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Abstract

With the development of electrical stimulation technology, especially the emer-
gence of temporally interfering (TI) stimulation, it is necessary to discuss the influ-
ence of current frequency on stimulation intensity. Accurate skull modeling is
important for transcranial current stimulation (tCS) simulation prediction because of
its large role in dispersing current. In this study, we simulated different frequencies
of transcranial alternating current stimulation (tACS) and Tl stimulation in single-
layer and layered skull model, compared the electric field via error parameters such
as the relative difference measure and relative magnification factor. Pearson corre-
lation analysis and t-test were used to measure the differences in envelope ampli-
tude. The results showed that the intensity of electric field in the brain generated
by per unit of stimulation current will increase with current frequency, and the lay-
ered skull model had a better response to frequency. An obvious pattern difference
was found between the electric fields of the layered and single-layer skull individu-
alized models. For Tl stimulation, the Pearson correlation coefficient between the
envelope distribution of the layered skull model and the single-layer skull was only
0.746 in the individualized model, which is clearly lower than the correlation coeffi-
cient of 0.999 determined from the spherical model. Higher carrier frequencies
seemed to be easier to generate a large enough brain electric field envelope in TI
stimulation. In conclusion, we recommend using layered skull models instead of
single-layer skull models in tCS (particularly Tl stimulation) simulation studies in
order to improve the accuracy of the prediction of stimulus intensity and stimulus

target.
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1 | INTRODUCTION

Transcranial current stimulation (tCS) refers to a set of noninvasive
neuromodulatory techniques that deliver weak electric currents to the
brain through electrodes on the scalp (Nitsche et al., 2003; Schulz,
Gerloff, & Hummel, 2013; Tavakoli & Yun, 2017). It includes trans-
cranial direct current stimulation (tDCS), transcranial alternating cur-
rent stimulation (tACS) and transcranial random noise stimulation
(tRNS). Though similar in nature, these techniques have different phys-
iological and behavioral effects (Ali, Sellers, & Frohlich, 2013; Daa, Atc,
Gbsc, et al.,, 2019; Laakso, Mikkonen, Koyama, Hirata, & Tanaka, 2019)
due to the different temporal profiles of the applied currents. In view
of its safe and inexpensive features, tCS has been used for pain relief
(O'Connell, Marston, Spencer, DeSouza, & Wand, 2018), depressive
symptom relief (Mutz, Edgcumbe, Brunoni, & Fu, 2018), stroke
(Fujimoto et al., 2016) and Parkinson's disease recovery (Elsner, Kugler,
Pohl, & Mehrholz, 2016; Fregni et al., 2006; Kaski, Allum, Bronstein, &
Dominguez, 2014; Kaski, Dominguez, Allum, Islam, & Bronstein, 2014),
and in the treatment of epilepsy (Holmes et al., 2019). Over the last
several years, new tCS approaches using multiple kHz currents have
been proposed to stimulate deep targets (Grossman et al., 2017) or
increase the intensity of stimulation (Voroslakos et al., 2018). Tempo-
rally interfering electrical stimulation recruits neural firing by envelope
modulation of the electric field provided by multiple high-frequency
alternating currents to directly reach deep brain regions without
affecting shallow brain regions (Grossman et al., 2017).

In many clinical trials, electrical stimulation electrodes have been
placed on the scalp, and the underlying brain region was considered
to be effectively stimulated by the current. However, some simulation
studies have questioned the accuracy of such a method (Bikson,
Datta, Rahman, & Scaturro, 2010). Individualized human head models
have been made based on magnetic resonance imaging (MRI) to pre-
dict electric fields under electrical stimulation (Rashed, Gomez-
Tames, & Hirata, 2020), and the obvious influences of some factors,
such as electrode parameters (Chen, Zou, Tang, Ke, & He, 2019;
Mikkonen, Laakso, Tanaka, & Hirata, 2020) and cerebrospinal fluid,
were proposed (Indahlastari et al., 2020). The skull, due to its low elec-
trical conductivity, plays a large role in blocking and dispersing current
during tCS (Nielsen et al., 2018). This shows that accurate skull model-
ing is an important part of electrical stimulation simulation. In actual-
ity, the skull is a three-layer structure consisting of the outer
compacta, spongiosa with high conductivity, and inner compacta.
However, in most electrical stimulation simulation studies, the skull is
modeled as an isotropic single-layer structure (Puonti, Saturnino,
Madsen, & Thielscher, 2020; Suh, Lee, & Kim, 2012). After discussing
the necessity of a three-layered skull model, Sumientra concluded that
in a spherical head model, one-layer approximations perform well to
some degree (Rampersad, Stegeman, & Oostendorp, 2013). In order
to simulate the electric fields of tCS with kHz frequency current in an
individualized head model containing an irregularly shaped spongy,
the above conclusion will not be applicable because the spongy was
modeled as a homogeneous spherical shell and the electrical stimula-

tion was discussed only in the case of direct current.

In this study, we determined the effects of layered skull modeling
on tCS simulation in a spherical head model and an individualized
head model. To this end, we compared the results of tCS from two
models, the ideal spherical model and the individualized head model,
to determine the effect of the layered skull model. In addition, we
wanted to study the effects of electrical stimulation frequency on
electric field intensity because kHz tACS is used during temporally
interfering electrical stimulation. We simulated tACS at different fre-
quencies with a model in which the skull was separated into three
layers and compared the electric field with the common isotropic
single-layer skull model. The results showed that the layered skull
model had a better response to the frequency, and a notable differ-
ence in the pattern was found between the electric field distributions
of the layered skull and the single-layer skull individualized model. For
temporally interfering electrical stimulation, the difference in the
envelope amplitude was measured via Pearson correlation analysis
and t-test. Finally, we considered that the carrier frequency has an
effect on the stimulus intensity generated by unit currents. Therefore,
we recommend using a layered skull model instead of an isotropic
single-layer skull model in future tCS (particularly temporally interfer-

ing stimulation) simulation studies.

2 | MATERIALS AND METHODS

In order to study the influence of layered skull modeling on electrical
stimulation, we constructed two kinds of models for finite element
simulation: a spherical head model and an individualized human head
model. Each kind of model can also be divided into a single-layer skull
model and a layered skull model according to the degree of
skull modeling refinement. We adopted the geometry of the spherical
head model from the study by Rush and Driscoll (Rush &
Driscoll, 1968) and applied the finite element method (FEM). Com-
bined with CT and MRI data, we used the image segmentation
method to reconstruct an individualized human head model and

focused on refining the distribution of the compacta and spongiosa.

21 | Spherical head model

Three concentric spheres with radii of 77.5, 80, 85, and 92 mm consti-
tuted the single-layer skull spherical head model and represent the
brain, cerebrospinal fluid (CSF), skull, and scalp, respectively (Datta,
Elwassif, Battaglia, & Bikson, 2008; Rampersad et al., 2013). The elec-
trodes were modeled as cylindrical patches with 10 mm radii and a
thickness of 10 mm. Two such electrodes were placed on the outer
sphere 90° apart, as shown in Figure 1a. The conductivities of the
electrodes were chosen as 1.4 S/m for saline, and those for the brain,
CSF and skin were chosen as 0.333, 1.5 and 0.435 S/m, respectively
(Haueisen, Ramon, Eiselt, Brauer, & Nowak, 1997). The bulk skull con-
ductivity (6,) was 0.0042 S/m (Homma et al., 1995; Wolters
et al., 2006). On the basis of the single-layer skull model, we sub-
divided the skull into the upper compacta, spongiosa, and lower
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FIGURE 1
individualized head model. (a) Spherical head model; (b) Single-Layer
skull individualized head model; (c) Layered skull individualized head
model

Schematic diagrams of the spherical head model and

compacta, thus modeling the layered skull model. According to the
measurement results from existing studies (Akhtari et al., 2002), we
divided the skull layers into 1.2, 2.3 and 1.5 mm layers, which repre-
sented the upper compacta, spongiosa, and lower compacta, respec-
tively. There is a conversion relationship between the compacta
conductivity (o), spongiosa conductivity () and bulk skull conductiv-
ity (op) (Rampersad et al., 2013).

0c0s 2 3
— (N A = 1
7\c0's+7\50'c( <0c+1s05)" =0 @)
Os
- 2
= 2)

Here, A is the ratio of the compacta thickness to the overall skull
thickness; As is the ratio of the spongiosa thickness to the overall
skull thickness; and y is the ratio between the conductivities of the
compact and spongy layers. According to the conductivity range of
the compacta and spongiosa found in previous studies, the value of y
can vary from 1 to 20. We chose the middle three values y = 5,
y = 10 and y = 15 to construct the layered skull models. In addition,
we set the relative permittivity (e,), to 10,000, 10,000, 110, and 3,000

for the skin, skull, CSF, and brain, respectively. The relative permittiv-
ities of compact and spongy materials are similar, and we set them
uniformly at 10,000 (Gabriel, Gabriel, & Corthout, 1996).
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The single-layer skull model performed well in approximating the
layered skull model when the skull compartment conductivity was
equal to the equivalent radial conductivity (s,) of the layered skull
model in tDCS (Rampersad et al., 2013). Therefore, the conductivity
of the skull in the simulation of the single-layer skull model was cho-

sen to be o, in our research.

2.2 | Individualized head model

We constructed a layered finite element model containing 2,274,767
grids, including the scalp, skull, CSF and brain, based on human MRI
data. Two different head MR scans were collected with a 32-channel
receive head coil on a 3 T GE scanner. Data covered the head and
neck. The experimental protocol was approved by the Ethics Commit-
tee of Beijing Rehabilitation Hospital, Capital Medical University. The
parameters were as follows: T1-weighted scan with fat suppression
(T1fs): Spin-echo, 176 Sagittal slice, matrix size = 512 x 512, voxel
size = 0.58 x 0.58 x 1 mm®, TR = 602 ms, TE = 14 ms, FA = 90°.
T2-weighted scan (T2w): Spin-echo, 176 Sagittal slice, matrix
size = 512 x 512, voxel size = 0.58 x 0.58 x 1 mm?, TR = 2,502 ms,
TE = 85.724 ms, FA = 90°. SimNIBS was used for automatic segmen-
tation of tissues including scalp, skull, CSF, and brain based on the
complementary contrasts provided by the different sequences.
The segmentation program mainly included the generation of mask
for each tissue and morphological operations including opening, clos-
ing, and holes filling of the binary masks. Another open-source soft-
ware, Meshfix, was used for repairing the head model, which can
correct self-intersection and the intersection between different layers.
The model needed to be checked before the simulation, and appropri-
ate manual corrections were performed if necessary, mainly to delete
some small channels or fill other holes.

In order to investigate the effects of layered skull modeling, two
models were established. One type of skull had a single layer of uni-
form conductivity (Figure 1b), while the other was divided into three
layers, representing the upper compacta, spongiosa, and lower com-
pacta from outside to inside, respectively, as shown in Figure 1c. The
general segmentation process did not automatically segment
the spongiosa, so based on SimNIBS segmentation, the mask of
spongiosa was extracted and reconstructed. Eroding one layer of
voxel inward by the real skull mask. The eroded skull mask was multi-
plied with the T1fs image, and then the signal distribution of the skull
area could be extracted. The geometry of the spongiosa was extracted

based on the threshold of the histogram. Detailed operations:
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1. Getting the real skull layer. The masks of the skull and CSF from
SimNIBS were full of pixels internally. Subtracting the two can get
the mask only representing the skull.

2. Eroding one layer of voxels inward from the real skull mask.
Because of the inner and outer surfaces of the skull belonging to
the compact bone, the erosion operation would not affect the cor-
rect modeling of the spongy bone.

3. Multiplying the eroded skull mask with the T1fs images. This oper-
ation can extract the signal distribution in the skull.

4. Reconstructing the spongy bone. The rough geometry of the
spongy bone was extracted based on the threshold of the histo-
gram, and manual correction was needed.

5. Meshing and optimizing by the open-source software, Gmsh.

The electrodes were modeled as cylindrical patches with 10 mm
radii and a thickness of 10 mm. Two such electrodes were placed on
the outer sphere 90° apart from the ideal model. The material of each
layer was set to be uniform and isotropic, the conductivity and the rel-
ative permittivity (e;) were set to the same as those for the spherical
head model.

2.3 | Computations
We studied two types of electrical stimulation: tACS and temporally
interfering electrical stimulation. The distribution of electric field
intensity in the brain needs to be estimated because it is an important
indicator of the effect of tACS. The models were validated for grid
independence. In order to simulate the process of electrical stimula-
tion, current sources were applied on the electrodes at the scalp.

The Electric Conduction option calculates the current density
(J) in conductors and lossy dielectrics. The basic governing equation
for electric field finite element simulation is shown as equation
%—&-V'J =0, where J is the current density and p is the charge den-
sity. Substituting the Gaussian flux law and the isotropic constitutive
equation V-D =p,D =¢E where D is the electrical displacement den-
sity, E is the electric field strength, and ¢ is the electrical conductivity,
Equations (4) and (5) are accessible. Substituting E=—V¢ to rewrite

the equation for the electric field solves (6).

v. {J+%] —0 4)
v. [GE+%] -0 (5)
v [cV(p-l—eGav%} =0 (6)

Electrical stimulation is a sinusoidal waveform, where the poten-
tial ¢ is converted into a complex form, and the electrical conduction
equation is transformed into the frequency domain calculation equa-
tion V-[o+joe] V=0, and a continuous time series of potentials
under sinusoidal stimulation is obtained. This problem is transformed

into the solution of equation V.oV@;+V-0eVe, =0, and
V-oVe,—V-weVe; =0. The instantaneous electric field should then

be solved by (7).

V- {cV(p+sV%—ﬂ =0 (7)

For temporally interfering electrical stimulation, we estimated the
distribution of the electric field envelope amplitude in the brain as
the evaluation index of effectiveness. The first step in this process
was to simulate the electric field intensity according to the above cal-
culation method. Then, the obtained electric field strength can be cal-
culated by (8) to obtain the electric field envelope amplitude.

|Ea(n.r) |= | (Ex(r) + E2(r)-n |~ | (E2(r)~E2(r)-n|  (®)

Here, E; and E; represent the fields generated by the first and
second electrode pairs, respectively, n is a unit vector along the direc-
tion that is studied, and r represents the location. Then, we can draw
the simulated distribution of the envelope amplitude of the electric

field intensity.

2.4 | Analysis of tACS

With the development of electrical stimulation technology, the stimu-
lation frequency span is no longer limited to less than 100 Hz. Since
the real modulating effect of temporally interfering electrical stimula-
tion on neurons is the modulating wave of two different kHz tACS, it
is necessary to perform the simulation of kHz frequency tACS.

In order to explore the influence of stimulation frequency on the
intensity and distribution of electrical stimulation, we stimulated
the layered skull models (y = 5, 10, and 15) and the corresponding
single-layer models on the electrodes on the scalp with the same cur-
rent density J = sin(2xft) uA/mm?, where f is the frequency of tACS
from O Hz to 1 kHz with a frequency interval of 100 Hz. The influence
of y values on the simulation results can also be analyzed. We mainly
analyzed the electric field distribution in the regions representing the
brain and recorded the maximum electric field intensity achieved in
the brain of each model. Regarding the error of the distribution of
electric field intensity between the single-layer skull model and the
layered skull model, we used the relative magnification factor (MAG)

and the relative difference measure (RDM).

(10)

Here, Ei is the electric field of each element in the single-layer
skull model and Ek is the electric field of each element in the layered
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skull model. E is the norm of the electric field for all brain elements in

the single-layer skull model and E s that in the layered skull model.

2.5 | Analysis of temporally interfering electrical
stimulation

We chose the layered skull model (y = 10) and the corresponding
single-layer skull model for the temporally interfering electrical stimu-
lation simulation. A current density of J;=sin(2xfit) uA/mm2
was applied on the left two electrodes, and J; = sin(2xf,t) uA/mm?
was applied on the right two electrodes (f; = 1,000Hz,
f, = 1,010 Hz). For temporally interfering electrical stimulation, the
distribution of the electric field envelope changed according to the
chosen field directions. We selected the X, Y, and Z directions to
compare the envelope value distribution between the layered skull
model and the single-layer skull model. Scatter diagrams were plot-
ted, and Pearson correlation coefficients were calculated for the elec-
tric field envelope amplitude values of all elements in the two
models. In addition, box plots were constructed, and t-test was per-
formed to analyze the difference between the distribution electric
field envelope of the single-layer skull model and the layered skull
model.

In temporally interfering electrical stimulation, the electric field
envelope drives neural spiking activity. Temporally interfering electri-
cal stimulation at different carrier frequencies and fixed difference
frequencies resulted in similar spike frequencies (Grossman
et al., 2017). We used Af = 10 Hz as the neuromodulation frequency
and simulated TI stimulation under different carrier frequencies to
determine the influence of carrier frequency. The envelope frequency
was kept at 10 Hz, and the envelope field distributions of
500 Hz/510 Hz, 1,000 Hz/1010 Hz, and 1,500 Hz/1510 Hz were
compared to discuss the influence of different carrier frequencies on

the temporally interfering electrical stimulation.

3 | RESULTS

3.1 | tACS in the spherical head model.

Since transcranial electrical stimulation is used to stimulate the brain
for the purpose of regulating brain function, we show the distribution
of electric field intensity in the innermost layer representing the brain.
In the layered skull model, we set the ratio of spongiosa and compacta
conductivity to y = 5,y = 10, and y = 15 and chose the skull conduc-
tivity o, in the corresponding single-layer skull model according to the
simplified method. Each model was simulated with O Hz and 1 kHz
tACS with a uniform colorbar. Figure 2ai shows the distribution of
electric field intensity in the layered skull model (y = 5) at 0 Hz tACS,
and Figure 2aii displays that of 1 kHz tACS. The field intensity values
of all elements were extracted in the same sequence, and Figure 2aiii
shows the histogram of the difference between the two models. By

comparing Figure 2ai and Figure 2aii, we found that O Hz tACS and

1 kHz tACS displayed differences in the layered skull model, and the
tACS intensity of 1 kHz was higher than that of O Hz tACS. The histo-
gram in Figure 2aiii also shows the difference between the electric
field intensity between 1 kHz tACS and O Hz tACS. Figure 2b and
Figure 2c show similar results, corresponding to the model y = 10
and the model y = 15, respectively. With increasing y value, the field
intensity of electric stimulation at 1 kHz tACS increased more clearly
than that at O Hz. That is, the higher the ratio of spongiosa conductiv-
ity to compacta spongiosa, the more obvious the variation of simu-
lated electric field intensity with frequency in the layered skull model.

We calculated the electric field intensities of the representative
layers of the brain in each ideal sphere model at different frequencies
of electrical stimulation. Figure 3a shows the relative maximum elec-
tric field intensities in the single-layer skull model and the layered skull
model (y = 5). The electric field intensities of all models tended to
increase with increasing stimulus frequency. The red polyline rep-
resenting the layered skull model has a higher slope than that of the
yellow polyline representing the single-layer skull model, indicating
that the stratification of the skull will increase the response of the
model to the stimulation frequency during the simulation. Figure 3b
and Figure 3c correspond to the y = 10 and y = 15 model results,
respectively. When y was 15, the electric field intensity of 1 kHz tACS
was 1.2 times that at O Hz tACS in the layered skull model. Moreover,
the larger the value of y is, the more sensitive the model is to changes
in stimulation frequency in the layered skull model.

Figure 4 displays the average electric field intensity errors in the brain
compartment between the layered model and the single-layer model. As
shown in Figure 4a, the error in MAG varies with frequency, and the
models with a larger y value have a larger fluctuation range. Figure 4b
shows that the error in RDM decreases with increasing frequency, but
the fluctuation range is very small (below 0.03) in the spherical head
models. This indicates that the stratification of the skull in the ideal
sphere model will not significantly affect the pattern of the electric

field, but it will affect the overall intensity of the electric field.

3.2 | tACS in the individualized head model

Similar to the spherical head models, we performed the same simula-
tion on the individualized human head models. In the layered skull
model, we set the ratio of spongiosa and compacta conductivity to
y =5,y =10, and y = 15 and chose the skull conductivity as o, in the
corresponding single-layer skull model to be exactly the same as that
in the sphere model. Each model was simulated with 0 Hz and 1 kHz
tACS with a uniform colorbar. Figure 5ai shows the distribution of the
electric field intensity in the layered skull model (y = 5) at 0 Hz tACS,
and Figure 5aii displays that of 1 kHz tACS. The field intensity values
of all elements were extracted in the same sequence, and Figure 5aiii
shows the histogram of the difference between the two models. By
comparing Figure 5ai and aii, we found that 0 Hz tACS and 1 kHz
tACS displayed some differences in the layered skull model, and the
tACS intensity of 1 kHz was higher than that of O Hz tACS. The histo-
gram in Figure 5aiii also shows the difference between the electric
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frequency. (@) y = 5; (b) y = 10; (c) y = 15

field intensity in 1 kHz tACS and that in O Hz tACS. Figure 5b and
Figure 5c show similar results, corresponding to the y = 10 and
y = 15 models. With an increase in the y value, the field intensity of
electric stimulation at 1 kHz tACS increases more obviously than that
at O Hz. That is, the higher the ratio of spongiosa conductivity and
compacta, the more obvious the variation of the simulated electric
field intensity with frequency in the layered skull model. The results

were the same for the individualized models and the ideal models.

We calculated the electric field intensity of the representative
layers of the brain in each individualized head model at different fre-
quencies of electrical stimulation. Figure 6a shows the relative maxi-
mum electric field intensity in the single-layer skull model and the
layered skull model (y = 5). The electric field intensity of all models
tended to increase with increasing stimulus frequency. The red
polyline representing the layered skull model had a higher slope than

the yellow polyline representing the single-layer skull model,
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indicating that the stratification of the skull will increase the response
of the model to the stimulation frequency during the simulation.

Figure éb and Figure 6c correspond to the y = 10 and y = 15 model
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FIGURE 4 The average electric field intensity errors between the
layered skull model and the corresponding single-layer skull model.
(@) MAG in the ideal sphere models and MAG in the individualized
head models. (b) RDM in the ideal sphere models and RDM in the
individualized head models

FIGURE 5 Effects of the ratio of
compacta and spongiosa conductivity on
the intensity of electrical stimulation in
the brain. Electric field distribution of
individualized head models with layered
skulls in 0 Hz and 1 kHz tACS. (a) i The
electric field distribution, O Hz, y = 5; (a) ii
Electric field distribution, 1 kHz, y = 5;
(a) iii Histogram of the difference in
electric field intensity between 0 Hz and
1 kHz, y = 5. (b) i The electric field
distribution, 0 Hz, y = 10; (b) ii electric
field distribution, 1 kHz, y = 10; (b) iii
Histogram of the difference in electric
field intensity between 0 Hz and 1 kHz,
y = 10. (c) i The electric field distribution,
0 Hz, y = 15; (c) ii Electric field
distribution, 1 kHz, y = 15; (c) iii
Histogram of the difference in electric
field intensity between O Hz and
1kHz,y =15

results, respectively. When y was 15, the electric field intensity of
1 kHz tACS was 1.16 times that of O Hz tACS in the layered skull
model. Moreover, the larger the value of y is, the more sensitive the
model is to the change in stimulation frequency in the layered skull
model.

As shown in Figure 4a, the error in MAG varies with frequency,
and the individualized head model with a larger y value has a larger
fluctuation range. Figure 4b shows that the RDM error decreases with
increasing frequency in the individualized head models, but the fluctu-
ation range is very small. Compared with the result of the spherical
models, the RDM error of the individual models is larger as a whole
(greater than 0.1). This indicates that the stratification of the skull in
the individualized human head model will significantly affect the pat-
tern of the electric field. However, stratification of the skull will affect
the overall intensity of the electric field but not significantly affect the
pattern of the electric field in ideal sphere models, which is the differ-

ence between the spherical models and the individualized models.

3.3 | Temporally interfering electrical stimulation

We previously discussed the frequency characteristics and differences
between the layered skull and single-layer skull models in alternating
current stimulation. Then, we discussed whether there is a difference
in the electric field envelope distribution between the layered skull
model and single-layer skull model in temporally interfering electrical

stimulation. Figure 7a-c show the results of the ideal sphere model.
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Figure 7ai shows the distribution of the electric field envelope in the
single-layer skull model in the x-direction, and Figure 7aii shows the
distribution of the electric field envelope in the layered skull model in
the x-direction. By comparing Figure 7ai with Figure 7aii, it can be
concluded that in the ideal sphere model, the layered skull has little
influence on the distribution of the electric field envelope in the x-
direction. Figure 7aiii shows the results of the Pearson correlation
analysis between the electric field envelope values of the single-layer

skull model and layered skull model in the x-direction, and the high

Pearson correlation coefficient of 0.999 reflects the high similarity of
the two models. Similarly, Figure 7b and Figure 7c show the results
of the electric field envelope in the y-direction and z-direction. Over-
all, the distributions of the electric field envelope in the three direc-
tions of the single-layer skull model and the layered skull model are
very similar in the ideal sphere model via intuitive graph observation
and correlation analysis. Figure 7d-f display the of the individualized
head model results. Figure 7di shows the distribution of the electric

field envelope in the single-layer skull model in the x-direction, and
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Figure 7dii shows that of the layered skull model. By comparing
Figure 7di with Figure 7dii, it can be concluded that the distribution of
the x-direction electric field envelope amplitude is quite different
between the single-layer skull model and the layered skull model in
the individualized head models. Figure 7diii shows the Pearson corre-
lation analysis results between the electric field envelope values of
the single-layer skull model and the layered skull model in the x-direc-
tion, and the Pearson correlation coefficient of 0.746 was obviously
smaller than that of the ideal sphere model shown in Figure 7aiii.
Figure 7e and Figure 7f show the results of the electric field envelope
in the y-direction and z-direction. There are some differences
between the distributions of the electric field envelope in the y-
directions of the single-layer skull model and the layered skull model
by visual observation, as shown in Figure 7ei and eii. However, the
Pearson correlation coefficient between the two models is relatively
high, as shown in Figure 7eiii. The distributions of the z-direction elec-
tric field envelope of the single-layer skull model and the layered skull
model were very similar, as shown in Figure 7fi and fii. However, the
Pearson correlation coefficient between the two models was 0.933,
as shown in Figure 7fiii.

In order to analyze the difference between the distribution elec-
tric field envelope of the single-layer skull model and the layered
skull model from another perspective, we extracted the electric field
envelope amplitude data from elements in the regions representing
the brain. The data representing the envelope in the same direction
of the single-layer skull model and layered skull model were drawn
into a box plot, and a t-test was performed. Figure 8a shows the box
plot of the electric field envelope amplitudes in the x, y, and
z directions of the ideal sphere model with both a single-layer skull
and layered skull. The t-test results show that there is no significant
difference in the envelope amplitude distribution between the
single-layer and layered skull ideal sphere models in the x and
z directions. Figure 8b shows a bar diagram of the electric field enve-
lope amplitudes in the x, y, and z directions of the individual head
models with a single-layer skull and layered skull. The t-test results

show that there are significant differences in the envelope amplitude
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FIGURE 8 The bar diagrams and t-test results of the electric field
envelope in the ideal sphere and individualized head model. (a) Ideal
sphere model; (b) Individualized head model

distribution of single-layer skull and layered skull individual head
models in the X, y, and z directions. The results show that compared
with the spherical head models, the difference in envelope amplitude
between the layered and single-layer skull individual head models is
more obvious.

Finally, we discuss the influence of carrier frequency in temporally
interfering electrical stimulation. Figure 9 shows the distributions of
the electric field envelope with different carrier frequencies and the
Pearson correlation coefficients between them. In the spherical head
model, with increasing carrier frequency, the envelope amplitude gen-
erated by the same current density stimulus increases, as shown in
Figure 9a. The x-direction electric field envelope resulting from the
2 kHz carrier frequency is 1.35 times greater than that resulting from
the 500 Hz carrier frequency. Notably, the Pearson correlation coeffi-
cient r between the simulation results of the different carrier frequen-
cies is very high, which shows that the carrier frequency has little
effect on the pattern of the electric field envelope amplitude. The
results of the individualized head model are similar to the spherical
head model. The x-direction electric field envelope resulting from the
2 kHz carrier frequency is 1.34 times greater than that resulting from
the 500 Hz carrier frequency. The Pearson correlation coefficient
r from these data is also high. Similar results are found in the other

two directions as shown in Figure 9bc.

4 | DISCUSSION

Some research has concluded that isotropic single-layer skull approxi-
mations perform well to simulate the skull realistically with a spherical
head model, and it is not necessary to model the three layers of skull
separately (Rampersad et al., 2013). However, the spongy is not uni-
formly thick and distributed throughout the whole skull in the individ-
ualized model. Thus, the single-layer skull individualized head model
may have some limitations in the simulation of tACS and temporally
interfering electrical stimulation compared to the layered skull model.
The proposition and development of temporally interfering electrical
stimulation promoted the application of kHz tACS, so it became nec-
essary to study whether the electric field intensity was different under
different electrical stimulation frequencies.

In this study, we constructed ideal sphere models and individual-
ized human head models and then performed finite element analysis
of the electric field at different frequencies of tACS. We found that
the electric field intensity in the brain increased with increasing stimu-
lation frequency under the same current intensity which was consis-
tent with the experimental result (Wang et al., 2020). By comparing
the simulation results, we found that the electric field intensity of the
layered skull model more obviously changed with the stimulation fre-
quency than that of the single-layer skull model. The difference
between the frequency-electric field intensity curves of the layered
skull models and the single-layer skull models was greater when the
ratio of spongy conductivity and compacta conductivity was greater.

This phenomenon exists in both the ideal sphere models and
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FIGURE 9 The distributions of the electric field envelope with different carrier frequencies and Pearson correlation coefficients between
them. (a) The spherical head models and the individual head models: 0.5/0.51 kHz, 1/1.01 kHz, 1.5 kHz/1.51 kHz, 2/2.01 kHz in the x-direction.
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spherical head models and the individual head models: 0.5/0.51 kHz, 1/1.01 kHz, 1.5 kHz/1.51 kHz, 2/2.01 kHz in the z-direction

individual head models. According to the characteristics of electro- with the frequency current. In the construction of the head model, dif-
magnetic conduction, small conductivity and large relative permittivity ferentiating the spongy and compacta caused the electrical conductiv-
can make the electric field intensity of the model change obviously ity of the portion of the skull to be much lower than that of the one-
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layer skull. Therefore, the layered skull model would have better sen-
sitivity to current frequency with the same relative permittivity.

With respect to the error of distribution of the electric field inten-
sity between the single-layer skull model and the layered skull model,
we found that within a certain frequency range, the larger the ratio
between the conductivities of the compact and spongy layers was,
the larger the MAG fluctuation range was. The other error, RDM, is
generally lower than 0.025 in the ideal sphere models. However, in
the individualized head models, the RDM error is generally larger than
0.1. MAG is a measure of the size of the errors and RDM is a measure
of the pattern. We believe that the spatial heterogeneity of the
spongy in the individual model leads to the large RDM. The distribu-
tion of spongy is uneven, as many studies have mentioned
(Sabanciogullari et al., 2012; Zvyagin & Anushkina, 2018). However,
both the compact and spongy layers of the skull were composed of
concentric spheres in the ideal sphere model, so the uniform thickness
keeps the RDM value small.

For temporally interfering electrical stimulation, we simulated the
electric field envelope distribution in each direction in spherical head
models and individualized human head models. The electric field
envelope distributions of the single-layer skull and layered skull spher-
ical model are very similar, with a high Pearson correlation coefficient,
and there was no significant difference by t-test except in the y-direc-
tion. However, in the individualized human head models, the electric
field envelope distributions of the single-layer skull and layered skull
models were not exactly the same, the Pearson correlation coefficient
in the x-direction was low, and the T-test showed significant differ-
ences in each direction. In general, skull stratification in the spherical
model had little effect on the temporally interfering electrical stimula-
tion effects, but skull stratification had a significant effect in the indi-
vidual model. The reason for this result may be the irregular shape of
the spongy layer in the skull. An obvious difference between the
spongy thickness at various anthropologic points of the skull was
observed, and the midfrontal, back and front bregma, lambda,
opisthocranion, and euryon points were used in the measurement
(Sabanciogullari et al., 2012). According to the measurements carried
out at several anthropologic points from the cranial magnetic reso-
nance images, a meaningful statistical linear correlation between age
and spongy thickness was determined (Zvyagin & Anushkina, 2018).
In view of the universal phenomenon of uneven spongy thickness dis-
tribution, the difference in electrical stimulation between individual
layered skull and single-layer skull models reflected in the simulation
may exist in the actual situation. Consequently, the skull should be
divided into compacta and spongy in the simulation of electrical stim-
ulation for accuracy of the kHz tACS stimulation intensity and the tar-
get position of temporally interfering electrical stimulation.

The neural modulation frequency of temporally interfering electri-
cal stimulation is based on the frequency of the electric field envelope
equal to the difference frequency. As long as the difference frequency
is fixed, a similar activation effect can be achieved even though the
carrier frequency is different. From the simulation level, we find that
an increase in carrier frequency can increase the electric field enve-

lope amplitude without affecting the pattern of electric field envelope

amplitude. However, from the feedback of neurons, it is more difficult
for a high carrier frequency to cause nerve firing (Grossman
et al., 2017). This is a contradictory problem in the choice of carrier
frequency: a higher carrier frequency can generate a stronger electric
field envelope amplitude at the same current density, but the unit
envelope amplitude induces reduced neural activation. Therefore, it is
necessary to combine simulation research and electrophysiological

research to find the optimal carrier frequency.

5 | CONCLUSION

This article studied the influence of constructing a three-layer skull model
on the stimulation effects in the simulation of tACS and temporally inter-
fering electrical stimulation. In the spherical head model, the layered skull
can improve the model sensitivity to the frequency variation of tACS but
has no significant effect on the pattern of the electric field. In an individu-
alized human head model, the layered skull model can improve the sensi-
tivity of the model to the frequency and change the pattern of the
electric field compared to a single-layer model. Temporally interfering
electrical stimulation can be considered the simultaneous action of muilti-
ple kHz tACS. Therefore, based on the previous conclusion of tACS and
further simulations, we found that an increase in carrier frequency can
improve the stimulus intensity, which provides an idea for the selection
of carrier frequency. In addition, through the comparison of the electric
field envelope amplitude distribution between the single-layer skull model
and layered skull model, we found that in the individual model, both the
t-test and Pearson correlation analysis results showed differences. Ulti-
mately, we concluded that it is necessary to construct a three-layered
skull with an accurate spongy shape for electrical stimulation simulation
in an individualized model in order to improve the accuracy of the predic-

tion of stimulus intensity and stimulus target.
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