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Abstract
The present study investigated electrode array structures that maximize the therapeutic electric field intensity to tumors with 
different shapes and locations, while minimizing electric field intensity to the surrounding organs at risk (OARs). A human 
body phantom model was created from magnetic resonance images of a patient and divided into regions including a tumor 
and OARs. The shapes and sizes of the electrode arrays were altered for tumors differing in shape and location, and these 
electrode array structures were tested in the phantom. Use of a conformal electrode array based on the shape of the tumor 
maintained therapeutic electric field intensity to the tumor while reducing electric field intensity to the surrounding OARs by 
approximately 18%. Although the electric field intensity delivered to the tumor was proportional to the size of the electrode 
array, it was saturated at a critical area. Simulation results showed that optimal sizes of electrode arrays for specific tumors 
located at depths of 2 cm, 4 cm and 6 cm were 91, 273 and 830 cm2, respectively, indicating that the optimal size of the 
electrode array is proportional to the depth of tumor in the phantom. These results suggest that a tumor location-dependent 
optimal ratio between the size of the electrode array and the size of the individual electrodes could be calculated. In summary, 
this study indicated that customizing the electrode array structure to individual tumors can markedly increase the electric 
field intensity delivered to the tumor while minimizing the intensity delivered to OARs.
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1  Introduction

Cancer is the leading cause of human death, making it a 
major public health problem [1]. Certain cancers are refrac-
tory to traditional methods, such as surgery, chemotherapy 
and radiotherapy, making it necessary to develop alterna-
tive but effective cancer treatment methods. Tumor-treating 
fields (TTFs) therapy is emerging as a promising cancer 
treatment method, because it selectively kills dividing cancer 
cells and has little effect on normal non-dividing cells [2–4].

The ability of TTFs therapy to inhibit cancer cell prolif-
eration is dependent on the magnitude of the electric field 
transmitted to the cancer cells. Specifically, a greater electric 
field is associated with a greater inhibition of cell prolifera-
tion [4–6]. This tendency has been demonstrated in vitro [4] 
and in a clinical trial in 340 patients with brain tumors [7]. 
Moreover, the latter study showed that the power loss den-
sity in TTFs therapy, which is proportional to the square of 
the electric field magnitude, is correlated with its effective-
ness [7]. In that study, the median overall survival (OS) was 
found to be 4.8 months longer in patients subjected to TTFs 
therapy of power loss density ≥ 0.77 mW/cm3 in the tumor 
compared to those with a power loss density of < 0.77 mW/
cm3, providing theoretical support for the importance of the 
electric field in clinical practice.

The electrodes used in clinical practice for electric 
field therapy are part of an array. Currently, the electrode 
arrays have set shapes and sizes independent of the tumor 
or region of interest within a patient’s body [8]. Thus, the 
electric field may not be focused to the tumor or may affect 
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the surrounding organs at risk (OARs). Patients undergo-
ing electric field therapy using such electrode arrays may, 
therefore, experience side effects that limit the effectiveness 
of treatment [9]. However, the effectiveness and safety of 
treatment may be enhanced by using an optimized electrode 
array structure that maximizes the electric field to the tumor, 
while minimizing the field applied to OARs. Such optimi-
zation would result in better clinical outcomes than current 
treatment methods.

The present study evaluated simulations of an electric 
field delivered to tumors based on their size, shape, and 
depth within a human body. Simulations were performed 
by varying the shape and total size of the electrode array, the 
size and shape of the individual electrodes constituting the 
array, and the ratio between the area occupied by individual 
electrodes and the total area of the electrode array. These 
simulation results suggested a method for determining the 
optimized electrode array that maximizes the electric field 
transmitted to the tumor while minimizing the electric field 
transmitted to surrounding OARs.

2 � Materials and methods

2.1 � Method for optimizing electrode array structure

Electrotherapy using an electrode array customized for a 
particular tumor consists of multiple stages. First, the seg-
mentation stage imports 3D medical image data from a 

patient’s medical images and segments the tumor and the 
OARs. Second, the overall shape of the electrode array is 
determined by how the array is attached such that it con-
forms to the shape of the tumor. Third, the electrode array 
size is optimized to maximize the average magnitude of the 
electric field transmitted to the tumor. Fourth, the ratio of 
the sum of the sizes of the individual electrodes and the total 
size of the electrode array, called the area ratio, is optimized 
to maximize the electric field to the tumor. Specifically, this 
optimization is performed by determining the correlation of 
the area ratio with the magnitude of the electric field trans-
mitted to the tumor. Finally, electric field therapy is simu-
lated using the patient-customized electrode array resulting 
from these processes (Fig. 1).

2.2 � Creating the simulation model

A customized model was created from a patient’s imag-
ing data obtained from an open-source DICOM file of 
clinical magnetic resonance images (Fig. 2a). The OARs 
(i.e., the liver, lungs, and spleen) and the virtual tumor 
in the images were segmented using the Mimics® Inno-
vation Suite 23 (Materialise NV, Belgium). The masks 
that marked imaging data slice-by-slice in Mimics were 
created (Fig. 2b), and the desired 3D object was created 
based on the masks (Fig. 2c). A human body model was 
created with the image objects using COMSOL Multiphys-
ics (COMSOL Inc., Sweden) software, and this model was 
used to fabricate a humanoid phantom. The tumor and 

Fig. 1   Electrode pads and 
attachments currently used 
for TTFs therapy in clinical 
practice (left) and a flowchart 
showing the method used in 
this study to optimize electrode 
array structures in TTFs therapy 
(right)
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OARs in the phantom were also created and positioned. 
The fabricated electrode array was attached to the human-
oid phantom, and soft mesh structures for all objects were 
created using 3-Matic modeling software (Materialise NV) 
(Fig. 2d). These structures were merged with the mesh 
structure to generate the final model for analysis using 
COMSOL Multiphysics software (Fig. 2e).

2.3 � Solving the simulation model

The distribution and magnitude of the electric field in the 
experimental model were analyzed in the electric currents 
interface of COMSOL Multiphysics. Specifically, electric 

field analysis was performed using a quasi-static approxima-
tion of Maxwell’s equations:

where J = current density (A/m2), σ = electrical conductivity 
(S/m), E = electric field intensity (V/m), ∂D/∂t = change in 
electric displacement field over time (C/m2),Qj,v = electric 

(1)J = σE +
�D

�t
+ Je

(2)∇ ∙ J = Qj,v

(3)E = −∇V,

Fig. 2   a Clinical MRI data used 
in the simulation. b Creation 
of a mask and an object from 
clinical MRI data in Mimics 
software. c Importation into the 
COMSOL Multiphysics soft-
ware program to create a human 
body model. d Creation of a 
mesh in the 3-Matic program 
and its analysis in COMSOL 
Multiphysics. e Mesh structure 
of the final model for analysis in 
COMSOL Multiphysics
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charge (C), and V = electric potential (V). Equation  (1) 
shows that the total current density is the sum of the dis-
placement current density, the external current density, and 
the electric field intensity multiplied by the electrical con-
ductivity. Equation (2) shows the conservation of charge, 
and Eq. (3) shows that the electric field intensity equals the 
negative of the gradient of the electric potential [10, 11]. 

The simulations were performed by adjusting the magnitude 
of the electric field so that the current density on the skin 
surface of the humanoid phantom would be less than the 
allowable current density of about 35 mA/cm2 while apply-
ing an electric field as a sine waveform with a frequency of 
150 kHz [4]. Thus, all the materials within the model were 
designed to have electric properties of human body tissues 
in an electric field with a frequency of 150 kHz (Table 1).

3 � Results

Figure 3 shows the electric field distributions for electric 
field therapy applied to a hypothetical tumor and OARs in 
the human body model when using a simple rectangular 
electrode (Fig. 3a) and when using an electrode structure 
tailored to the shapes of the tumor and the OARs (Fig. 3c). 
This simulation result showed that the average magnitudes 
of the electric field applied to the tumor and OARs (per 
volume) were 3.06 V/cm and 2.27 V/cm, respectively, when 
using an electrode that did not consider the shapes of the 
tumor and the OARs (Fig. 3b)). When the electric field was 
applied using electrodes that considered the shapes of the 
tumor and the OARs in the model, the average magnitudes 

Table 1   Electric properties of various tissues and electrodes at 
150 kHz

Object Conductivity, σ (s/m) Relative 
permittiv-
ity,εr

Body
 Lung 0.11 1980
 Liver 0.095 6090
 Spleen 0.12 3740
 Tissue 0.3 8000
 Tumor 0.25 4000

Elctrode
 Metal 5.998e7 1
 Ceramic insulator 0 10,000
 Hydrogel 0.1 100

Fig. 3   Methods of applying the electric field and the distribution of the electric field on the cutting plane using (a, b) a simple rectangular elec-
trode without considering the shape of the tumor and (c, d) a customized electrode considering the shape of the tumor
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of the applied electric field, per volume, were 3.06 V/cm and 
1.87 V/cm for the tumor and OARs, respectively (Fig. 3d). 
The relative electric field intensity delivered to the OARs 
was reduced by ~ 18%, from 2.27 to 1.87 V/cm, whereas the 
relative electric field intensity delivered to the tumor was 
the same.

Figure 4 shows the correlation between the total electrode 
size (or area) and the average magnitude of the electric field 
transmitted to the tumor per unit volume. The total elec-
trode sizes in the simulation were 60, 153, 238, 402, 534, 
769, and 948 cm2, and the average electric field magnitudes 
per unit volume transmitted from the electrode area to the 
tumor were 1.9, 2.8, 3.14, 3.58, 3.71, 3.81, and 3.82 V/cm, 
respectively (Fig. 4). The average electric field magnitude 
per volume became saturated around total electrode areas 
of 700–800 cm2, corresponding to the approximate value 
of the saturated critical area (SCA) (Fig. 4b). SCA can be 
calculated using the equation:

where E is the average magnitude of the electric field 
transmitted to the tumor and A is the total electrode area.

Figure  5 shows the correlation between total elec-
trode size and the average magnitude of the electric field 

(4)
(Saturation critical area

=
(

theminimumvalue of A satisfyingdE
dA

≅ 0
)

,

transmitted to the tumor, as a function of the voltage applied 
to different tumor depths within the body. The distances 
from the electrode to the tumor were 2 cm, 4 cm, and 6 cm. 
The graph in Fig. 5b is similar to that in Fig. 4b for various 
depths of tumor inside phantom. The measured SCAs for 
distances of 2 cm, 4 cm, and 6 cm were 91 cm2, 273 cm2, 
and 830 cm2, respectively.

Figure 6a, b shows the difference between using a single-
plate electrode and an electrode array on a curved part of the 
patient’s body. Specifically, although many empty spaces not 
covered by the planar electrode were visible when a large-
area, single-plate electrode was attached to the curved body 
part, few spaces were observed when a three-electrode array 
was attached to the same curved body part.

Figure 7a shows an example of the total size (or area) 
of an electrode array and the size (or area) of constituent 
individual electrodes. In determining the therapeutic elec-
tric field delivered to the tumor, the sum of the areas of the 
individual electrodes should be reduced, because a reduction 
in electrode area would reduce current to the skin, resulting 
in fewer side effects. The optimal ratio of the sum of the 
areas covered by all individual electrodes to the total area 
covered by the electrode array was determined by assess-
ing the relationship between this ratio and the magnitude 
of the electric field transmitted to the tumor (Fig. 7b). A 
lower ratio was found to be associated with a reduced aver-
age electric field magnitude transmitted to the tumor. When 

Fig. 4   Correlation between the total area of an electrode and the aver-
age magnitude of an electric field transmitted to a tumor when a volt-
age was applied. a Example of attaching conformal electrodes corre-

sponding to the tumor shape but having different total areas. b Graph 
showing the correlation between the total area of the electrode and 
the average magnitude of the electric field delivered to the tumor
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the shape, size, and position of the tumor were fixed, the 
magnitude of the electric field could be adjusted by varying 
the areas of the individual electrodes within the total area 
of the electrode array as well by varying the areas of empty 
spaces between the electrodes. If the therapeutic magnitude 
of the electric field to the tumor was set at 1 V/cm, the opti-
mal ratio of the individual electrodes to electrode array was 
approximately ± 32%, as shown by the dotted line in Fig. 7b.

4 � Discusssion

This study retrieved information about a tumor, including its 
location, shape, and size, as well as OARs, from MRI data of 
individual patients undergoing electric field therapy. Based 
on information about the tumor and OARs in individual 
patients, the method proposed in this study would maximize 

the efficacy of electric field therapy using an electrode array 
customized for each patient.

The average magnitude of an optimized electric field 
transmitted to the tumor and OARs was shown to be altered 
by changes in the shape and area of the electrode array 
attached to the body. The average magnitude of the electric 
field transmitted to the tumor by a total electrode array was 
found to increase in proportion to the total electrode area. 
In addition, a saturation zone was observed, defined as an 
area over which the electric field magnitude in the tumor 
became constant. The saturation critical area, or SCA, was 
the area in which this magnitude began to become saturated. 
The SCA was found to depend on the distance between the 
tumor and the electrode. Thus, the shape, size, and location 
of the tumor relative to the electrode attachment should be 
considered when configuring an optimized electrode array 
for efficient electric field therapy.

Fig. 5   Correlation between 
the total area of the electrode 
and the average magnitude 
of the electric field transmit-
ted to the tumor subject to the 
applied voltage for different 
depths of the tumor within 
the body. a State in which the 
distance between the ROI from 
the electrode are 2 cm, 4 cm, 
and 6 cm. b Graph showing that 
the SCAs for distances of 2 cm, 
4 cm, 6 cm were 91 cm2, 273 
cm2, 830 cm2, respectively
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Additionally, the present findings illustrate a method for 
configuring individual electrodes within the overall shape 
and area of a pre-determined electrode array. When the 
shape, size, and position of the tumor are fixed, the ratio of 
the individual electrode area to the total array area should 
be set by adjusting the areas of both the individual elec-
trodes and the empty spaces between electrodes. Applying 
these methods can optimize the electrode array configura-
tion, which in turn maximizes the magnitude of the electric 
field to the tumor while also minimizing the electric field 
to the OARs.

Although an algorithmic method that adjusts the voltage 
levels of individual electrodes can optimize electric field 
treatment [12, 13], that approach has drawbacks in clini-
cal practice. Electrode arrays in clinical practice [9] contain 
more than 70 individual electrodes, with identical voltage 
applied to each electrode within the array. Therefore, the 
aforementioned optimization methods require that the mag-
nitude of the applied voltage be adjusted independently for 
the more than 70 included electrodes. The development of 
such an individualized control device would involve com-
plex hardware design. Additionally, patients would have to 
be responsible for increased costs related to the use of this 
device.

Furthermore, when optimizing the voltage applied to 
each electrode, it is not safe to apply a voltage exceeding the 
allowed current density (i.e., the maximum current density 
that causes no harm to the human body). Thus, the ability to 

increase the magnitude of the electric field transmitted to the 
tumor is limited. In contrast, the method proposed here (i.e., 
optimizing electric field therapy by changing the electrode 
configuration) is simpler and more practical than the algo-
rithmic method [12, 13]. Specifically, the proposed method 
can maximize the magnitude of the electric field transmitted 
to the tumor without having to apply voltages of different 
magnitudes to individual electrodes. At the same time, it 
can minimize the magnitude of the electric field transmitted 
to the OARs.

Further research is necessary, however, to resolve the 
problems associated with over-simplification in optimizing 
the electrode array configuration. A human body undergo-
ing electric field therapy is subject to a variety of conditions 
that are far more complex than the conditions used in this 
study. For example, tissues within the same organ may have 
different properties, whereas our model assumes uniform 
soft tissue. Therefore, to obtain more accurate simulation 
results, it is necessary to subdivide regions of the body and 
assign properties to each. Moreover, the inclusion in Eqs. 1, 
2, 3 of variables and factors based on the biological environ-
ment within the human body would provide more accurate 
calculations.

Lastly, more in-depth studies are required to optimize 
the electrode array configuration. Artificial intelligence 
(AI) technologies may be a good candidate for optimization 
of these configurations. Deep learning-based AI technolo-
gies are currently used in various research fields, including 

Fig. 6   Electric field therapy 
with (a, b) a single-plate 
electrode and an electrode array 
consisting of several individual 
electrodes attached to a curved 
part of a patient’s body
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medicine. AI technology could be harnessed in our proposed 
electrode array optimization method, enabling the electrode 
array to be automatically configured, thereby improving the 
efficiency of electric field therapy.

5 � Conclusion

This study describes a method for customizing the con-
figuration of electrode arrays for optimal electric field 
therapy. This customization is based on the shape, size, 
and location of the tumor. This method, in which the over-
all shape, area, and configuration of individual electrodes 
in an electrode array were altered, was shown to maxi-
mize the magnitude of the electric field transmitted to the 

tumor while minimizing the electric field transmitted to 
surrounding OARs. These findings may lead to the devel-
opment of electric field therapy with improved efficacy 
and may also open up possibilities for novel electric field 
therapy methods.
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Fig. 7   Ratios of the sum of the 
areas covered by individual 
electrodes and the total area 
of the electrode array with the 
magnitude of the electric field 
transmitted to the tumor for an 
electrode array of fixed total 
area. a Example showing the 
total area of the electrode array, 
the area of individual electrodes 
and the area of empty gap 
between electrodes. b Cor-
relation between the average 
magnitude of the electric field 
transmitted to the tumor and the 
area ratio
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