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Tumor-treating fields (TTFields) are low-intensity and intermediate-frequency alternating electric
fields that have been found to inhibit tumor cell growth. While effective, the mechanism by which
TTFields affect cell growth is not yet clearly understood. Although numerous mathematical studies
on the effects of electromagnetic fields on single cells exist, the effect of TTFields on single cells
have been analyzed less frequently. The goal of this study is to explore through a mathematical
analysis the effects of TTFields on single cells, with particular emphasis on the thermal effect. We
examine herein two single-cell models, a simplified spheroidal model and a simulation of a U-87
MG glioblastoma cell model obtained from microscopic images. A finite element method is used to
analyze the electric field distribution, electromagnetic loss, and thermal field distribution. The
results further prove that the electric field in the cytoplasm is too weak and its thermal damage can

be excluded as a mechanism for cell death in TTFields. © 2020 Bioelectromagnetics Society.
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INTRODUCTION

Tumor-treating fields (TTFields) are a variety of
alternating electric fields with low-intensity (1-3 V/
cm) and intermediate-frequency (100-300 kHz) that
were first found by Kirson et al. [2004] to have the
effect of inhibiting tumor cell growth. The effect has
been found to be both safe and effective on several
cell lines, including U-87 GM, B16F1, MDA-MB-23,
and H1299 [Kirson et al., 2007; Pless et al., 2013].
Among these, clinical experiments on U-87 GM have
already been carried out and achieved -effective
outcomes, and the Food and Drug Administration
(FDA) has approved its application for treatment of
recurring glioblastoma multiforme (GBM) after sur-
gery and radiotherapy [Turner et al., 2014; Rehman
et al., 2015]. On the basis of existing research results,
relevant therapy systems have been developed by
Novocure (Jersey, UK), which effectively prolonged
the life of cancer patients [Mun et al., 2018].

However, although good results have been
achieved both in vitro and in vivo, the biophysical
mechanisms at play during exposure to TTFields are
not yet fully understood. Thus far, these results have
most commonly been attributed to the effect of the
electric field on mitosis during cell division.

It has been suggested that TTFields in the cytoplasm
can disrupt the polymerization of microtubules, resulting
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either in cell death or the slowing of cell growth [Gera
et al.,, 2015]. This view notes that the microtubule
dimer, which is the basic unit comprising the
microtubule, has a large electric dipole moment that
will tend to align parallel to the direction of an applied
electric field. The torque imposed on the dimer will
make it difficult to assemble microtubules and cause
difficulties in spindle formation, culminating ulti-
mately in failure of mitosis. Furthermore, in the
telophase of mitosis, the electric field intensity in the
cell is extremely non-uniform, and can result in
dielectrophoretic (DEP) force [Piacentini et al., 2011].
The DEP force in the cleavage furrow is much
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stronger than elsewhere in the dividing cell and can
drive macromolecules, such as the microtubule dimers
and some organelles, to the cleavage furrow and
may affect normal polymerization of microtubules.
Although some morphological changes of the spindle
have been detected via fluorescence microscopy
[Giladi et al., 2015], they cannot be interpreted as
direct evidence of the electric field destroying
microtubule assembly via the torque and force
mechanisms mentioned above. Some researchers
further doubt whether the potential force and torque
generated by the TTFields are sufficiently strong to
exert a significant effect on the microtubule dimer
[Wenger et al., 2018]. The thermal effect of TTFields,
another potential driver of the observed clinical
effects, has not been studied in previous studies, and
is generally estimated to be insignificant due to the
relatively low frequencies at play. Herein, we explore
this notion, and to best understand the underlying
mechanisms of the TTFields, we analyze the thermal
effect at the single-cell level.

In theoretical analysis of electrical effects on the
cell, traditionally, most works have focused on the
cell trans-membrane voltage (TMV) calculation
[Schwan, 1957; Kotnik and Miklavci¢, 2000a]. For
the bio-thermal effect studies of external electromag-
netic fields, the source of the thermal effect is from
electromagnetic loss, and thus most studies have
focused on power dissipation, especially at the tissue
level [Bottomley and Andrew, 1978]. Kotnik and
Miklav¢i¢ [2000b] mathematically analyzed the con-
ductive and dielectric power dissipation in cells
exposed to alternating current (AC) electric fields
based on the spherical cell model, but the irregular
shape of real cells was not considered. To study
whether the TTFields can cause significant thermal
damage on single cells, more geometrically accurate
cell models should be built and more comprehensive
analysis of electromagnetic field effects on the single-
cell exposed to the TTFields should be conducted.

In this paper, we employed a mathematical model
to investigate the thermal and electromagnetic effects of
TTFields on a single cell. We first improved the
traditional spherical cell model by taking the nucleus
into consideration, and then the potential and electric
field distributions were derived theoretically by solving
the Laplace equation. For the more complex situation
reflected in reality, we used a microscopic image of a
U-87 MG glioblastoma cell to determine the shape of the
irregular cell model and develop a geometrically
corresponding irregular cell model. On the basis of this
model, the finite element method (FEM) was used to
compute the electric field, electromagnetic loss, and
temperature distribution. Finally, to address the thermal

Bioelectromagnetics

effect of TTFields, a conductive heat transfer model was
used to calculate the temperature distribution in the cell.
Furthermore, we imposed the electric field experimen-
tally on a cell culture and measured the temperature
change via an infrared camera. The results verified the
correctness of the hypothesis that the TTFields produced
no thermal damage to the cell, and that thermal damage
can be excluded as a mechanism of cell death in
TTFields.

MODEL AND METHOD

Regular Spherical Cell Model. Biological cells are
found in various geometries, such as spheres,
polyhedrons, spindles, cylinders, and so forth. A
sphere yields the simplest approximation of cell
shape and enables analytical calculation of the
electric field distribution within the cell. The
spherical cell model is thus the most classically
employed model in biophysical analysis of the single
cell. In order to theoretically derive and compare the
results calculated from the traditional spherical cell
model to the irregular model developed in this work,
first the spherical model is developed while taking
the nucleus into consideration, which was neglected
in most previous models. This spherical cell model
and geometrical parameters [Joshi et al., 2004] are
shown in Figure 1.

Irregular Cell Model. In reality, only a small portion
of biological cells are spherical or nearly spherical
when they are in suspension, with most instead having
various irregular shapes in vivo. Thus, the study
results obtained from spherical cell models may be
low in accuracy, and to improve the accuracy and
evaluate the error between different cell models,
more realistic irregular models should be established.
Microscopic images of cells can provide some basic
inspiration for geometrically irregular cell modeling.

Fig. 1. Spherical cell model.
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Fig. 2. The process of developing an irregular single-cell model of U-87 MG glioblastoma
cell: (A) the microscopic image; (B) the model developed in COMSOL.

A U-87 cell is provided as an example, and its
microscopic images are shown in Figure 2A. As
depicted in the figure, the cell takes an elongated
shape, which tapers as it extends in both directions,
and the nucleus is not located in the middle of
the cytoplasm. The size of the irregular cell is roughly
80-um long and 20-um wide. According to the outline
of the cell images, we can develop an approximate
geometrically irregular model by using a second-order
Bezier curve and a rotation transformation as shown in
Figure 2B.

We used cellular electrical parameters from the
literature (Table 1) and treated the extracellular
medium as physiological saline. Data in Table 1 are
obtained at 35°C for frequencies that range from
several kilohertz to several hundred kilohertz, permit-
ting them to be regarded as frequency-independent
[Kotnik and Miklav¢i¢, 2000b]. For simplicity and
comparison of different results, both the spherical and
irregular cell models employ the same electrical
parameters in this work.

Calculation of Physical Fields. From a physical point

of view, to address the effects of TTFields, the intensity
distribution of physical fields must be analyzed,

TABLE 1. Electrical Parameters of the Cell

including the distribution of the electric field intensity
and temperature. Due to the fact that the frequencies of
TTFields are from approximately 100 to 300 kHz, the
wavelength is much longer than the size of cell, so the
wave characteristic of the electric field can be ignored
and the external electric field applied to the cell can be
assumed homogeneous at every moment. In addition,
the permittivity of the cell is in the 8 dispersion zone
and the dispersion effect is negligible in the small range
of frequency variation [Ponne and Bartels, 1995].
Furthermore, the permittivity and conductivity for
frequencies range from several kilohertz to several
hundred kilohertz, permitting them to be regarded as
frequency-independent [Kotnik and Miklavci¢, 2000b].
The inhomogeneity of the electrical parameters in each
part of a cell is ignored in the following derivation and
calculation.

The potential distribution in a cell exposed to an
external electric field is determined from Laplace's
equation,

V¢ =0 ey

The boundary conditions between the different
mediums are

Parameter Value References
Conductivity of cell membrane 3x 1077 S/m Gascoyne et al. [1993]
Conductivity of cytoplasm 0.3S/m Harris and Kell [1983]
Conductivity of nucleus membrane 5% 1077 S/m Joshi et al. [2004]
Conductivity of nucleoplasm 0.2 S/m Joshi et al. [2004]
Conductivity of extracellular medium 1.2 S/m Sunderman [1945]
Permittivity of cell membrane Seo Gascoyne et al. [1993]
Permittivity of cytoplasm 73 g Biichner et al. [1999]
Permittivity of nucleus membrane 136 ¢ Joshi et al. [2004]
Permittivity of nucleoplasm 10 & Joshi et al. [2004]
Permittivity of extracellular medium 73 g Biichner et al. [1999]

Permittivity of the vacuum

€0 = 8.854 x 1072 F/m
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where ¢ is the electrical potential, o is the local
electrical conductivity in the cell, r is the radius
direction in spherical coordinate system, and the
subscripts 1 and 2 represent the two sides of the
boundary.

For the spherical cell model illustrated in
Figure 1, the boundary value problem of Equations
(1)-(2) can be solved analytically with Legendre
function [Joshi et al., 2004].

Hence, after obtaining the potential distribution,
the electric field intensity can be derived by

E=-V¢ 3)

Addressing the thermal field calculation, due to
the fact that the TTFields are sub-MHz, the dielectric
power dissipation in the cell is negligible [Kotnik and
Miklav¢i¢, 2000b], and the conductive power dissipa-
tion caused by the friction of current carriers is the
main component. According to electromagnetic theory,
the conductive power dissipation density distribution p
will be

p = oE 4)

The whole electromagnetic power dissipation in
the single cell can be calculated by the integral

P:‘/;GEZ-dV 5)

To address the thermal effect, the electromag-
netic dissipation can be considered as the heat source,
and the stationary temperature distribution of the cell
can be derived from conductive heat transfer theory as

Y
2 —
ViIT+ 2 =0 ©)

O=p

where T is the temperature distribution, Q is the
thermal power density, and A is the thermal con-
ductivity.

For the irregular cell model in an external
electric field, the above mathematical formulas must
be solved by numerical methods (COMSOL Multi-
physics version 5.3; COMSOL, Stockholm, Sweden).
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The DC/AC module in the frequency domain of
COMSOL was used to solve the electric field
distribution problem. The mesh sizes for regular and
irregular single cell models are 431,258 elements with
72,572 nodes and 984,209 elements with 165,072
nodes, respectively. The average size of each element
is roughly 107 um’.

To obtain more accurate experimental data by
simulation, a uniform external field was generated by
two parallel electrodes on both sides of the cell, as
shown in Figure 3. Simply, when calculating the thermal
effect, ignoring the fluid properties of cytoplasm and
extracellular medium, a thermal analysis was done using
the COMSOL heat transfer module to model conductive
heat transfer and the resulting temperature distribution
within a biological cell.

In the practical application, the electric field for
the GBM treatment is 2 V/cm, 200kHz [Giladi
et al., 2015]. Therefore, a certain voltage is applied
on the electrodes in the model to generate an electric
field typical of the in situ electric field of the Novocure
medical device.

RESULTS

This section will show the results of the analysis
of the physical fields. First, the spatial distributions of
electric field, electromagnetic power dissipation, and
temperature rise are described. Second, frequency-
dependence of the electric field and thermal distribu-
tion was determined over 100 kHz to 1 MHz (at the
same amplitude). The cell membrane is ignored in the
thermal model because significant heating only occurs
in the cytoplasm.

Spatial Distribution of Physical Fields. Figure 4
shows the calculated electric field intensity distributions
in the two-cell models for the nominal device-generated
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Fig. 4. The electric field intensity distributions.

electric field (2 V/cm at 200 kHz). Note the different
scales, the equivalence of 1 and 100 V/m, and that very
near the two tips the numerical calculation for the
irregular model yields exceptionally high electric field
values for a few voxels that can be ignored as unphysical
consequences of the needle-like tip shape (similarly
hereinafter).

Figure 4 indicates that the electric field distribu-
tion in the irregular cell is much more non-uniform
than that in the spherical cell, and much stronger
electric fields concentrate on the two ends of the cell.

Because the irregular cell model is not symme-
trical, different directions of external electric fields
must be considered. As illustrated in Figure 5, the
angle between the electric field direction and the
major axis of the irregular cell model is defined as a.

To investigate the effect of different external
electric field directions, the irregular cell model is
rotated by 45° and 90° and keeps all other simulation
conditions unchanged. After simulation, the electric
field intensity distributions in the irregular cell model
are shown in Figure 6.

From the results of the electric field intensity
distribution, it is easy to find that the electric field in
the irregular cell varies greatly and is heavily
dependent on the direction of electric field. When
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>

Fig. 5. Sketch of the angle between the electric field
direction and the cell major axis.
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Fig. 6. The electric field intensity distributions in the irregular
cell when the external electric field directions are varied.

the electric field direction is parallel to the major axis
of the cell, the electric field will be much stronger.
Therefore, in the clinical application, applying electric
fields in different directions can enhance the chance
that the applied field will be approximately parallel to
the axial direction of any particular tumor cell, and
thereby may enhance the disruptive effect of electric
fields on the cells.

After analyzing the electric field in the cell,
thermal effects were studied using the model's electric
field distribution. Thermal damage is one of the most
important effects in biophysics, and is often used to
kill tumors, mostly during tumor ablation. It is thus
essential to study whether the TTFields produce a
significant thermal effect. First, as the thermal source,
electromagnetic power dissipation in the two single-
cell models is calculated and the results are shown as
Figure 7.

Figure 7 shows that in the spherical model (left),
power densitg is nearly uniform in a narrow range
near 1.2 x 10° W/m® over the entire volume. Maxima
(red and upward triangle) occur at polar caps aligned
with the field, but are only approximately 6% greater
than minima at the equatorial region (blue and
downward triangle). In sharp contrast, for the irregular
model aligned with the field (o« = 0°), power density in
the central bulge (blue) is significantly less (below
100 W/m3, a =0°), somewhat lesser at o =45°, and
near zero for & =90°. Power density in the tips varies
even more sharply with orientation angle as it ranges
from extremes many thousands of times greater than
for the sphere over a substantial tip region for a = 0°,
to somewhat lower maxima for o =45° and to an
effectively zero level everywhere at o =90°.

In the heat transfer module in COMSOL, the
above power dissipation is set as the thermal source, and
the boundary of the region is set as a fixed temperature
condition to simulate the normal tissue temperature. The
thermal conductivity of the cell is set as approximately
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Fig. 7. The electromagnetic power dissipation distribution in the single-cell models.

0.6 Wm/K [Kyoo Park et al., 2013], and the initial and
ambient temperature in and around the cell are set to
310.15 K (37°C), equal to the normal body temperature.
The simulation results of the temperature rise in the
single cell are shown in Figure 8.

Figure 8 shows that in the spherical model, the
temperature distribution is almost uniform, but in
contrast is highly variable in the irregular cell. To
avoid the artifacts of discretization on the tips of
irregular cell model, we calculated the average
temperature rise over the whole-cell model to evaluate
the thermal effect of TTFields. After calculation, the
temperature rise in the spherical and irregular model is
about 0.001 and 0.003 K, respectively. Thus, in both
the spherical and irregular cell models, the thermal
effect is observed to be very slight, due to the low
intensity of the external electric field, even when the
irregular shape is aligned directly with the field (the
a =0° case).

In order to verify the correctness of the thermal
field simulation, we used an infrared camera to
photograph the temperature distribution of cell culture
medium with and without imposing an electric field.
According to the microscopic image (not shown here),
the HeLa cell has a similar shape as the U-87 cell, so we
used HeLa cell culture to do the test. In the experiment,
2ml of HeLa cell culture with the cell density 5 x 10
cells/ml was placed in two 35 mm diameter Petri dishes
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Fig. 8. The temperature rise of the single cell (only a=0° in
the irregular model is presented).
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(Fisher Scientific, Pittsburgh, PA), one of which was
fitted with electrodes to create a 2 V/cm, 200kHz
electric field using a Tektronix AFG 3120 function
generator (Tektronix, Beaverton, OR). The two 20 mm X
10 mm cooper film electrodes (Bertech, Torrance, CA)
are attached with adhesive to conform to the curved
exterior dish wall. Exposure was kept for 10 min in order
to reach a steady-state (room temperature, 24.8°C). The
infrared camera (FLIR, Wilsonville, OR) was then used
to photograph the Petri dishes (resolution, 0.1°C), and
the images are shown in Figure 9. These figures show
that the temperature distribution is not detectably
different in the two cases, further suggesting that the
power dissipation will not lead to a significant
temperature rise and the thermal effect is unlikely to
damage cell proliferation. It should be noted that we
detected the temperature of the whole-cell culture, but
not a single cell due to the technique's limitation.
Nevertheless, this can still be validation on the thermal
effect evaluation.

Frequency-Dependent Characteristics of Physical
Fields. It is well-known [Goldman, 1943] from the
capacitive nature of the cell membrane that its
impedance decreases with increasing frequency.

Fig. 9. The temperature distributions of HelLa cell culture:
(A) without electric field; (B) with electric field.
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Fig. 10. The circuit model of the single cell.

An approximate circuit model of single cell is
sketched in Figure 10. To address the frequency-
dependent characteristics of electric fields and thermal
effect in the single cell, the frequencies were varied
from 100 kHz to 1 MHz, and the electrical properties
of the cell are those used at 200 kHz because they are
frequency-independent below 1 MHz. To reduce the
distortion of FEM discretization, the average values of
electric field intensity and temperature rise over the
entire cell are demonstrated by curves in Figure 11A
and B.

From these results in Figure 11, it can be seen
that as the frequency increases, the electric field in the
cell cytoplasm increases accordingly. It also shows
that the ability of the electric field to penetrate the cell
membrane becomes stronger, consistent with the
circuit theory. While this increase is not linear, the
electric field tends to be stable as the frequency climbs
above 1 MHz. Additionally, even though the tempera-
ture in the cell has a slight rise (below 0.01 K in all
cases), temperature changes less than about 0.1K
would be undetectable if the sensitivity of temperature
measurement device is less than 0.1 K, and tempera-
ture changes within a cell, while not directly
measurable, are calculated to be small with respect
to normally occurring variations.
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DISCUSSION

The response of biological cells to external
electric fields is an interesting and important topic that
requires insights from studies in biology and physics.
Different electric field intensities and frequencies will
cause different biophysical effects within the cell, and
may have different medical implications. This paper
focuses on the low-intensity, intermediate-frequency
TTFields and studies their relevant electromagnetic
field effects, with special emphasis on the electric field
distribution and thermal effect.

As biological cells frequently assume an irregular
shape, the electric field within the cell varies over a large
range, leading to significant differences in exposure at
cellular and sub-cellular dimensions. Noting that cells of
tissues studied in vitro and in vivo are adherent, their cell
shapes are much different from regular spheres, so the
significant edge effect of the physical field distribution
will be observed, as shown in the results section.
Therefore, numerical algorithms incorporating more
morphologically accurate cell geometries are recom-
mended to improve accuracy.

When the cell is subjected to the TTField, the
direction of the external electric field is an important
factor affecting the electric field distribution in the
cell. The highest electric field intensity will concen-
trate on the two ends of the cell when it is parallel to
the direction of the external electric field. Conse-
quently, electric field direction may enhance or
diminish effects on cells and should be taken into
consideration for medical devices and in research.

Thermal effects are one of the most essential
biophysical mechanisms of electric fields in medical
applications. For the nominal 2 V/cm intensity of the
external electric TTField, the electric field within a
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Fig. 11. The average electric field intensity and temperature change with the frequency
increase: (A) the spherical model; (B) the irregular model.
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cell corresponds to such low power dissipation that the
rise in temperature is inconsequential and particularly
is too small for thermal damage to a cell.

When the cell is exposed to an external
alternating electric field, the cell membrane will act
as a capacitor and shield the external electric field
from entering the cell. For static and low frequency
fields, the electric field in the membrane can be 10°
greater than in the cytoplasm, but with increasing
frequency membrane, capacitive impedance decreases
and the cytoplasm electric field increases. But this
frequency-dependent characteristic is not linear, and
the electric field will tend to be stable when the
frequency is over 1 MHz because the capacitive
reactance becomes extremely small and the resistance
component becomes dominant.

CONCLUSION

This work studied the electromagnetic and
thermal effects of TTFields on a single cell. Spherical
and irregular single-cell models have been used for
numerical analysis. The results show that the distribu-
tions of electric field and temperature field in the
spherical model are nearly uniform, whereas much
greater field strengths occur at both ends of the
irregular cell model. The electric field in the irregular
cell depends heavily on its degree of alignment with
the TTField; the more parallel the cell is to the
TTField, the stronger electric field in the cell will be.
Thermal effects in both cell models are not significant
at the sub-cellular and cellular scales because electric
fields coupled to the cell are too weak to cause
detectable power loss. Thermographic evidence for an
entire cell culture dish surface confirms the absence of
a detectable temperature increase under the test
conditions. Therefore, thermal effects can be excluded
as a mechanism of observed clinical effects of
TTFields. In our future work, the effects of the
TTFields on dividing irregular cell will be studied and
corresponding experiments will be conducted.
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