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The presence of blood-brain barrier (BBB) is a major obstacle to effectively deliver therapeutics to

the central nervous system (CNS); hence, the outcomes following treatment of CNS diseases remain
unsatisfactory. Fortunately, electromagnetic pulses (EMPs) provide a non-invasive method to locally
open the BBB. To obtain the optimal pulse parameters of EMP-induced BBB opening to ensure the
effective delivery of CNS drugs, it is particularly important to measure and assess the effects of pulse
parameters on the temperature distribution in the human head exposed to EMPs. In this paper, the
specific anthropomorphic mannequin phantom was adopted and the temperature increase in the
human head induced by EMPs of different parameters was estimated in the software *"COMSOL
Multiphysics”. The results show that the temperature distribution profiles with different EMP
parameters have almost similar characteristics, the highest temperature increase values in the human
head are positively correlated with variations of EMP parameters, and potential hazards to the human
head may occur when EMP parameters exceed the safety threshold, which will provide theoretical
basis for seeking the optimal EMP parameters to open the BBB to the greatest extent within a safe
range.

With the aggravation of ambient air pollution and the ageing of the population, central nervous system (CNS)
diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), stroke, and neurodevelopmental disorders
have become a serious and common public health concern'-*. Meanwhile, an increasing incidence of CNS dis-
eases has been reported from numerous studies*®. Considerable work has been done to develop therapeutics for
these diseases. However, the number of potential therapeutics that can reach the criteria of success is abysmally
low due to the complexity of the CNS drug development, and one of the biggest challenges in the development of
therapeutics for CNS disorders is achieving sufficient blood-brain barrier (BBB) penetration'*-'3. Previous studies
have shown that an electromagnetic pulse (EMP) could open the BBB locally, transiently and reversibly'*-'¢, and
the schematic of BBB opening caused by EMP is shown in Fig. 1. The use of EMP-facilitated drug delivery to the
brain by transiently increasing the permeability of the BBB is somewhat risky. Like any medical intervention,
adverse effects are always the priority to deal with. Although EMP-induced BBB opening appears promising,
EMP parameters must be properly controlled to avoid side effects.

As is known to all, passing through a biological system, electromagnetic radiation (EMR) can be reflected,
transmitted, refracted or absorbed, and it has an important influence on lossy-dielectric materials such as biologi-
cal tissues in which result thermal energy increase!”. Absorption of EMR energy stirs up the motion of charged
particles and rotation of molecules, primarily water, and is converted into heat, inevitably causing a rise in tis-
sue temperature'®. According to the amount of energy absorbed by the biological system, effects of EMR on the
biological system can be divided into thermal and non-thermal. Thermal effects occur with the temperature
increase exceeding 1 °C causing cellular and intracellular changes particularly at molecular level"”. Sufficient
electromagnetic fields (EMF) exposure will trigger a thermal effect that can heat the human body, leading to DNA
damage, mutations and cell death. Even if the heat emitted does not cause a thermal effect and is not enough to
heat the human body, it may still cause great damage to cells, and this damage can also be converted into diseases,
such as cancer. In the RF /MW risk assessment, according to ANSI (1981), interactions inducing a temperature
increase lower than 0.5 °C in the human body are commonly accepted, even by the WHO. And WHO, IEEE
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Figure 1. The schematic of BBB opening following EMPs. Without EMP (top) and with EMP (bottom). We
used 3D Studio Max software, version 2020 (https://www.autodesk.com/products/3ds-max/overview) for the
image.

Parameters Value
Permittivity for the brain tissue 58.13
Conductivity for the brain tissue | 1.15 S/m
Density of the brain tissue 1030 kg/m?®
Heat capacity of blood 3639 J/(kg*K)
Density of blood 1000 kg/m?
Frequency 250 MHz

Table 1. The using parameters of the simulation.

and ICNIRP assure that we can be protected against all health effects due to RFE/MWSs under such a threshold".
Therefore, besides the pronounced increase in BBB permeability, the temperature increase in biological tissues
should also be evaluated when performing the study of EMP-induced BBB opening and it should be ensured that
EMP will not cause irreversible adverse effects on the organism when it opens the BBB to the maximum extent.
Prevalent researches on EMP-induced BBB opening remain committed to explore the optimal pulse parameters
to enhance the BBB permeability greatly. Regrettably, recent articles only focused on the experimental stud-
ies (rats, etc.), and demonstrated a variety of parameters that affect the BBB opening extent'*~'¢. However, the
temperature increases in the tissues induced by EMPs and the resulting adverse effects have rarely been taken
seriously, and the research in this field is almost blank.

This article breaks through the limitations of existing experimental research (animals only), investigates the
temperature increase in the human head exposed to EMPs of different parameters due to the probable negative
effects of EMR on the human health, and obtains the safety threshold of EMPs on the human head, which would
provide theoretical basis for seeking the optimal EMP parameters to make the BBB disruption to the greatest
extent within a safe range.

Models and methods
The model and simulation scene. The human head geometry is the same as that of the specific anthro-
pomorphic mannequin (SAM) phantom provided by IEEE, IEC, and CENELEC from their standard specifica-
tion of SAR value measurements®’, and it is widely used in simulations for RF wave propagation. Table 1 provides
the important parameters that are used for SAM head model in simulations.

The simulation scene and model meshing are shown in Fig. 2. As depicted in Fig. 2a, the background plane
wave propagates in the negative direction of the y axis (the posterior to anterior of the head), and the electric
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Figure 2. The simulation scene and model meshing. (a) Coordinate system definition and the incident wave,
(b) simulation region and FEM meshing. We used COMSOL Multiphysics software, version 5.4 (https://www.
comsol.com/comsol-multiphysics) for simulation results.

field is polarized along the z axis. The incident field is periodic Gaussian pulses with field intensity 720 kV/m, the
pulse total number 800, pulse width 40 ns, and the pulse repeat frequency 10 Hz, which denoted by E=720 kV/m,
n=3800, T=40 ns and f=10 Hz respectively. The boundary adopts the scattering boundary condition (SBC), and
the spherical surface domains furthest from the center of the sphere are the perfectly matched layers (PMLs).
All domains other than the human head are defined as air. Figure 2b exhibits the simulation region and finite
element method (FEM) meshing of the SAM model, and simulations are performed on this FEM meshing model.

Theoretical methodology. COMSOL Multiphysics is a powerful, interactive environment. For the propa-
gation of electromagnetic fields, the software uses the proven FEM and performs finite element analysis, adaptive
meshing, and error control by using a variety of numerical solvers; therefore, it is suitable for evaluating human
head exposure to an EMP.

In this research, COMSOL Multiphysics software, version 5.4 (https://www.comsol.com/comsol-multiphysi
cs) was used for modelling of the temperature distribution and simulation of the temperature increase in the
human head induced by EMP radiation. The step-by-step solution was performed. Firstly, the frequency domain
solver was used to calculate the electric field distribution and electromagnetic loss in the head, and the numerical
simulation was carried out at 250 MHz. Then, the transient solver was used to estimate temperature rise in the
head, and where, the generalized heat source and convective heat flux were adopted.

The propagation of the electromagnetic wave in the human head satisfies the Maxwell’s equation®?2, which
mathematically describes the interdependence of the electromagnetic waves. The electromagnetic field penetrated
in the human head is demonstrated as the following equation:

VXM;I(VXE)—k%<er—£)E=O (1)
weéq

where E is the electric field intensity (V/m), u, is the relative magnetic permeability of the material, &, is the
relative dielectric constant, o is the material conductivity, and ky is the free space wave number (m™).

The absorbed energy is converted into thermal energy and causes the rise in temperature of the biological
tissues. For the purpose of heat transfer analysis, the temperature distribution within the human head is obtained
using the Penne’s bioheat equation->* as follows.

3dT
pCos —+pCou - VAT+V - (—KVdT) = Q+pCopp(Ty — dT) + Qs @)

where p is the tissue density (kg/m?), C,, is the heat capacity of tissues (J/kg/K), k is the thermal conductivity of
tissues (W/m/K), dT is the tissue temperature (C), T} is the temperature of the blood (°C), pj, is the density of the
blood (kg/m?), C,,  is the heat capacity of the blood (3960 J/kg/K), wy, is the blood perfusion rate (1/s), Qe is the
metabolism heat source (W/m?), and Q is the external heat source (electromagnetic heat-source density) (W/m?).

Taking into account the uncertainty of EMP parameters and the impact of these variations on simulation
results, the simulation program allows changing the basic settings and monitoring the temperature distribution
in the head. In order to obtain the temperature increase in the artificial head when varying EMP parameters,
the process of the human head exposure to EMPs was established and simulated, and the electric field and tem-
perature distribution in the human head were calculated.
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Figure 3. The temperature distribution and SAR values distribution of the head with benchmark parameters.
(a) The temperature distribution, (b) the SAR distribution. We used COMSOL Multiphysics software, version
5.4 (https://www.comsol.com/comsol-multiphysics) for simulation results.

Results

Due to the characteristics of EMPs such as periodicity, short duration, large number of pulses and long overall
action time, COMSOL simulations were used to reflect the cumulative effect of multi-period electromagnetic
pulse signals, so as to study the effect of electromagnetic pulses on the human head temperature. It can effectively
analyze not only the dose-effect relationship between some pulse physical parameters (the pulse field intensity,
the pulse width) and the temperature increase, but also the time-related factor (the pulse number) and the tem-
perature increase. In this part of the study, the temperature increases with various EMP parameters have been
simulated by FEM based on computer software.

The temperature distribution and the specific absorption rate with benchmark parame-
ters. The temperature distribution and the specific absorption rate (SAR) distribution of the head exposed
to an EMP of 250 MHz are shown in Fig. 3 according to the parameters used by other sub-group experiments
(E=720 kV/m, n=800, =40 ns, =10 Hz), which are used as the benchmark parameters in this study.

As it is clearly seen from Fig. 3 that with the benchmark parameters, the highest temperature increase value
in the human head is measured as 0.16 °C (non-thermal effect). The surface of the human head closer to the
incident source exerts obvious temperature increase, and it significantly decreases as the human head deepens.

The electric field norm and the electromagnetic loss. The multi-section background electric field
is shown in Supplementary Video. The three-dimension multi-section electric field in the human head after an
EMP exposure with the frequency 250 MHz is shown in Supplementary Fig. S1. Supplementary Fig. Sla shows
the multi-section electric field norm in the head and Supplementary Fig. S1b displays the electromagnetic loss.

As obtained from Supplementary Fig. Sla, the transmitted field is the highest at the surface of the SAM head
and it decreases promptly with increasing distance into the model when exposed to an EMP of 250 MHz, and
the peak electric field strength at a certain point in space is nearly 6.6 times stronger compared with the incident
field. It can be seen from Supplementary Fig. S1b that when exposed to an EMP, the electromagnetic power loss
density is approximately 3.39E10 W/m”.

The dose—effect between the temperature increase of the human head and the pulse field
intensity. Temperature increases in the human head are obtained for different field intensity of EMPs. Fig-
ure 4 depicts the increases in temperature with the varied pulse field intensity, where, the pulse total number
(n=800), the pulse width (t=40 ns), and the pulse repetition frequency (f=10 Hz) remained unchanged. Fig-
ure 4a—f show the head temperature distribution where each figure respectively indicates different pulse field
intensity and Fig. 4b is the control group, which represents the SAM simulation with the pulse benchmark
parameters. Figure 4g displays the variation curve of the temperature increase in the human head with the pulse
field intensity. As depicted in Fig. 4g, the horizontal axis of the graph represents the pulse field intensity, and the
vertical axis represents the highest temperature increase value in the head exposed to EMPs.

It can be seen from Fig. 4a—f that the temperature distribution in the human head almost coincide with that
of the control group when the pulse field intensity is varied, that is, the temperature distribution in the human
head when exposed to EMPs exerts slightly dependence on the pulse electric field. Figure 4g shows that the
highest temperature rise value in the human head increases with the pulse field intensity when other parameters
of EMP are constant, and it will exceed 0.5 °C when the pulse field intensity is stronger than 1300 kV/m, which
may have a potential hazard to the human head.
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Figure 4. The temperature distribution in the human head and the variation curve of the temperature increase
with different pulse field intensity. (a) E=360 kV/m, (b) E=720 kV/m, (c¢) E=900 kV/m, (d) E=1080 kV/m,
(e) E=1260 kV/m, (f) E=1300 kV/m, (g) the variation curve of the temperature increase. We used COMSOL
Multiphysics software, version 5.4 (https://www.comsol.com/comsol-multiphysics) for simulation results
(Images a—f) and Origin software, version 8.0 (https://www.originlab.com/index.aspx?go=Products/Origin) for
data analysis (Image g).
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Figure 5. The temperature distribution in the human head and the variation curve of the temperature increase
with different pulse total number. (a) n=400, (b) n=800, (c) n=1600, (d) n=3200, (e) n=4800, (f) n=6600, (g)
the variation curve of the temperature increase. We used COMSOL Multiphysics software, version 5.4 (https://
www.comsol.com/comsol-multiphysics) for simulation results (Images a-f) and Origin software, version 8.0
(https://www.originlab.com/index.aspx?go=Products/Origin) for data analysis (Image g).

The dose-effect between the temperature increase of the human head and the pulse total
number. Temperature increases in the human head are obtained for different pulse total number of EMPs.
Figure 5 shows the increases in temperature with the varied pulse total number, where, the pulse field intensity
(E=720kV/m), the pulse width (1=40 ns), and the pulse repetition frequency (f=10 Hz) remained unchanged.
Figure 5a-f show the head temperature distribution where each figure respectively indicates different pulse
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Figure 6. The temperature distribution in the human head and the variation curve of the temperature increase
with different pulse width. (a) =20 ns, (b) T=40 ns, (c) T=60 ns, (d) =80 ns, (¢) T=120 ns, (f) T=130 ns, (g)
the variation curve of the temperature increase. We used COMSOL Multiphysics software, version 5.4 (https://
www.comsol.com/comsol-multiphysics) for simulation results (Images a—f) and Origin software, version 8.0
(https://www.originlab.com/index.aspx?go=Products/Origin) for data analysis (Image g).

total number and Fig. 5b is the control group, which represents the SAM simulation with the pulse benchmark
parameters. Figure 5g displays the variation curve of the temperature increase in the human head with the pulse
total number. As shown in Fig. 5g, the horizontal axis of the graph represents the pulse total number, and the
vertical axis represents the highest temperature increase value in the head exposed to EMPs.

It can be seen from Fig. 5a—f that the temperature distribution in the human head almost coincide with that
of the control group when the pulse total number is varied, that is, variations of the pulse total number have
no effects on the temperature distribution in the human head when exposed to EMPs. Figure 5g shows that the
temperature rise in the human head increases with the pulse total number when other parameters of EMP are
constant, and the highest temperature rise value in the human head changes significantly when the pulse total
number is smaller than 4800, otherwise, it remains slight changes, and it will exceed 0.5 °C when the pulse total
number is larger than 6600, thus an adverse effect on the human body may occur.

The dose-effect between the temperature increase of the human head and the pulse
width. Temperature increases in the human head are obtained for different pulse width of EMPs. Fig-
ure 6 demonstrates the increases in temperature with the varied pulse width, where, the pulse field intensity
(E=720kV/m), the pulse total number (n=800), the pulse repetition frequency (f= 10 Hz) remained unchanged.
Figure 6a—f show the head temperature distribution where each figure respectively indicates different pulse width
and Fig. 6b is the control group, which represents the SAM simulation with the pulse benchmark parameters.
Figure 6g displays the variation curve of the temperature increase in the human head with the pulse width. As
shown in Fig. 6g, the horizontal axis of the graph represents the pulse width, and the vertical axis represents the
highest temperature increase value in the head exposed to EMPs.

It can be seen from Fig. 6a-f that the temperature distribution in the human head almost coincide with that
of the control group when the pulse width is varied, that is, the temperature distribution in the human head
when exposed to EMPs exerts slightly dependence on the pulse width. Figure 6g shows that the temperature
rise in the human head increases with the pulse width when other parameters of EMP are constant, and it will
exceed 0.5 °C when the pulse width is greater than 130 ns, which may cause adverse effects on the human health.

Discussion

In this paper, the temperature increases in the human head when exposed to EMPs have been investigated based
on commercial software called COMSOL Multiphysics. The simulation results show that the highest temperature
rise value in the human head is 0.16°C with the pulse benchmark parameters (E=720 kV/m, n=800, t=40 ns,
f=10 Hz), and the temperature increases in the human head are non-thermal effects within the studied EMP
parameters. The temperature rise values are large close to the head surface facing the incident wave, and drop
rapidly inside the head. The temperature distribution profiles with different pulse parameters have almost similar
characteristics and the highest temperature rise value in the human head increases with the pulse field intensity,
pulse total number, and pulse width. Besides, EMPs exposure may exert adverse effects on the human head when
the pulse field intensity is stronger than 1300 kV/m, the pulse total number is larger than 6600 pulses, and the
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pulse width is greater than 130 ns, which were defined as the safety threshold of head exposure to EMPs. Addi-
tionally, this paper would offer datasets to characterize the relationship between the human head temperature
and EMP parameters that can inform further studies that utilize high-fidelity models and this study would be
of great theoretical significance for further researches on the optimal EMP parameters to open the BBB to the
greatest extent within a safe range.

Data availability
The datasets generated or analysed during the current study are available from the corresponding author on
reasonable request.
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