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Tumor-treating fields therapy involves placing pads onto the patient’s skin to create a low- inten-
sity (1 - 3 V/cm), intermediate frequency (100 - 300 kHz), alternating electric field to treat cancerous
tumors. This new treatment modality has been approved by the Food and Drug Administration
in the USA to treat patients with both newly diagnosed and recurrent glioblastoma. To deliver
the prescribed electric field intensity to the tumor while minimizing exposure of organs at risk, we
developed an optimization method for the electric field distribution in the body and compared the
electric field distribution in the body before and after application of this optimization algorithm. To
determine the electric field distribution in the body before optimization, we applied the same electric
potential to all pairs of electric pads located on opposite sides of models. We subsequently adjusted
the intensity of the electric field to each pair of pads to optimize the electric field distribution in
the body, resulting in the prescribed electric field intensity to the tumor while minimizing electric
fields at organs at risk. A comparison of the electric field distribution within the body before and
after optimization showed that application of the optimization algorithm delivered a therapeutically
effective electric field to the tumor while minimizing the average and the maximum field strength
applied to organs at risk. Use of this optimization algorithm when planning tumor-treating fields
therapy should maintain or increase the intensity of the electric field applied to the tumor while
minimizing the intensity of the electric field applied to organs at risk. This would enhance the
effectiveness of tumor-treating fields therapy while reducing dangerous side effects.
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Keywords: Tumor-treating fields, Alternating electric field, Optimization algorithm, Cancer therapy, Electric
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I. INTRODUCTION

Tumor-treating fields (TTFields) therapy is a novel an-
timitotic cancer treatment modality that disrupts cancer
cell replication by applying alternating electric fields of
low intensity (1 - 3 V/cm) and intermediate frequency
(100 - 300 kHz) [1,2]. Because its efficacy in treating pa-
tients with recurrent glioblastoma (GBM) was compara-
ble to that of chemotherapy, but with fewer side effects,
TTFields therapy was approved by the U.S. Food and
Drug Administration (FDA) in 2011 to treat patients
with recurrent GBM. TTFields therapy in combination
with chemotherapy was shown to enhance survival com-
pared with chemotherapy alone in patients with newly
diagnosed GBM, resulting in its approval by the FDA
in 2015 for this indication [3–6]. At present, only six
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years after its initial approval by the U.S. FDA, TTFields
therapy is being performed to treat GBM in about 950
treatment centers worldwide. Moreover, clinical trials
have reported that TTFields therapy is 1.5 - 2.5 times
more effective than conventional treatments in patients
with lung, pancreatic and ovarian cancer, and it is being
evaluated in other types of cancer [7–12].

Efforts are also underway to maximize the therapeutic
effects of TTFields therapy. A previous study showed
that the force exerted on a microscopic polarizable or-
ganelle in the cell is proportional to the square of the
electric field, i.e., the electric field intensity [13]. As a
result, increases in the electric field intensity have been
found to result in greater blockage of cancer cell divi-
sion and induction of cell death in various cancer cell
lines [13–16]. Specific frequency ranges have shown max-
imum effectiveness at blocking cancer cell division, even
at the same electric field intensity [2, 13, 15]. Electric
fields of about 200 kHz have shown the maximum effect
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Fig. 1. (Color online) Simple Model Structure.

in treating patients with GBM, and the TTFields treat-
ment planning system, NovoTAL software, determines
the size and the position of the tumor relative to each
patient’s individual anatomy and selects the position of
the electric pads to maximize the field strength at the
tumor during treatment [17–19].

Although TTFields treatment is a promising modal-
ity to treat patients with various types of cancers, it has
the potential for long-term side effects. It is, therefore,
important to study methods that increase the intensity
of electric fields applied to tumors, thereby enhancing
its the therapeutic effects, while minimizing exposure of
organs at risk (OARs). Few studies, however, have as-
sessed methods for optimizing the intensities of electric
field [20,21]. Optimization algorithms that control the
amount of radiation administered are frequently used for
patients undergoing conventional radiation therapy [22–
24]. These algorithms are based on determinations of
the prescribed dose to be applied to the tumor and the
allowable dose to OARs that does not cause side effects.
This method can more easily control radiation dose to
the body than methods in which several conditions (e.g.,
the amount, direction, and intensity of radiation) are re-
peatedly changed, requiring re-calculation of radiation
doses delivered to the body [25–27].

Similar to planning methods for radiotherapy, we used
an optimization algorithm to optimize the electric field
distribution in the body, allowing the application of elec-
tric fields with the prescribed intensities to tumors while
minimizing the intensities of electric fields at OARs.
The distributions of the electric fields in the body were
compared using this method and existing treatment ap-
proaches that do not use optimization algorithms.

II. EXPERIMENTS

1. Design of model

This research was performed using simple self-made
models and models based on actual patients’ computed
tomography (CT) dicom files. The simple model con-
sisted of an 8000-cm3 cube containing three ovals, each
50.1 cm3 in volume but at different positions, as well as
one 112.5 cm3 sphere; these represented OARs 1, 2, and
3 and the tumor, respectively (Fig. 1). Three types of

Fig. 2. (Color online) Interior and exterior of the patient
model created based on CT data for patients with (a) lung
and (b) liver cancer.

models were constructed, differing only in the position
of the tumor, which was at the top (Fig. 1(a)), center
(Fig. 1(b)), or bottom (Fig. 1(c)) of the cube. The area
of each electrode that transmit the electric field to the
model was 28.3 cm2. Four electrodes are attached to
each of the two opposite sides of the cube, with a 2-cm
gap between electrodes.

Patient models were based on the CT dicom files of
actual patients with lung and liver cancer. In the lung
cancer model, OARs, such as the lungs, esophagus, and
heart, were segmented based on CT images, and the tu-
mor was drawn on the CT images. In the liver can-
cer model, OARs, such as the stomach and kidneys, as
well as the tumors, were segmented based on CT im-
ages. Volume meshes were made via simpleware soft-
ware (Synopsys, USA) and were transferred to COMSOL
Multiphysics software (COMSOL, USA). The lung can-
cer model included six electrodes, of around 28.5 cm2,
placed in the area of each of the two opposite skin sur-
faces whereas the liver cancer model included four elec-
trodes, of around 30.6 cm2, in the area of each of the two
opposite skin surfaces (Fig. 2).

2. Computation of electric fields

The electric fields formed within the models were cal-
culated using the COMSOL AC/DC module, which per-
forms a finite-element analysis of Maxwell’s equations.
In the simple models, the conductivity of all organs was
set at 0.1 S/m, and the permittivity was set at 1000. In
the patient models, the conductivity and the permittivity
values at 200 kHz were set to values appropriate for each
organ from the literature [20,28,29]. Electrodes on the
two opposing sides were selected one by one so that all
the electrodes on one side could be matched with those
on the other side one by one. To calculate the electric
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Fig. 3. Process for calculating the optimal electric field
distribution through the optimization algorithm.

field, we set the alternating current (AC) voltage of one
electrode was to 10 - 100 Vpp, 200 kHz and the corre-
sponding electrode at ground. That is, 16 (E1 ∼ E16)
and 36 (E1 ∼ E36) electric field distributions were ob-
tained for models with four and six electrodes on each
side, respectively. These electric field distribution val-
ues (Ei) were each multiplied by weighting factors (wi),
and the final distribution (Efianl) was calculated by the
combination of these distribution values, as in Eq. (1).

Efianl(wij) =

∑n
i=1 wij ∗ Ei

Number of electrodes used
. (1)

3. Optimization method

This research used a genetic algorithm (GA), a global
optimization algorithm technique based on Darwin’s con-
cept of survival of the fittest [30,31]. A randomly cre-
ated initial population is subjected to three processes
(selection, crossover, and mutation) based on the result-
ing values of a calculated fitness function, to create a
population that is more evolved than the initial popula-
tion. The genetic processes are performed again based
on this population’s resulting values to create another
population, and the process is repeated. When set con-
ditions are met or a better fitness function cannot be
obtained, the algorithm is considered to have found the
optimal condition (Fig. 3) [31–33].

Equation (2) was set as the fitness function, and opti-
mization was performed to adjust the weighting factors
to obtain the minimum fitness function value (Ffit). If
Eave1, Eave2, and Eave3 are the mean electric field values

Fig. 4. (Color online) Interior electric-field distributions
before and after application of the optimization algorithm
for tumors located at the (a)top, (b)center, and (c)bottom of
the cube.

transmitted to the OARs, and Stdcancer is the standard
deviation of the electric field intensity transmitted to the
tumor, then

Ffit(wij) = Eave1(wij) + Eave2(wij)

+ Eave3(wij) + Stdcancer(wij). (2)

Constraints were designed to deliver an electric field
strength ≥ 1.5 V/cm to the tumor and less than the
maximum field strength to the OARs when the same
electric potential was applied to all electrodes.

4. Evaluation method

To evaluate the treatment planning method using the
optimization algorithm, we determined the electric field
distribution in the body resulting from the application
of the same electric potential to all the electrodes on
opposite sides. These findings were normalized to allow
transmission of an electric field > 1.5 V/cm to the entire
volume of the tumor.

The two methods were evaluated by constructing a 3-D
map representing the electric field intensity transmitted
to the tumor and the OARs (Figs. 4 and 6) and by con-
structing a graph in which the horizontal axis represent
the electric field intensity and the vertical axis represent
the percentage of the total volume of a given tissue in
which the magnitude of the electric field exceeded that
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Fig. 5. (Color online) Percentage of the total volume of
a given tissue in which the magnitude of the electric field
exceeded that along the horizontal axis before and after ap-
plication of the optimization algorithm for tumors located at
the (a) top, (b) center, and (c) bottom of the cube.

in the horizontal axis in V/cm (Figs. 5 and 7), the maxi-
mum electric field intensity of the specific organ (Emax),
the average electric field intensity of the specific organ
(Eave), and the values (V30, V60, V90) of the relative vol-
ume which had 30% (= 0.45 V/cm), 60% (= 0.90 V/cm),
or 90% (= 1.35 V/cm) of 1.5 V/cm transmitted. These
factors are those used for evaluating radiation treatment
plans [34,35].

III. RESULTS AND DISCUSSION

1. Simple models

Figure 4 shows 3-D graphs of the internal electric field
distributions with (optimization method) and without
(existing method) the optimization algorithm, enabling
a qualitative determination of the electric field intensity
transmitted to each internal organ. In all three mod-
els, there were more areas of application of ≥ 2 V/cm
electric field intensity to the tumor than in the exist-
ing method, along with many areas of application of
≤ 1 V/cm electric-field intensity at the OARs. A com-
parison of the two methods in Fig. 4(a) showed that the

Fig. 6. (Color online) Distributions of internal electric
fields in a liver cancer model before and after application
of the optimization algorithm.

Fig. 7. (Color online) Percentage of the total volume of
a given tissue in which the magnitude of the electric field
exceeded that along the horizontal axis before and after ap-
plication of the optimization algorithm in the (a) lung and
(b) liver cancer models.

optimization method increased the area of the tumor ex-
posed to ≥ 2 V/cm by more than half and reduced the
intensity to most OARs from 1 - 1.5 V/cm to < 1 V/cm.
In Fig. 4(b), the optimization method increased the in-
tensity to most of the tumor to ≥ 2 V/cm and altered
the intensity to most OARs from 1.5 - 2 V/cm to around
1 V/cm. In Fig. 4(c), the optimization method increased
the area of the tumor exposed to 2 V/cm by around
half and reduced exposure of about half of the OARs
from 1.5 - 2 V/cm to < 1 V/cm. Also, regardless of
whether the existing method or the optimization method
was used, the electric fields were greater in some parts
of the tumor than in other parts and were greater for
OARs near the surface than for OARs at deeper loca-
tions. This was likely due to the greater electric field in-
tensity in areas close to, rather than more removed from,
an electrode, thereby increasing exposure of organs near
surface electrodes.

The treatment plan was designed so that the entire vol-
ume was exposed to an electric field ≥ 1.5 V/cm (Fig. 5).
The maximum electric-field intensity transmitted to the
tumor was larger after than before using the optimiza-
tion algorithm (2.77 V/cm vs. 2.40 V/cm, respectively,



Development of a Method for Improving the Electric Field Distribution· · · – Jiwon Sung et al. -1581-

Table 1. Comparisons of the V30, V60, V90, Emax, and Eave

values for each OAR for tumors at the (a) top, (b) center,
and (c) bottom of the cube.

(a)
Organ 1 Organ 2 Organ 3

BO AO Difference BO AO Difference BO AO Difference

V30 100 100 0 100 100 0 100 100 0

V60 100 100 0 100 100 0 100 81 19

V90 100 44 56 100 13 87 100 0 100

Emax 2.02 1.78 0.24 2.02 1.53 0.49 2.40 1.34 1.06

Eave 1.70 1.35 0.35 1.65 1.19 0.46 1.69 1.00 0.69

(b)
Organ 1 Organ 2 Organ 3

BO AO Difference BO AO Difference BO AO Difference

V30 100 100 0 100 100 0 100 100 0

V60 100 100 0 100 100 0 100 100 0

V90 100 74 26 99 58 41 100 53 47

Emax 1.88 1.87 0.01 1.88 1.78 0.10 2.19 1.93 0.26

Eave 1.58 1.47 0.11 1.53 1.39 0.14 1.57 1.39 0.18

(c)
Organ 1 Organ 2 Organ 3

BO AO Difference BO AO Difference BO AO Difference

V30 100 100 0 100 100 0 100 100 0

V60 100 95 5 100 77 23 100 100 0

V90 100 32 68 100 8 92 100 67 33

Emax 2.03 2.03 0.00 2.02 1.59 0.43 2.36 1.96 0.40

Eave 1.70 1.25 0.45 1.65 1.05 0.60 1.69 1.43 0.26

Abbreviations: BO, before application of the optimization algo-
rithm; AO, after application of the optimization algorithm.

in Fig. 5(a); 1.88 V/cm vs. 1.55 V/cm, respectively, in
Fig. 5(b); and 3.54 V/cm vs. 2.05 V/cm, respectively,
in Fig. 5(c)). The optimization method resulted in the
transmission of 0.33 - 1.49 V/cm greater intensity. These
findings confirmed that the optimization algorithm made
possible the application of a greater electric field to the
tumor than the existing method.

In assessing OAR graphs (Fig. 5), we found that all
the graphs for the optimization method were positioned
to the left (y-axis) of the graphs for the existing method,
with the optimization method having a similar or lower
maximum electric-field intensity. Quantitative analy-
ses also showed that the maximum electric-field inten-
sity was equal or lower using the optimization than the
existing method in all three organs at risk in all three
models (i.e. nine conditions), with differences of 0.00 -
1.06 V/cm (Table 1). The average electric-field intensity
was also lower in all nine conditions, with differences
of 0.11 - 0.69 V/cm. Comparing the electric-field inten-
sity doses in sections showed that the relative volumes
of OARs exposed to 0.45 V/cm (V30) were 100%. Com-
pared with the existing method, use of the optimization
method reduced the volume exposed to 0.90 V/cm (V60)
by 5% - 23% in three of the nine conditions and reduced
the volume exposed to 1.35 V/cm (V90) by 26% - 100%
under all nine conditions. That is, the higher the electric
field strength is the smaller the volume of normal tissue
exposed.

Figure 6 shows the 3-D electric field distribution when
an electric field is applied to a CT image-based liver can-
cer patient model using the existing treatment method

Table 2. Comparison of the V30, V60, V90, Emax, and Eave

values for each OAR in the (a) lung and (b) liver cancer
models.

(a)
Heart Esophagus Right Lung

BO AO Difference BO AO Difference BO AO Difference

V30 100 100 0 100 100 0 100 90 10

V60 96 85 11 93 71 22 86 61 25

V90 89 61 28 74 12 62 68 34 34

Emax 4.11 3.58 0.53 2.81 1.53 1.28 4.36 4.00 0.36

Eave 2.22 1.54 0.68 1.63 1.03 0.60 1.76 1.23 0.53

(b)
Stomach Right Kidney Left Kidney

BO AO Difference BO AO Difference BO AO Difference

V30 100 100 0 98 97 1 95 95 0

V60 58 43 15 91 76 15 85 78 7

V90 5 3 2 65 19 46 50 27 23

Emax 1.44 1.52 -0.08 2.98 2.85 0.13 2.23 2.13 0.10

Eave 0.99 0.89 0.10 1.55 1.09 0.46 1.29 1.15 0.14

Abbreviations: BO, before application of the optimization algo-
rithm; AO, after application of the optimization algorithm.

and the optimization algorithm to create treatment
plans. The differences in the electric-field intensity were
not as obvious as in the simple model, although the use of
the optimization algorithm increased the volume of the
tumor exposed to 3 V/cm slightly, and reduced the vol-
ume of the right kidney exposed to 1 - 2 V/cm, with these
areas being exposed to electric-field intensity < 1 V/cm.
Use of the optimization algorithm also increased the vol-
ume of the stomach exposed to < 0.5 V/cm.

Although the overall shapes of the tumor graphs were
similar for the existing and the optimization methods
(Fig. 7), the maximum electric-field intensities trans-
mitted to the tumor using these two methods were
2.09 V/cm and 2.35 V/cm, respectively, for the lung can-
cer model (Table 2(a)) and 6.62 V/cm and 6.72 V/cm,
respectively, for the liver cancer model (Table 2(b)).
The greater maximum electric-field intensity in the liver
model compared to the lung cancer model was likely due
to the greater electric-field intensity in areas around the
electrode. Because liver tumors are closer to the elec-
trode than lung tumors, the maximum electric-field in-
tensity at the former should be higher.

When we compared each of the OARs, we found that
the graph lines of the optimization method were gener-
ally to the left (y-axis) of the graph lines of the exist-
ing method (Fig. 7). That is, the electric-field intensity
transmitted to each OAR was lower by the optimization
method than by the existing method. Quantitative anal-
ysis also showed that the maximum electric-field inten-
sity was lower for the optimization than for the existing
method for all six OARs in both the lung (Table 2(a))
and the liver (Table 2(b)) cancer models, except for the
stomach, with differences ranging from 0.10 - 1.28 V/cm.
Although the maximum electric-field intensity for the
stomach was greater for the optimization than for the
existing method, the difference, 0.08 V/cm, was very
small. Similarly, comparisons of average electric-field in-
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tensities showed that the intensities transmitted to all six
OARs was 0.10 - 0.68 V/cm lower with the optimization
method.

Assessment of the relative volume of each organ that
experienced each level of electric-field intensity showed
that the relative volume that experienced more than
0.45 V/cm (V30) was the same for four of the six
OARs, but in two of them the optimization method
affected a smaller volume. The relative volume ex-
posed to 0.90 V/cm (V60) was 7% - 25% smaller with
the optimization method than the existing method for
all six OARs. Moreover, the relative volume exposed
to 1.35 V/cm (V90) was 2% - 62% smaller with the op-
timization method for all six OARs. Thus, similar to
the simple model, the volume of normal tissue that ex-
perienced high levels of electric-field intensity was lower
when the optimization method was used.

When an optimization algorithm is used, large and
small electrical potentials are generally applied to the
electrode near the tumor and the electrode near the
OARs, respectively. Therefore, if optimization is used,
local electric field intensities applied to the patient’s skin
below the electrodes can be relatively large or small
based on the locations of the electrodes. However, the
averages of the electric field intensity applied to the entire
skin stayed the same before and after optimization. Our
experimental results showed that average electric fields
applied to the skin before and after optimization were
0.82 V/cm (0.59 V/cm) per unit skin area and 0.73 V/cm
(0.4 V/cm) per unit skin area for the liver (lung), respec-
tively. Although electrode induced local electric fields
applied to patient’s skin can be relatively large causing
skin side effect, this phenomenon can be avoided if the
limit of electric field is applied during optimization.

In addition to intensity modulation of the TTFields,
one can adjust the electrode size to optimize the electric
field inside body. In general, when a small electrode is
used, there are several advantages. First, there will be
more electrodes (i.e., variables) that can be manipulated
to focus the electric field inside body. Second, small elec-
trode can be easily attached to the skin, which is very
important issue in TTF therapy. However, if one uses
only small electrodes, the high electric field acquired by
optimization can be applied to a very small area just be-
low the specific electrode, which might cause a side effect
in the skin. On the other hand, when a large electrode
is used, it is an advantage to apply a uniform electric
field in the body with relatively small electric field on
the skin. But, as mentioned before, it might be diffi-
cult for large electrode to be attached to the patient’s
skin completely. Therefore, the appropriate sizes of elec-
trodes are very important in optimization of electric field
using intensity modulation and future study is called to
investigate the optimal electrode size and field intensity
for the best outcome of tumor treating fields.

IV. CONCLUSION

This study compared the electric-field distributions in
the body produced using an optimization algorithm and
an existing treatment method. The optimization method
resulted in application of a greater electric-field intensity
to the tumor while minimizing the electric field inten-
sity at OARs. Use of this method in actual treatment
plans may not only increase the effectiveness of the treat-
ment, but also reduce as yet undetermined side effects of
TTFields therapy. In the future, we will study the differ-
ence in the electric field distribution due to the different
electric susceptibilities of organs and prostheses to im-
prove the effect of TTFields therapy.
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