elec-
tric scalar potential. In the low-frequency range, the electro-
magnetic wavelength is much larger than the dimension of
the human head (~6000 km at 50 Hz). As a consequence,
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AP LAT TOP

FIGURE 1. Exposure of the brain to spatially uniform magnetic fields
directed along AP, LAT and TOP directions.

the time for the applied magnetic field to propagate in the
head can be considered negligible. Therefore, the quasi-static
approximation holds [33]. Under this assumption, the pri-
mary field E; = jwA is due solely to the changing in
the incident magnetic flux density By. In the head model,
the total electric field E generates a current density J =
o E, which produces an uneven distribution of charges at the
interfaces of tissues with different conductivities, resulting in
the secondary field E; = —V¢. The latter depends solely
on the contrast in the electrical conductivity of two adjacent
tissues, and it is proportional to the magnitude of the normal
component of the primary electric field [35], [36]. As aresult,
the electric field is enhanced in the low conductivity tissue
and reduced in the high conductivity region [37]. This effect is
maximum when the applied electric field is orthogonal to the
interface, and for large contrast in the electrical conductivity
values. Depending on these factors, electric field hot spots
can be observed at the interfaces of tissues with different
conductivities. It follows that the distribution of the electric
field strengths strongly depends on the electrical conductivity
values.

E. FINITE ELEMENT METHOD

Under the quasi-static approximation [33], the scalar poten-
tial ¢ induced by the external magnetic field satisfies:

V.-oVp =joV-cA inQ

. 2
n- (Vo —jwA)=0 onaQ,

where €2 is the domain of the solution (i.e., the head model),
02 the boundary of €2, and n the normal vector of the surface
0€2. For spatially uniform applied magnetic fields, the rela-
tionship between A and Bg can be expressed by:

JoA(r) = J;Bo X T 3)

where r is the displacement vector from the direction of
By. Thus, the magnetic vector potential A was calculated
analytically through (3). Then, to numerically determine ¢,
(2) was solved using the finite-element method (FEM) with
trilinear node-based basis functions in cubical elements [34].
Our solver was implemented in Matlab (MathWorks Inc.,
Natick, MA) and C programming language. The matrix
equation resulting from discretization was solved itera-
tively using the geometric multigrid method with successive
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over-relaxation [34]. The iteration stopped when a residual
norm lower than 10~° was reached. Once ¢ was determined
at the vertices of the cubical grid, the total induced electric
field was finally calculated from (1). Numerical simulations
were performed for each participant and for each conductivity
data set.

F. POST-PROCESSING OF ELECTRIC FIELD DATA

The induced electric field was computed in the following
brain tissues: cerebral grey matter (GM), nuclei (includ-
ing various deep grey matter structures), cerebral white
matter (WM), cerebellar GM, cerebellar WM, brainstem
and eyes (approximating the retina). We also calculated
the electric fields in the other non-brain tissues, such as
skin, skull and CSF. Averaging was then performed over
2 x 2 x 2 mm? cubes [1]. Voxels having an averaging vol-
ume extending beyond the boundary of the tissues were not
considered [1]. To remove the effect of numerical artifacts
(i.e., staircasing approximation error), the 99th percentile
of the ICNIRP-averaged electric field was calculated for
each tissue compartment [1]. As done in previous investi-
gations [6], [18], the maximum electric field strength in the
brain was calculated as the highest 99th percentile value
over all the central nervous system (CNS) tissues (Eqgg). For
completeness, we also derived the 99.9th, 99.99th percentiles
together with the highest value (100th percentile) of the
ICNIRP-averaged electric fields induced in the main tissues
of the head. However, these results will be provided in a
separate section (Appendix A), as in the following analysis
we will only refer to the Egg values. Please note that IEEE
recommends averaging the induced electric field over an arbi-
trarily oriented segment of 5 mm length [2], [3], which does
not differ significantly from the averaging scheme defined by
ICNIRP [49].

G. STATISTICAL ANALYSIS

The Eg9 values were statistically analyzed using the open-
source programming language R (version 3.6.2). For each
exposure scenario, a Welch’s ANOVA test was performed to
check whether there was statistically significant difference
between the means of the Egg values among the different
conductivity data sets. To compare the means we used a F-test
with a level of statistical significance of 0.05. Games-Howell
post-hoc test was then performed to compare the average Egg
values for all the possible combinations of the conductivity
data sets.

H. SENSITIVITY ANALYSIS

A sensitivity analysis was performed to determine how the
changes in the electrical conductivity of the head tissues
affected the Egg values. For each data set and exposure sce-
nario, we varied the conductivity of one tissue at a time, while
keeping the others to their baseline value. The range of con-
ductivity variation for each head tissue was approximately set
from the minimum to the maximum value across all the data

222300

TABLE 2. Statistical data of the highest 99th percentile of the
ICNIRP-averaged electric fields over all the brain tissues (mvV m~1)
derived for each conductivity data set, along with the mean value and
standard deviation with the corresponding 95% confidence interval in
brackets extracted from the normal distributions. Minimum and
maximum values are also reported.

Gabriel data set

AP LAT TOP
Minimum 16.6 18.2 16.0
Mean [CI] 18.4[17.9,189] 20.8[20.1,21.5] 17.9[17.4,18.3]
SD [CI] 1.2 0.9, 1.6] 1.7[1.3,2.3] 1.0[0.8, 1.4]
Maximum 20.8 25.6 19.7
Dimbylow data set
AP LAT TOP
Minimum 16.6 19.6 15.4
Mean [CI] 18.2[17.7,18.7] 22.0[21.3,22.7] 17.2[16.8, 17.6]
SD [CI] 1.2 109, 1.7] 1.7[1.3,2.4] 1.0[0.8, 1.4]
Maximum 21.0 26.3 18.9
McCann data set
AP LAT TOP
Minimum 134 14.0 13.9
Mean [CI] 14.3[14.0,14.6] 15.5[15.1,15.7] 15.2[14.9, 15.5]
SD [CI] 0.7 [0.6, 1.0] 0.8 [0.6, 1.1] 0.7 [0.6, 1.0]
Maximum 16.2 16.8 16.7

sets (Table 1). At each conductivity increase, the Egg value
was calculated and then averaged across the participants.

IIl. RESULTS

Fig. 2 shows a comparison between the induced electric field
distributions in each of the different data sets for a repre-
sentative voxelized head model. The results were derived for
uniform magnetic field (1 mT) exposure at 50 Hz in the AP,
LAT and TOP directions. Electric field maps showing the
differences in the results are also reported. By visual inspec-
tion, it is clear that Gabriel and Dimbylow data sets provided
analogous electric field distributions, given their electrical
conductivities being rather similar. However, the conductiv-
ity values were notably different in the McCann data set,
which indeed produced considerably dissimilar induced elec-
tric fields.

Box-plots in Fig. 3 provide the variability among the indi-
viduals of the Eg9 values for each data set, together with
pie-charts representing the percentage of tissues where these
highest strengths were found.

For each exposure direction and within each conductivity
data set, the variability of the Egg values followed a normal
distribution, according to Shapiro normality test (p > 0.05).
For each distribution, we determined the mean value across
the participants and the standard deviation (SD), together
with the 95% confidence interval (CI). Results are shown
in Table 2, which also includes the minimum and maximum
values of the distributions. Welch’s ANOVA test revealed a
statistically significant difference between the Egg mean val-
ues derived for each data set in the case of TOP [F(2,47) =
63.2,p = 5 x 1071%], LAT [F(2,41.3) = 221.5,p = 2 x
10716], and AP [F(2,45.3) = 161.5, p = 2 x 1071%] expo-
sures. Post-hoc pairwise comparisons was also performed to
asses which pairs of means were significantly different from
each other. Results are included in the box-plots of Fig. 3.
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FIGURE 2. Electric field strengths induced in the brain of a representative participant for three
different conductivity data sets (Gabriel, Dimbylow and McCann). Relative differences in the results
are also shown. The magnetic flux density was set to be equal to the reference level for ICNIRP
occupational exposure (1 mT), and directed along three different directions (TOP, LAT and AP).

Overall, the McCann data set produced statistically lower
Eog values (Fig. 3) due to its higher conductivities of the brain
tissues (i.e., GM and WM) compared to the ones of Gabriel
and Dimbylow. The peak strengths always occurred in the
WM, where the induced electric field was enhanced by the
GM/WM conductivity ratio being the highest among the data
sets (see Appendix A).

No significant differences were found between the Gabriel
and Dimbylow data sets, except for the LAT exposure where
the former gave slightly higher Egg values due to the stronger
intensities produced posteriorly in the cerebellar GM (see
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Appendix A). Despite statistical significance, this difference
was only 1.2 [0.02,2.34] mV m™ ! In this context, the highest
Eog values were always observed when the magnetic flux
density was oriented in the lateral direction (Fig. 3), due
to the larger cross-section area in the sagittal plane of the
head [17]. Moreover, the LAT exposure mainly involved
posterior regions of the brain (Fig. 3). In the Gabriel and
Dimbylow data sets, this explains why the cerebellar GM was
found to be the tissue characterized by the highest strengths
most of times. For the other exposure scenarios, the Gabriel
data set resulted in having the maximum strengths always in
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FIGURE 3. The boxplots show the variation of the Eqg values among the
individuals for the different exposure scenarios and the electrical
conductivity data sets. The pie-charts indicate the percentage of brain
tissues exhibiting the maximum electric field strengths. In addition,

the boxplots contain the results from the Games-Howell post-hoc test,
that was used to identify which differences between pairs of means were
significant.

the GM (Fig. 3), given the combination of its high CSF/GM
conductivity ratio and low GM/WM conductivity ratio that
enhanced the electric fields in the GM. On the other hand,
the Dimbylow data set had a lower CSF/GM conductivity
ratio, which reduced the strengths in the GM, and by a
higher GM/WM conductivity ratio, which instead enhanced
the strengths in the WM (see Appendix A). For this reason,
the Dimbylow data set resulted in having also the WM as
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the compartment characterized by the highest electric field
strengths (Fig. 3).

A. SENSITIVITY ANALYSIS

In the following sections, we present the results obtained
when studying how the Egg values were affected by changes
in the electrical conductivity of the head tissues. This analysis
was carried out by varying the electrical conductivity of one
tissue at a time while keeping the others to their baseline val-
ues. Results were averaged across all the participants. To have
a better insight regarding the trend of the sensitivity curves,
Appendix B provides the 99th percentile electric fields calcu-
lated separately in the main brain tissues, including the CSF.
As the LAT direction gave the highest electric field strengths,
we focused the sensitivity analysis mainly on this exposure
scenario.

1) EFFECT OF GM CONDUCTIVITY

Fig. 4 (a) shows the variation of the Egg values as a function of
the GM conductivity, which was varied in each data set from
0.07 S/m to 0.47 S/m. As revealed in Fig. 7 of Appendix B,
the electric field strengths decreased in the GM and increased
in all the other compartments as the GM conductivity was
augmented.

Considering the McCann data set, for rather small values
of the GM conductivity, the induced electric field strengths
in the GM were the highest (Fig. 7 of Appendix B). This
followed from the GM being surrounded by two tissues with
higher conductivity (i.e., WM and CSF), that enhanced the
field intensities in the GM. However, as the GM conductivity
increased, the higher conductivity ratio GM/WM produced
weaker fields in the GM and stronger fields in the WM. As a
result, at some point the electric field strengths in the WM
became higher than that of the GM. Therefore, the Eqg values
first lowered for the effect of the GM which experienced
decreasing fields, and then they rose due to the increasing
strengths in the WM (Fig. 4 (a)).

For the considered range of GM conductivity, the initial
decreasing phase was not observed in the Gabriel and Dimby-
low data sets due to the high intensities produced posteriorly
in the cerebellar GM (Fig. 7 of Appendix B).

2) EFFECT OF WM CONDUCTIVITY
Fig. 4 (b) provides the variations of the Egg9 values when
the WM and cerebellar WM conductivities were varied from
0.05 S/m to 0.265 S/m. In the McCann data set, the WM
conductivity always remained much smaller than that of the
other tissues. This produced the highest strengths in the WM,
which decreased as the WM conductivity increased (Fig. 7 of
Appendix B). As a consequence, the Egg values followed the
decreasing changes in the electric field strengths induced in
the WM (Fig. 4 (b)).

For the other data sets, the WM conductivity started
exceeding that of the other brain tissues at the very beginning
of the conductivity interval. As a result, an overall rise in the
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FIGURE 4. The highest 99th percentile values of the ICNIRP-averaged electric fields over all the brain tissues as a function of the
conductivity of (a) GM, (b) WM, (c) cerebellar GM, (d) CSF, (e) spongy bone, (f) compact bone and (g) skin. Results were derived for the LAT

exposure scenario, and data were averaged across the individuals.

Eogg values was observed due to the increasing strengths in the
cerebellar GM (Fig. 7 of Appendix B).

3) EFFECT OF CEREBELLAR GM

Fig. 4 (c) reports the Egg values determined when the cere-
bellar GM conductivity was varied from 0.1 S/m to 0.66 S/m.
As the LAT exposure produced the highest electric fields
posteriorly to the brain, the electric field strengths in the
cerebellar GM resulted to be rather high, especially when
its conductivity was small compared to the one of the other
compartments. As the conductivity was increased, the field
strengths decreased in the cerebellar GM, whereas they
increased in the GM and the WM, the latter experiencing
the highest strengths (Fig. 7 of Appendix B). Therefore, the
Eog9 values first lowered for the decreasing strengths in the
cerebellar GM, and then they rose due to the increasing
strengths in the WM.

4) EFFECT OF CSF

The conductivity of the CSF was quite consistent among
the investigations, therefore its change from 1.71 S/m to
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2 S/m resulted in a steady and modest increase in the Egg
values (Fig. 4 (d)). In the McCann data set, this augmentation
followed the changes in the WM, which experienced the
highest strengths due to its lowest conductivity value (Fig. 7
of Appendix B). In the other data sets, the changes in the Egg
values were mainly due to the increasing strengths produced
in the cerebellar GM.

5) EFFECT OF SPONGY BONE AND COMPACT BONE

As in the case of the CSF, the conductivity of the spongy bone
did not vary considerably among the data sets. Therefore, its
change from 0.05 S/m to 0.08 S/m did not affect significantly
the Egg values (Fig. 4 (e)). However, a steady increase was
observed when the compact bone conductivity was varied
from 0.005 S/m to 0.02 S/m (Fig. 4 (f)). As shown in Fig. 7
of Appendix B, the Egg values followed the changes in the
increasing strengths induced in the cerebellar GM (Gabriel
and Dimbylow data sets) and in the WM (McCann data set).

6) EFFECT OF SKIN
The electrical conductivity of the skin was varied from
0.00045 S/m to 0.41 S/m. In the McCann data set, these
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FIGURE 5. Range bar plots showing the variation between the minimum and maximum electric field strengths derived from
the sensitivity curves. Vertical lines represent the average peak strengths obtained with the baseline conductivity values.

changes produced a rather small increase in the Egg val-
ues (Fig. 4 (g)) due to variations in the WM (Fig. 7 of
Appendix B). A weak increase was also observed in the
Gabriel and Dimbylow data sets, produced by the changes
in the cerebellar GM (Fig. 7 of Appendix B).

IV. DISCUSSION
This study extensively investigated the effect of the uncer-

tainty in the electrical conductivity of the head tissues on the
electric field strengths induced in the brain of twenty-five
individuals who were exposed to spatially uniform magnetic
fields at 50 Hz. The incident fields were set to be equal to
the ICNIRP reference level for occupational exposure (1 mT)
and directed along the LAT, AP and TOP directions. The
electric fields were computed by assigning three different
conductivity values to the head tissues based on the studies
of Dimbylow [6], Gabriel [22] and McCann [27]. The overall
maximum strengths in the brain (Egg values) were then eval-
uated as the highest 99th percentile value among the brain
tissues of the electric fields averaged over 2 x 2 x 2 mm?
cubes [1]. For the sake of clarity, Appendix A includes the
99.9th, 99.99th, and 100th percentile values calculated in
the main tissues of the head. An additional analysis was
also conducted to study the sensitivity of the Egg values to
electrical conductivity variations. To our knowledge, this is
the first study of its kind for spatially uniform magnetic fields
at 50 Hz, although several researches were conducted in the
case of non-invasive brain stimulation for a limited number of
spherical [35] and realistic head models [38], [39]. Our intent
was to characterize how the uncertainty in tissue properties
affect the electric strengths induced in the brain, with the
purpose of providing quantitative data useful for the revision
of the human exposure guidelines to electromagnetic fields at
low frequencies.

Based on an extensive review of the latest research con-
cerning human head tissue properties, McCann [27] esti-
mated higher values of electrical conductivities for the brain
tissues than those commonly employed in the low-frequency
range [6], [22]. This had a major effect on the numerical
results: the higher the electrical conductivities of the brain
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tissues, the lower the induced electric field strengths in the
brain (Fig. 3). In particular, the McCann data set produced
an average peak strength of 15.5 + 0.8 mV m~! for LAT
exposure, which was found to be significantly lower than
the ones produced by Gabriel (20.8 + 1.7 mV m~!) and
Dimbylow (22.0 + 1.7 mV m~!) data sets. Significantly
lower peak electric fields were also found for the other
exposure scenarios (Table 2). No statistically significant dif-
ference was observed between Gabriel and Dimbylow, with
the only exception for LAT exposure where they differ only
of 1.20.02,2.34] mV m~.

Please note that the present investigation considered a lim-
ited number of twenty-five participants. However, the rather
narrow confidence intervals provided in Table 2 suggest that
the considered sample size is adequate to represent a larger
population. In this context, the results derived here using
the Dimbylow data set are in good accordance with a recent
study which recruited a larger population consisting of 118
individuals [18].

To easily compare our results with the limits defined by the
safety standard/guidelines, Table 3 reports the obtained aver-
age induced electric field strengths divided by the ICNIRP
and IEEE exposure factors, i.e., the ratio between the basic
restriction/dosimetric reference limit and the corresponding
(exposure) reference level. Values higher than 1 indicate that
the limits are exceeded. As shown in Table 3, for each expo-
sure scenario and conductivity data set, the average induced
electric field strengths were always in compliance with the
ICNIRP occupational basic restrictions for the CNS tissues
(100 mV m~") [1]. ICNIRP derived its CNS induction factor
from dosimetric calculations that used only one anatomi-
cal model (NORMAN), based on a study which employed
the Dimbylow data set [6]. In this investigation, a maxi-
mum induced electric field strength in the brain equal to
33.0 mV m~! per mT was found for LAT exposure. The
value of 1 mT was set as the occupational exposure reference
level at 50 Hz for the CNS tissues, as it would produce
the corresponding basic restriction of 3-33.0 mV m~! =
100 mV m~!, where 3 represents a reduction factor account-
ing for dosimetric uncertainty. However, the results derived
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here using the Gabriel and Dimbylow data sets were 37% and these differences can be explained by the lower resolution

33% lower than the above value used as basis for developing (approximately 2 mm) used in [6], that can overestimate the
the ICNIRP guidelines [1], [6]. Considering the identical electric fields compared to finer resolutions [17]. Regarding
(Dimbylow) or rather similar (Gabriel) conductivity values, the McCann data set, this difference becomes even more
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TABLE 3. Ratio of the average induced electric field strengths to the
ICNIRP (100 mV m~! per mT) and IEEE (16.33 mV m~! per mT) exposure
factors. The exposure factors were derived from the limits defined by
ICNIRP and IEEE for occupational exposure and people in unrestricted
environment, respectively.

LAT
Gabriel Dimbylow  McCann
ICNIRP 0.21 0.22 0.15
IEEE 1.27 1.35 0.95
AP
Gabriel  Dimbylow  McCann
ICNIRP 0.18 0.18 0.14
IEEE 1.13 1.11 0.88
TOP
Gabriel Dimbylow  McCann
ICNIRP 0.18 0.17 0.15
IEEE 1.10 1.05 0.93

significant and it is in the order of 50%. As a result, the ref-
erence level derived with higher brain conductivity values
would be approximately twice (~2.15 mT) as high as that
currently used, assuming that the same reduction factor of 3
would be applied.

In the IEEE standard [2], [3], the exposure reference levels
were obtained from the dosimetric reference limits through
a homogeneous elliptical model. For people in unrestricted
environment, the corresponding IEEE exposure factor is
equal to 16.33 mV m~! per mT, which slightly exceeds the
values derived here using the McCann data set. Therefore,
the higher brain conductivity values lowered the discrepan-
cies between the maximum electric field strengths obtained
in the ellipsoidal and realistic anatomical models. As a
result, for each exposure scenario, the average electric field
strengths obtained with the McCann data set were always
in compliance with the limits defined by IEEE for people
in unrestricted environment (Table 3). On the other hand,
the results for Gabriel and Dimbylow data sets were approx-
imately 27% and 35% higher than the IEEE exposure factor.
In this case, the limits were therefore exceeded (Table 3).

Fig. 5 offers a simple visual representation of our sensitiv-
ity analysis results, showing that changes in the conductivity
of the brain tissues had a major impact on the peak electric
field strengths induced in the brain. The horizontal bars rep-
resent the range between the minimum and maximum values
of the peak strengths derived from the sensitivity curves,
whereas the vertical lines correspond to the average strengths
obtained with the baseline conductivity values (Table 2).
The lower the conductivity of a brain tissue, the higher the
maximum electric field strength induced in that tissue, and
vice versa. Therefore, when the conductivity of a brain tissue
was varied from a minimum to a maximum value, the electric
field strength decreased in the compartment affected by an
increase in the conductivity, whereas it increased in the other
ones (see Appendix B). If the minimum value of the conduc-
tivity interval was much smaller than the conductivity of the
other brain tissues, an initial rapid decrease of the Egg values
was observed for the effect of lowering strengths induced in
the compartment whose conductivity was augmented. When
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the conductivity became sufficiently higher than that of the
other brain tissues, a steady augmentation followed due to
the surrounding compartments experiencing increased field
strengths. Changes in the non-brain tissue conductivities (i.e.,
skull, CSF and skin) marginally affected the overall electric
field strengths (Fig. 5). Please note that the range of variation
of CSF conductivity was quite small, since its estimated value
is consistent among different investigations [22], [27], [40].

The effect of age related changes in the conductivity of the
brain tissues on the electric field strengths needs to be further
investigated. With aging, the brain undergoes to structural
and chemical changes resulting in less water content [41].
Experiments on rats demonstrated that dielectric property of
brain tissues decreased with age [42], [43]. As a consequence,
the conductivity of the brain tissues in the young population
is expected to be higher, leading to possibly lower field
strengths. Future studies should also include the anisotropy
of the brain tissues. In this context, GM was proven to be
isotropic [45]. On the other hand, WM exhibits anisotropic
properties, i.e., its conductivity depends on the orientation
of the fibers [45]. In particular, the conductivity along the
fibers is higher than that directed in the perpendicular direc-
tion [46], [47]. Therefore, the WM conductivity becomes a
tensor, which might produce a scaling and/or rotation of the
induced electric field in respect to the case the WM was
isotropic. This effect on the electric field strengths induced
in the brain requires further investigation. However, inclu-
sion of the anisotropy properties of the WM into numerical
methods, as well as those of any other tissue, represents a
rather challenging and complicated task. One major problem
in computational dosimetry consists in assigning the orienta-
tion of the nerve fibers. A rigorous assessment of the effect
of anisotropy should include individual high-resolution head
models where the WM conductivity anisotropy is modeled
from diffusion tensor imaging (DTI) [27]. This approach was
used in an investigation conducted by De Lucia et al [48] for
transcranial magnetic stimulation, where the authors showed
that anisotropy leaded to differences up to 10% in the max-
imum induced field. However, this represents a localized
exposure scenario, which is rather different from that of uni-
form magnetic field exposure. Please note that other sources
of uncertainty, such as computational dosimetry and variabil-
ity among individuals, were extensively investigated in our
previous works [17], [18].

V. CONCLUSION

We studied the variability of the electric field strengths
induced in the brain due to uncertainty in the electrical
conductivity of the tissues. For this purpose, we employed
commonly-used sets of low-frequency conductivity data,
as well as new values based on an extensive meta-analysis
review of the latest papers in this field. The new estimates
of the brain conductivity values, which were considerably
higher that those widely used in low-frequency dosimetry,
produced significantly weaker electric field strengths. The
latter were up to 50% lower than the peak electric field
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strength used as basis for developing the ICNIRP guidelines.
On the other hand, the elliptical exposure model used in
the IEEE standard would produce rather comparable electric
field strengths to those obtained using anatomical models
employing higher brain electrical conductivities.

A large variability in the tissue electrical conductivity val-
ues is still present in literature. In this context, our sensitivity
analysis showed that variations in the GM, WM and cerebel-
lar GM conductivity values had a major effect on the electric
field strengths induced in the brain. More studies focused
on measuring the dielectric properties of brain tissues are
needed to provide accurate and realistic conductivity data.
This would certainly contribute to improving the accuracy of
low-frequency dosimetric studies.

The present investigation provides quantitative data that
will be useful for the next revision of the safety exposure
guidelines/standard for human protection to electromagnetic
fields. Our results are intended to characterize the variability
of the electric field strengths induced in the brain due to
uncertainty in the electrical conductivity values. We believe
that these data could be useful for the selection of appropriate
reduction factors for deriving exposure reference levels that
will not be overly protective for the human population.

APPENDIX A

PERCENTILE VALUES OF THE ICNIRP-AVERAGED
ELECTRIC FIELDS IN THE MAIN TISSUES OF THE HEAD
Fig. 6 shows the 99th, 99.9th and 99.99th percentiles along
with the highest electric field strengths (100th percentile)
derived from different tissues of the head after averaging
the electric field over 2 x 2 x 2 mm? cubes. Results refer to
uniform exposure to 1 mT magnetic flux density at 50 Hz
along the AP, LAT and TOP directions. Data were averaged
across the participants.

APPENDIX B

SENSITIVITY RESULTS FOR THE MAIN

TISSUES OF THE HEAD

Fig. 7 show the variation of the 99th percentile values of the
ICNIRP-averaged electric fields as a function of the electrical
conductivity of several head tissues. Results were derived for
uniform exposure to 1 mT magnetic flux density at 50 Hz
directed along the LAT direction. Data were averaged across
the participants.
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