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Abstract
Background: Tumor-treating fields (TTFields) therapy is increasingly utilized
clinically because of its demonstrated efficacy in cancer treatment. However,
the risk of skin burns must still be reduced to improve patient safety and
posttreatment quality of life.
Purpose: The purpose of this study was to evaluate the methods of construct-
ing electrode arrays that reduce current density exceeding threshold values,
which can cause skin burns during TTFields therapy.
Methods: Electrode and body models were generated using COMSOL soft-
ware. The body model had the dielectric properties of the scalp. The average
current density beneath the central region of the electrode was maintained at
∼31 mA/cm2 RMS. The deviations in current density at the edges of the elec-
trode were reduced by three methods:adjustment of the ceramic thickness ratio
of the center to the edge from 1/5 to 4/5, adjustment of the radius of the metal
plate from 5.0 to 8.0 mm, and insertion of an insulator of width 0.5 to 2 mm at
the edge.
Results: While using a single circular electrode, adjustment of the ceramic
thickness ratio, adjustment of the metal plate radius, and insertion of an insu-
lator near the edge reduced the deviations of current density by 14.6%, 67.7%,
and 75.3%, respectively. Similarly, while using circular electrode arrays, insert-
ing an insulator at the edge of each electrode reduced the deviations of current
density significantly, from 8.62 to 2.40 mA/cm2.
Conclusions: Insertion of an insulator at the edge of each electrode was found
to be the most effective method of attaining uniform current density distribution
beneath the electrode, thereby lowering the risk of adverse effects of TTFields
therapy.
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1 INTRODUCTION

Tumor-treating fields (TTFields) therapy is the delivery
of a low-intensity electric field (1–3 V/cm) at inter-
mediate frequency (100–300 kHz) to dividing cells,
thereby inhibiting cell division.1 Because TTFields have
a greater effect on dividing cells than on nondividing
cells, it has a greater effect on cancer cells, which divide
more frequently, than on normal cells, which divide rel-
atively infrequently.2 The inhibitory effect of TTFields

on cell division increases in proportion to the intensity
of the electric field and the duration of its application.
A recent clinical trial also showed that higher electric
field intensity was associated with a higher patient sur-
vival rate.1,3 The rates of hematological, infectious, and
gastrointestinal side effects were shown to be lower,
and quality of life better with TTFields therapy than
with chemotherapy.4 The addition of TTFields therapy to
chemotherapy has shown better therapeutic outcomes
than chemotherapy alone in patients with glioblastoma
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multiforme (GBM).5,6 For example, the treatment of
GBM patients with chemotherapy plus TTFields therapy
resulted in longer median progression-free survival (7.2
vs. 4.0 months), median overall survival (20.5 vs. 15.8
months),and higher 2-year survival rates (43% vs.29%)
than chemotherapy alone.5,6

TTFields therapy is currently performed by attaching
electrodes onto the skin to deliver an electric field.7 In
general, the current generated by the electric field pro-
duces heat, increasing the risk of burns on the skin when
the electric field intensity is over the tolerance limit.8 The
threshold of current density recommended to prevent
skin burns has been reported to be 100 mA/cm2 RMS,
whereas the maximum current density applied during
TTFields therapy is limited to 31 mA/cm2 RMS or ∼1/3
of the threshold current density.2 Despite this relatively
safe upper limit of current density, however, skin burns
may occur in patients receiving TTFields therapy.5,6,8,9

One drawback to the electrodes currently used for
TTFields therapy is that the distribution of the electric
field beneath the electrode is not uniform, with a high
electric field at the edges of the electrodes.10 Accord-
ing to Ohm’s law, which states that electric field and
current density are linearly related, the current density
distribution at the contact surfaces of the electrodes is
also not uniform,11 with the intensity of current density
increasing from the center to the edges.12 Thus, even
when the average current density is 31 mA/cm2 RMS, its
nonuniform distribution results in a higher current den-
sity near the edges, increasing the risk of skin burns
near the edges. Although current density at the edges
can be reduced by reducing the average current den-
sity to below 31 mA/cm2 RMS, this would result in an
overall reduction in electric field intensity,diminishing the
therapeutic effects of TTFields therapy. Thus, to maxi-
mize this therapeutic effect, it is necessary to develop
a method that allows the uniform distribution of current
density on the skin by reducing the current density near
the edges of the electrode while maintaining threshold
current density.The present study therefore devised and
evaluated methods of constructing electrodes that pro-
vide uniform current density distribution while reducing
current density at the edges that exceed the threshold
value for TTFields therapy.

2 MATERIALS AND METHODS

This study utilized the finite element method to eval-
uate the current density distribution of electrodes for
TTFields therapy. A body model, to which the electrode
was attached, had the shape of a rectangular cuboid,
with a height and width of 10 cm each and a thickness
of 5 cm.The body model had the dielectric properties of
the scalp, including a conductivity of 0.25 S/m and a rela-
tive permittivity of 5000.13 Each electrode was modeled
to closely represent Optune systems, which are used in

TABLE 1 Properties of materials

Material
Conductivity
[S/m]

Relative
permittivity

Body 0.25 5000

Conductor (plate) 6.0 × 107 1.00

Ceramic 1.0 × 10−13 5000

Hydrogel 0.10 100

Insulator (polyethylene) 1.0 × 10−6 2.25

clinical practice.5,6,8 Each electrode was composed of a
metal plate (conductor), a ceramic, and a hydrogel, with
thicknesses of 0.1, 1.0, and 2.0 mm, respectively; con-
ductivities of 6E + 7, 1E − 13, and 0.1 S/m, respectively;
and relative permittivities of 1, 5000, and 100, respec-
tively (Table 1).2,13,14 Each circular electrode was 18 mm
in diameter,whereas each square electrode was 18-mm
wide (Figure 1). Each electrode array consisted of 3 × 3
electrodes separated by 22 and 33 mm along with two
perpendicular directions,similar to arrays used in clinical
practice.13,15,16

The mesh utilized had a maximum element size of
0.55 cm, a minimum element size of 0.04 cm, a maxi-
mum element growth rate of 1.4, a curvature factor of
0.4, and a resolution of narrow regions of 0.7. Both the
body and electrode models were generated using COM-
SOL Multiphysics, version 5.5 (COMSOL Inc., Sweden).
The ability to reduce higher current density at electrode
edges was tested by varying three aspects of the sys-
tem: (1) adjusting the thickness ratio of the ceramic, (2)
adjusting the radius of the metal plate, and (3) inserting
an insulator made of polyethylene into the electrode.

The current density distribution beneath the electrode
was tested by delivering an electric field of 200 kHz to
the electrode attached to the body model, while main-
taining the average current density at the central region
(radius ≤4.5 mm) of the electrode at ∼31 mA/cm2 RMS.
Simulations were performed using the COMSOL electric
currents interface. The uniformity of the current density
distribution was evaluated by calculating the deviation
of current density from 31 mA/cm2 RMS, which was
defined as the threshold current density to avoid skin
burns.

3 RESULTS

3.1 Reference electrode model: single
circular and square electrode

Schematics of the circular and square electrode models
are displayed in Figures 2a,d, respectively. Measure-
ments of the distributions of current density showed that
current density exceeded 50 mA/cm2 RMS at the edges
of both the circular and square electrodes (Figure 2b,e,
red regions). Profiles of current density under the cir-
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TECHNICAL NOTE 4839

F IGURE 1 Geometry of the body model and circular electrode model. Each electrode consisted of a conductor plate, a ceramic insulator,
and a hydrogel.

F IGURE 2 Distribution of current density in a single electrode. (a) Circular electrode model. (b) Distribution of current density under the
circular electrode. (c) Profile of current density under the circular electrode along the r-axis. (d) Square electrode model. (e) Distribution of
current density under the square electrode. (f) Profile of current density under the square electrode along the r-axis.

cular and square electrodes along the r-axis suggested
that current density increased as the distance along the
r-axis increased (Figure 2c,f ). Although the threshold
current density in the central region of the electrode
was set at ∼31 mA/cm2 RMS, the current density at the
edges was significantly higher, indicating a high risk of
skin burns in this region. The analysis of current density
distribution showed that the deviations of current den-
sity for circular and square electrodes were 7.96 and
8.47 mA/cm2, respectively.

3.2 Adjustment of the thickness ratio
of the ceramic of circular electrodes

Figure 3a shows a side view of a circular electrode
model with variable thickness ratios (hr), defined as the
ratio of thickness at the center to a basic thickness (h0)

of 2 mm. To evaluate the effect of the ratio of the thick-
ness of the center to the edge of the ceramic, a ceramic
with a basic thickness of 2.0 mm was cut radially
along the direction of the electrode center (Figure 3a).
Profiles of current density for various thickness ratios
showed that the current density at the edge of the
electrode decreased as the thickness ratio decreased,
with a maximum effect observed when the adjustment
of the thickness ratio was 1/5 (Figure 3b). Analysis of
current density distribution for the adjustment of the
thickness ratio of 1/5 showed that the deviations of cur-
rent density decreased from 7.96 to 6.80 mA/cm2, a
reduction of 14.6% (Figure 3c,d). These findings sug-
gested that, although adjusting the thickness ratio of
the ceramic can reduce the deviation of current density
beneath the electrode, the effect was not significant,with
a maximum 14.6% reduction in the deviation of current
density.
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F IGURE 3 (a) Model of a circular electrode with variable thickness ratios of the ceramic. (b) Profiles of current density along the r-axis as a
function of the thickness ratio of the ceramic. (c) Distribution of current density for electrodes with a thickness hr of 1/5. (d) Profiles of current
density along the r-axis for electrodes of thicknesses hr of 1/5 and 5/5.

F IGURE 4 (a) Model of a circular electrode with variable radii of the conductor plate, with r0 defined as the radius of the metal plate. (b)
Profiles of current density along the r-axis as a function of the radius of the plate. (c) Distribution of current density with an r0 of 7.0 mm. (d)
Profiles of current density along the r-axis for radii of 7.0 and 9.0 mm.

3.3 Adjustment of the radius of a metal
plate for circular electrodes

Figure 4a shows a schematic of a circular electrode
model with a variable radius.The radius of the conductor

plate (r0) was set at 9 mm for the reference electrode
(Figure 2a). To evaluate the effects of adjusting the
radius of the conductor plate, r0 was changed from 8 to
5 mm. Profiles of current density for various r0 showed
that the current density near the edge of the electrode
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TECHNICAL NOTE 4841

F IGURE 5 (a) Model of a circular electrode with an inserted insulator. (b) Profiles of current density along the r-axis as a function of the
width of the insulator ring. (c) Distribution of current density for t of 1.0 mm. (d) Profiles of current density along the r-axis for t of 1.0 and
0.0 mm.

decreased as r0 decreased, with an r0 of 5 mm having
the maximum effect (Figure 4b). At an r0 of 5 mm,
however, the current density at the edge was reduced
too much, resulting in a nonuniform distribution of cur-
rent density underneath the electrode. The uniformity of
current density was optimal when r0 was 7 mm,at which
the deviation of current density decreased from 7.96
to 2.57 mA/cm2, a reduction of 67.7% (Figure 4c,d).
These results suggest that adjusting the radius of the
conductor plate can effectively reduce the deviation of
current density beneath the electrode, with a maximum
67.7% reduction in the deviation of current density.

3.4 Insertion of an insulator near the
edge of a circular electrode

Figure 5a shows a schematic of a circular electrode
model with an inserted insulator ring, with t defined as
the width of the insulator ring. To evaluate the effect of
inserting an insulator ring near the edge of the electrode,
t was changed from 0.5 to 2.0 mm. Profiles of current
density for various t values showed that the current
density near the edge of the electrode decreased as t
increased,with a t of 2.0 mm having the maximum effect
(Figure 5b). At this width, however, the current density
near the edge region was reduced too much, resulting
in the nonuniform distribution of current density under-
neath the electrode. The uniformity of current density

was optimal when t was 1.0 mm, at which the deviation
of current density decreased from 7.96 to 1.97 mA/cm2,
a reduction of 75.3% (Figure 5c,d). These results sug-
gest that inserting an insulator near the edge of the
electrode can effectively reduce the deviation of current
density beneath the electrode, with a maximum 75.3%
reduction in the deviation of current density.

3.5 Insertion of an insulator near the
edge of a square electrode

Figure 6a shows a schematic of a square electrode
model with an inserted insulator.Profiles of current den-
sity for various t showed that the current density near the
edge region of the electrode decreased as t increased,
with a maximum effect for a t of 2.0 mm (Figure 6b).
Similar to the circular electrode model (Figure 5b), the
current density at the edges of the square electrode
was reduced too much when t was 2.0 mm, resulting
in a nonuniform distribution of current density beneath
the electrode. The uniformity of current density was
optimal when t was 1.0 mm, at which the deviation of
current density decreased from 8.47 to 2.47 mA/cm2,
a reduction of 70.8% (Figure 6c,d). These results sug-
gest that inserting an insulator near the edge of the
electrode can effectively reduce the deviation of current
density beneath the electrode, regardless of electrode
shape.
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F IGURE 6 (a) Schematic of a model of a square electrode with an inserted insulator. (b) Profiles of current density along the r-axis as a
function of the width of the insulator. (c) Distribution of current density for t of 1.0 mm. (d) Profiles of current density along the r-axis for t of 1.0
and 0.0 mm.

3.6 Insertion of an insulator near the
edge of a circular electrode array

Figure 7a shows a schematic of a model of a cir-
cular electrode array, consisting of 3 × 3 electrodes
and similar to arrays currently being used in clinical
practice.13 Similar to findings with single electrodes,
the current density profile under the electrode array
along the r-axis also showed that the current den-
sity increases near the edge region of each electrode
(Figure 7b, “A,”, “B,”, and “C”). Analysis showed that
the average deviation of current density for a circular
electrode array was 8.62 mA/cm2 (Figure 7c). To eval-
uate the effect of the insertion of an insulator ring at
the edge of the electrode, an insulator ring with a t of
1.0 mm was inserted under the ceramic (Figure 7d),
reducing the current density near the edge region of
the electrode (Figure 7e). Insertion of the insulator
ring increased the uniformity of current density and
decreased the deviation of current density from 8.62
to 2.40 mA/cm2, a 72.2% reduction (Figure 7f). These
results suggest that inserting an insulator near the edge
of an electrode can effectively reduce the deviation
of current density beneath the electrode array, with a
maximum 72.2% reduction in the deviation of current
density.

4 DISCUSSION

The simulation results obtained in the present study
showed that the deviations of current density for a single

circular electrode were reduced by 14.6% by adjust-
ing the ceramic thickness ratio, 67.7% by adjusting the
metal plate radius, and 75.3% by inserting an insulator
near the edge, indicating that the latter was the most
effective method of attaining a uniform current density
distribution beneath the electrode. Inserting an insulator
at the edge of each electrode in an array of circular elec-
trodes also increased the uniformity of current density
by reducing the deviations of current density from 8.62
to 2.40 mA/cm2.

This study evaluated three methods of reducing cur-
rent density to ensure that it does not exceed the
threshold value in TTFields therapy. A gradual reduc-
tion in the thickness of the electrode ceramic from
the edges to the center resulted in a relatively uniform
current density distribution by creating a difference in
resistance between the center and edge regions. How-
ever, compared with the other two methods, this method
was not sufficiently effective in reducing current den-
sity exceeding the threshold at the edge region. The
second method, involving adjustment of the radius of
the metal plate in the electrode, prevents an increase
in current density at the edges by spreading the cur-
rent. Compared with the other two methods, this method
was relatively effective in reducing current density at
the edges. However, this electrode model may be unsta-
ble due to structural vulnerability, as the base plate was
smaller than the upper structure, that is, the ceramic.The
third method, involving the insertion of insulating mate-
rial near the edge of the electrode, increases resistance
at the edges of the electrode, while reducing the flow of
current to the edges. Of the three methods tested, the
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TECHNICAL NOTE 4843

F IGURE 7 (a) Model of a circular electrode array. (b) Profile of current density along the r-axis for a circular electrode array. (c) Distribution
of current density for a circular electrode array. (d) Model of a circular electrode with an inserted insulator ring. (e) Profiles of current density
along the r-axis in a circular electrode array with inserted insulator ring having t values of 1.0 and 0 mm. (f) Distribution of current density in a
circular electrode array with an inserted insulator ring having a t of 1.0 mm.

latter was the most effective at attaining uniform current
density distribution with a stable structural model.

In practice, patient tissues differ in conductivity and
permittivity. For example, the conductivity of scalp tissue
ranges from 0.14 to 0.45 S/m and its relative permittiv-
ity ranges from 1000 to 10 000. To investigate whether
these differences among individuals can alter results,
the distributions of current density were assessed for
the minimum and maximum values of scalp tissue (i.e.,
body model). Insertion of insulator rings with a width
(t) of 1.0 mm into circular electrode arrays resulted in
deviations of current density distributions of 3.60 and
2.85 mA/cm2 for the minimum and maximum values of
scalp tissue, respectively.Although the reduction rates in
the deviations of current density distributions depended
on the values chosen, there were no substantial

differences among them. The minimum and maximum
values chosen for scalp tissue resulted in reductions
of 58.2% and 66.9%, respectively, in deviations of cur-
rent density distributions. These results suggest that,
although the rates of reduction in deviations of current
density distributions are dependent on tissue properties,
the suggested method can be effective in provid-
ing uniform current density distribution beneath the
electrode.

In general, the current density distribution beneath
each electrode depends on its location in the elec-
trode array. Current density distributions differ slightly
among electrodes in an electrode array. Although the
current density beneath the center electrode is relatively
symmetric, the current density distributions beneath the
other eight electrodes are not symmetric. Therefore, to
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attain a uniform current density distribution more effec-
tively, this nonuniform current distribution in an electrode
array should also be considered.

5 CONCLUSIONS

This study investigated the methods of reducing
increases in current density at the edges of electrodes.
Both the insertion of an insulator at the edge of each
electrode and the adjustment of the radius of the metal
plate were found to be effective in attaining uniform
current density distribution beneath the electrode. In
contrast, controlling the thickness ratio of the ceramic
was less effective in providing a uniform current density
distribution. Results using an electrode array suggested
that insertion of an insulator at the edge of each elec-
trode resulted in a uniform current density distribution,
thereby reducing the risk of skin burns in patients
undergoing TTFields therapy.
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