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Abstract
In this study, we investigated the feasibility of a three-dimensional quality assurance system for Tumor-Treating Fields 
(TTFields) therapy by applying voltage to a water phantom using an electrode array. The water phantom was prepared by 
mixing deionized (DI) water with NaCl. A voltage of 50 Vpp at 150 kHz was applied to the phantom, and voltage measure-
ments were taken along five profiles by moving the probe within the phantom to minimize electric field distortion. The 
experimental data were analyzed using error rates and gamma index analysis. In the three-dimensional evaluation, the aver-
age differences in voltage and electric field were 1.06% and 6.65%, respectively. The gamma passing rates for voltage, using 
criteria of 5%/3 mm and 3%/3 mm, were 100% and 99.61%, respectively. For the electric field, the gamma passing rates 
were 93.63% and 88.31% when evaluated using criteria of 10%/5 mm and 5%/5 mm, respectively. These findings suggest 
that employing three-dimensional quality assurance with the electrode array can significantly enhance the treatment quality 
of TTFields therapy.
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1  Introduction

Electric fields for cancer treatment, also known as Tumor-
treating fields (TTFields), represent a novel approach that 
uses low-intensity electric fields (E-field) at intermediate 
frequencies (100–300 kHz) [1–3]. This therapy has been 
approved by the U.S. Food and Drug Administration for the 
treatment of glioblastoma and mesothelioma [3, 4]. Addi-
tionally, TTFields is widely utilized in clinical trials and 

research targeting various cancers, including non-small-cell 
lung cancer, pancreatic cancer, and liver cancer [5–7]. Ongo-
ing research continues to explore the efficacy of TTFields in 
combination with other treatment modalities, such as radio-
therapy and chemotherapy [8–10].

TTFields therapy works by disrupting cell division 
through the application of an induced E-field in the cells, 
ultimately leading to cell death [2, 11, 12]. Two mechanisms 
are recognized as integral to its therapeutic effect. First, 
induced electric fields (E-fields) interfere with the assem-
bly of mitotic spindles [2, 12]. Second, irregular E-fields, 
arising from structural disparities in cells during cytokinesis 
induce cell death [2, 12]. Among the two treatment mecha-
nisms associated with TTFields, the principal mechanism is 
presumed to be dielectrophoresis occurring in cells during 
telophase [12, 13]. The magnitude of this dielectrophore-
sis appears to be directly proportional to the square of the 
E-field intensity, which has been reported to affect treatment 
efficacy [1, 11, 13, 14]. Therefore, accurately understanding 
the magnitude of the E-fields induced within the body is 
critical for enhancing the efficacy and quality of E-field-
based therapies.
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In radiotherapy (RT), quality assurance (QA) procedures 
are essential to ensure treatment accuracy and safety. This 
therapy requires the precise delivery of radiation doses 
and accurate patient positioning, as any deviations could 
compromise treatment efficacy and increase the risk of side 
effects or serious medical incidents. To address this, QA 
procedures involve measuring the radiation dose distribu-
tion before treatment and comparing it with the planned dis-
tribution [15–17]. Various techniques are used to measure 
radiation dose distribution in RT, including point (1D), two-
dimensional (2D), and three-dimensional (3D) QA methods. 
To enable more precise and sophisticated treatments, ongo-
ing research focuses on developing advanced methodologies 
and technologies for 3D dose distribution measurement. The 
significance of 3D dosimetry continues to grow in the field 
[18–20].

Unlike in radiotherapy (RT), where 3D QA systems have 
been developed, no such systems have been proposed for 
TTFields therapy, which involves three-dimensional E-field 
distributions within the body. To date, only one-dimensional 
(1D) and two-dimensional (2D) QA systems using single 
electrode pairs have been introduced [21, 22]. However, vali-
dating the 3D spatial distribution of voltage and E-fields is 
crucial for accurately assessing treatment efficacy. There-
fore, accurately measuring the 3D E-field distribution is 
essential for more precise treatment validation. In actual 
treatments, electrode arrays are used, which complicates the 
current density distribution. Due to the edge current effect, a 
single electrode produces uneven current density. Electrode 
arrays, in turn, generate even more complex current den-
sity patterns depending on their configuration [23, 24]. This 
nonuniform current density leads to uneven E-field distribu-
tions as governed by Ohm's law, increasing uncertainty in 
predicting treatment outcomes and potential side effects [24, 
25]. Consequently, there is a clear need for a 3D QA system 
designed specifically to accommodate electrode arrays.

In this study, we assessed the feasibility of a 3D QA sys-
tem by applying voltage to a water phantom using a pair of 
electrode arrays consisting of four electrodes. The measured 
voltage and the E-field distributions were compared with ref-
erence values calculated using the finite element method in 
one, two, and three dimensions. Additionally, the QA system 
was evaluated using error rates and gamma index analysis.

2 � Methods

2.1 � Experimental setup

A water phantom was designed to replicate the electrical 
conductivity of muscle tissue, targeted at 0.367 S/m, which 
corresponds to the conductivity of muscle at 150 kHz [26]. 
To achieve this, a solution was prepared by mixing 1.35 L of 

deionized water with 2.1 g of NaCl, resulting in a conductiv-
ity of 0.367 ± 0.1 S/m. The water was contained within an 
acrylic container with inner dimensions of 100 × 100 × 150 
mm3. The container was fitted with a printed circuit board 
(PCB) to facilitate the attachment of external electrodes 
(Fig. 1(a)). Copper electrodes with dimensions of 32 × 22 × 1 
mm3 were affixed to the water phantom using medical-grade 
hydrogel (HUREV; conductivity σ = 0.1 S/m, relative per-
mittivity εr = 80) (Fig. 1(b)). A custom-built generator was 
used to apply a voltage of 50 Vpp at a frequency of 150 kHz 
across the entire QA system.

The voltage distribution was measured using an oscillo-
scope (TBS 1102B, Tektronix, OR, USA) and a differential 
probe (N2791A, Keysight, CA, USA). For the measure-
ments, the “N” terminal of the differential probe was con-
nected to the ground electrode, while the “P” terminal was 
connected to a coaxial cable to minimize noise. Voltage 
measurements were conducted at 5 mm intervals along the 
x and y axes within a single plane and at 10 mm intervals 
along the z-axis. The electric field is defined as the rate of 
change of the electric potential, and Eq. (1) conceptually 
represents the calculation of the electric field in this study.

Ei, Vinterp,i+1, Vinterp, i-1, and Δr represent the electric field 
at point i, the interpolated voltage at i + 1, the interpolated 
voltage at i-1, and the distance between points, respectively. 
The measured voltage distribution was interpolated, and its 
derivatives with respect to position were calculated to obtain 
the electric field values. A total of 361 points were measured 
per plane, and measurements were performed on 5 planes, 
resulting in a total of 1,805 voltage and electric field data 
points.

2.2 � Simulation

To evaluate the accuracy of the QA system, the reference 
voltage and the E-field distributions were obtained using 
the AC/DC module of COMSOL Multiphysics, version 
6.1(COMSOL Multiphysics, COMSOL, Boston, USA). 
The simulation geometry mirrored that used in the experi-
ment. The dimensions of the water phantom, PCB, hydro-
gel and each electrode were set to 100 × 100 × 150mm3 , 
122 × 86 × 1mm3 , 86 × 60 × 1mm3 , and 32 × 22 × 1mm3 , 
respectively (Fig. 1(c)). The electrical conductivity (σ) set 
at 0.367, 1 × 10−9, 0.1 and 5.998 × 10 S/m, respectively. 
The relative permittivity (εr) values for the materials were 
set to 8.13, 1, 80 and 1, respectively. The σ values, except 
for those of the electrodes, were directly measured for the 
materials used in the experiments, whereas theoretical 
or ideal εr values were used, as they minimally affect the 

(1)Ei =
Vinterp,i+1 − Vinterp,i−1

2Δr
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E-field distributions [27]. To calculate the E-field distri-
bution, all the electrodes attached to one side were desig-
nated as ground electrodes, while a voltage of 50 Vpp with 
150 kHz was applied to the electrodes on the opposite side. 
The resulting voltage and the electric field distributions were 
used as reference values.

2.3 � Evaluation metrics

To validate the 3D QA system using the water phantom, 
error rates and gamma index (GI) were calculated at each 
point. The GI, which simultaneously accounts for both spa-
tial distance and dose differences [28], is commonly used 
as an evaluation metric in radiation therapy. Equation (2) 
represents the error rate, which quantifies the discrepancy 
between the measured value and the reference value. Equa-
tions (3) and (4) are used to evaluate the gamma index (GI) 
for voltage and E-fields, respectively.

In these equations, Vref, Vm, Eref, and Em represent the 
voltage reference, the measured voltage, the E-field refer-
ence, and the measured E-field, respectively. The conven-
tional GI equation was modified by replacing the dose term 
with voltage and E-field calculations. For voltage, the dose 
difference was evaluated using 5% and 3% relative tolerance 
to the reference at the measurement point, with a distance 

(2)error rate
[

%
]

=
ref(V ,E) −measured(V ,E)

ref(V ,E)
× 100

(3)GIvoltage =

√

r2(rref, rm)

Δr2
criteria

+
V2(Vref,Vm)

ΔV2
criteria

(4)GIE−field =

√

√

√

√

r2(rref, rm)

Δr2
criteria

+
E2

(

Eref,Em

)

ΔE2
criteria

Fig. 1   The experimental setup for measuring voltage and E-fields and simulation geometry for calculation. a An acrylic container used to con-
tain the water. b Four electrode pairs used to apply a voltage to the water phantom. c The simulation geometry
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Fig. 2   Voltage and E-field linearity depend on the applied voltage at center point. a The voltage showing a linear dependence on the applied 
voltage at the center point. b The E-field showing a linear dependence on the applied voltage at the center point

Fig. 3   Voltage and E-field distributions in one dimension. a Schematic of the measured line. b Results of the simulated E-field distribution. c 
Voltage distribution on the 1D center line. d E-field distribution on the 1D center line
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Fig. 4   Voltage and E-field 
distributions at + 10 mm from 
the center plane. a Schematic 
of the measurement plane. b 
Results of the simulated voltage 
distribution. c Results of the 
experimental voltage distribu-
tion. d Error rate between the 
simulation and experimental 
voltage distribution results. 
e Histogram of error rate for 
the voltage distribution. f 
Results of the simulated E-field 
distribution. g Results of the 
experimental E-field distribu-
tion. h Error rate between the 
simulation and experimental 
E-field distribution results. i 
Histogram of error rate for the 
E-field distribution



811Feasibility of 3D quality assurance system with electrode array for electric fields therapy﻿	

Vol.:(0123456789)1 3



812	 J. Hong et al.

Vol.:(0123456789)1 3

tolerance of 3 mm. Given the higher uncertainty associated 
with E-fields compared to voltage, tolerances of 10% and 5% 
were applied for E-fields, with a distance tolerance of 5 mm.

3 � Results

3.1 � Voltage distribution and E‑fields at the center 
in one dimension

The accuracy of the measured values relative to the actual 
water phantom was validated using voltage and E-field data 
from simulations as reference values. Figure 2 illustrates 
the voltage and E-field at the center point of the phantom. 
As the voltage magnitude increased, the measured values at 
the center point increased proportionally, with an observed 
error of ± 0.2 V (Fig. 2(a)). At the highest voltage of 50 V, 
the maximum error observed was within 0.7 V compared to 
the reference. Figure 2(b) shows the E-field values measured 
with a tolerance of ± 0.05 V/cm, with errors within 0.2 V/
cm relative to the reference. Figure 3 presents the simulated 
and measured voltage and E-fields along the centerline of the 
phantom when a 50 V potential was applied. Figure 3(c) and 
(d) compares the measured and reference values of voltages 
and electric fields, revealing errors of less than 0.4 V and 
0.04 V/cm, respectively.

3.2 � Voltage distribution and E‑fields in two 
dimensions

Figure 4 presents the data for voltage and E-fields measured 
and compared at the + 10 mm from center plane position 
of the phantom along the z-axis. Regarding voltage meas-
urements, 63% of the measurement points exhibited errors 
within 1%, with a maximum error of 5% and an average error 
of 0.91%. The E-field measurements showed that 68% of the 
measurement points had errors within 5%, with a maximum 
error of 49.56% and an average error of 6.57%.

Figure 5 shows the data for voltage and E-fields measured 
and compared at the center plane position of the phantom. 
For voltage measurements, 46% of the measurement points 
had errors within 1%, with a maximum error of 13.1%. The 
E-field measurements showed that 48% of the measurement 
points had errors within 5%, with a maximum error of 46%. 

Figure 6 shows the data for voltage and E-fields measured 
and compared at the − 10 mm from the center plane posi-
tion of the phantom along z-axis. Regarding voltage meas-
urements, 56% of the measurement points exhibited errors 
within 1%, with a maximum error of 8.97% and an aver-
age error of 1.31%. The E-field measurements showed that 
67% of the measurement points had errors within 1%, with 
a maximum error of 54% and an average error of 5.96%.

3.3 � Gamma index and 3D analysis

Figure 7 presents the results of the GI analysis for voltage 
and E-fields at the center plane positions at − 10 mm, 0 mm 
and + 10 mm from the center. Regarding the voltage distribu-
tion, the profiles at + 10 mm, 0 mm, and − 10 mm from the 
center plane showed gamma passing rates (GPRs) of 100%, 
98.89%, and 99.17%, respectively. Figure 7(g), (h) and (i) 
depicts GI results for E-field distributions with a 5%/5 mm 
criterion applied on the same planes. They show GPRs of 
86.98%, 81.16%, and 90.58%, respectively. Figure 8 presents 
the error rate and gamma analysis results for the voltage and 
electric field distributions in three dimensions. As shown in 
the figure, the measured values align closely with the simu-
lated values, demonstrating good agreement.

Table 1 displays the GPRs for voltage and E-fields at 
each profile, considering various gamma criteria. For the 
voltage, GPRs greater than 98% were observed for pro-
files at − 20 mm, − 10 mm, 0 mm, + 10 mm, and + 20 mm 
from the center plane. However, for the E-field criteria 
of 10%/5 mm and 5%/5 mm, the GPRs were relatively 
lower, with a minimum of 81.16%, compared with GPRs 
corresponding to the voltage criteria. Table 2 presents the 
average error rates for the five profiles measured in the 
experiment, as well as for the 3D voltage and E-fields. The 
average voltage error rate ranged to a maximum of 2.10%, 
with a 1.06% error rate for the 3D voltage distribution. 
The E-fields exhibited error rates as high as 7.35%, with a 
6.65% error rate for 3D E-field distribution.

4 � Discussion

E-fields distribute in 3D space and are dependent on the 
conductivity of objects. Each organ in the body exhibits 
different conductivity [26]. The distribution of the E-fields 
formed during TTFields therapy varies depending on the 
position, shape, and number of electrodes, resulting in a 
complex structure. In the case of 1D and 2D measure-
ments, if the E-field distribution is not symmetric, the 
distribution cannot be accurately confirmed. This fact 
increases uncertainty about the E-fields formed in the 
region of interest (ROI), and the difference between the 
calculated E-fields and the E-fields formed during actual 

Fig. 5   Voltage and E-field distributions at the center plane. a Sche-
matic of the measurement plane. b Results of the simulated voltage 
distribution. c Results of the experimental voltage distribution. d 
Error rate between the simulation and experimental voltage distribu-
tion results. e Histogram of error rate for the voltage distribution. f 
Results of the simulated E-field distribution. g Results of the experi-
mental E-field distribution. h Error rate between the simulation and 
experimental E-field distribution results. i Histogram of error rate for 
the E-field distribution

◂
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treatment can adversely affect treatment efficacy. By exam-
ining the 3D E-field distribution, we can confirm the pre-
cise magnitude of the E-fields formed in the ROI. There-
fore, 3D QA is an indispensable procedure that must be 
carried out to enhance the quality of TTFields treatments.

In previous studies, voltage and electric field measure-
ments for Tumor-Treating Fields (TTFields) quality assur-
ance (QA) were conducted using a single pair of electrodes, 
which were limited to one-dimensional (1D) or two-dimen-
sional (2D) data along the central axis [21, 22]. Additionally, 
earlier studies relied on a relatively small number of probes 
fixed inside the phantom for measurement. Fixed probes can 
distort the electric field (E-field), resulting in discrepancies 
between the measured field and the actual field generated 
during treatment. Increasing the number of probes is also 
challenging, and the low-resolution voltage distribution 
obtained from such setups restricts the accuracy of meas-
ured E-field distributions, particularly in areas with rapid 
field changes, such as those directly beneath the electrodes.

Moreover, the fixed-probe approach in previous studies 
was confined to 2D QA. However, accurate QA for TTFields 
requires three-dimensional (3D) assessments. While voltage 
distribution can be expressed as relative differences com-
pared to the reference potential, making it less dependent 
on dimensionality, electric field values are inherently dimen-
sion-dependent. High-resolution measurements are critical 
for accurately representing E-fields, especially in 3D [25]. 
Equations (5), (6), and (7) below represent the calculation of 
electric fields in 1D QA, 2D QA, and 3D QA, respectively.

In the Cartesian coordinate system, 2D QA does not 
account for variations along the z-axis, which leads to dis-
crepancies compared to the actual electric field distribution. 
Similarly, 1D QA ignores variations along both the y and 
z-axes, resulting in even greater inaccuracies. To address 

(5)E1D =
ΔV

Δx

(6)E2D =
ΔV

Δx
+

ΔV

Δy

(7)E3D =
ΔV

Δx
+

ΔV

Δy
+

ΔV

Δz

these limitations, this study utilized an electrode array com-
bined with a scanning method using a single probe within 
the water phantom. This approach improved resolution and 
facilitated accurate 3D QA.

In our analysis, we obtained well-matched results with 
an error rate of 1.06% and GPR of 99.61% for the measured 
voltage distribution (Tables 1, 2), indicating precise execu-
tion. However, for the E-fields, we observed higher error 
rates and lower passing rates compared with those observed 
for the voltage. Error may originate from several sources. 
Unlike previous studies, we adopted a scanning method 
for moving the probe, increasing uncertainty regarding 
the probe's position. For the electric fields, in particular, 
the highest error rate was observed at the high-gradient 
region, specifically at the center plane, accompanied by a 
relatively lower GPR. In contrast, in the ± 20 planes with 
minimal variations, a relatively high GPR was observed 
under the gamma criteria of 5%/5 mm. However, regions 
with more rapid changes in the electric fields consistently 
showed lower GPR values. Another source of error is the 
resolution of the voltage distribution. The resolution of our 
experimental results, 1,806 points, accounts for 2.3% of the 
simulation mesh node count of 75,223 points. In particular, 
the z-axis displacement of 10 mm contributed to this rela-
tively low resolution, resulting in a lower GPR under the 
gamma criteria of 5%/5 mm. Consequently, the experimental 
results show lower resolution compared with simulations, 
leading to increased uncertainty in the calculation of the 
E-fields through the experimental voltage distribution. To 
resolve these issues, the resolution of experiments could be 
increased, and the positional errors could be reduced through 
the use of precise scanning devices, likely yielding more 
accurate results.

The water phantom used in this work is homogeneous, 
with uniform conductivity, unlike the various tissues and 
media comprising the human body, which exhibit conduc-
tivities ranging from 0.0245 to 1.4 S/m (at 150 kHz). There-
fore, the results obtained from the water phantom might 
differ from those of actual human tissue. It is necessary to 
develop phantoms that mimic the diverse conductivities of 
tissues and media found in the human body. In addition, 
when a voltage is applied, Joule heating reactions occur, 
generating heat; however, measuring the temperature dis-
tribution in water is challenging. This lack of information 
about heat complicates the prediction of side effects such 
as skin burns caused by TTFields. To address all of these 
issues, further research is needed on inhomogeneous phan-
toms, particularly solid phantoms, which could be used to 
create humanoid phantoms. Such phantoms could facilitate 
more accurate QA for TTFields therapy.

Fig. 6   Voltage and E-field distribution − 10  mm from the center 
plane. a Schematic of the measurement plane. b Results of the simu-
lated voltage distribution. c Results of the experimental voltage distri-
bution. d Error rate between the simulation and experimental voltage 
distribution results. e Histogram of error rate for the voltage distribu-
tion. f Results of the simulated E-field distribution. g Results of the 
experimental E-field distribution. h Error rate between the simulation 
and experimental E-field distribution results. i Histogram of error rate 
for the E-field distribution

◂
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Fig. 7   a, b, and c show the gamma index for the voltage distribution 
using 3%/3 mm gamma criteria at + 10 mm, 0 mm, and − 10 mm from 
the center plane, respectively. d, e, and f present the histograms of the 
gamma analysis results for the voltage distribution at + 10 mm, 0 mm, 
and − 10 mm from the center plane, respectively. g, h, and i depict the 

gamma index for the E-field distribution using 5%/5 mm gamma cri-
teria at + 10 mm, 0 mm, and − 10 mm from the center plane, respec-
tively. j, k, and l display the histograms of the gamma analysis results 
for the E-field distribution at the center plane
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5 � Conclusion

In this study, we investigated the feasibility of a 3D QA 
system for Tumor-Treating Fields (TTFields) therapy using a 
water phantom with an electrode array. This method allowed 
for the verification of 3D E-field distributions, providing a 

relatively accurate assessment of the complex E-field pat-
terns generated by the electrode array. The findings of this 
study are expected to contribute to improving the quality 
of TTFields therapy through experimental validation of 
E-fields and to facilitate predictions of the therapy’s efficacy.

Fig. 8   Error rate and gamma analysis results in three dimensions: a 
Histogram of the error rate for the voltage distribution in three dimen-
sions, b Histogram of the error rate for the E-field distribution in 
three dimensions, c Histogram of the gamma analysis results for the 

voltage distribution in three dimensions using 3%/3 mm gamma cri-
teria, and d Histogram of the gamma analysis results for the E-field 
distribution in three dimensions using 5%/5 mm gamma criteria

Table 1   Overall gamma index Voltage E-Field

Profile 5%/3 mm (%) 3%/3 mm (%) 10%/5 mm (%) 5%/5 mm (%)

Center plane + 20 mm 100 100 92.80 91.14
Center plane + 10 mm 100 100 92.80 86.98
Center plane (0 mm) 100 98.89 95.84 81.16
Center plane − 10 mm 100 99.17 93.35 90.58
Center plane − 20 mm 100 100 93.35 91.69
3D (− 20 mm to + 20 mm) 100 99.61 93.63 88.31
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