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ABSTRACT

Background: The patient-specific 3D printed anthropomorphic phantom is used for
breast cancer after mastectomy developed by the laboratory of medical physics and biophys-
ics, Department of Physics, Institut Teknologi Sepuluh Nopember, Indonesia. This phantom
is applied to simulate and measure the radiation interactions occurring in the human body
either using the treatment planning system (TPS) or direct measurement with external beam
therapy (EBT) 3 film.

Objective: This study aimed to provide dose measurements in the patient-specific 3D
printed anthropomorphic phantom using a TPS and direct measurements using single-beam
three-dimensional conformal radiation therapy (3DCRT) technique with electron energy of
6 MeV.

Material and Methods: In this experimental study, the patient-specific 3D print-
ed anthropomorphic phantom was used for post-mastectomy radiation therapy. TPS on the
phantom was conducted using a 3D-CRT technique with RayPlan 9A software. The single-
beam radiation was delivered to the phantom with an angle perpendicular to the breast plane
at 337.3° at 6 MeV with a total prescribed dose of 5000 cGy/25 fractions with 200 cGy per
fraction.

Results: The doses at planning target volume (PTV) and right lung confirmed a non-
significant difference both for TPS and direct measurement with P-values of 0.074 and 0.143,
respectively. The dose at the spinal cord showed statistically significant differences with a
P-value of 0.002. The result presented a similar skin dose value using either TPS or direct
measurement.

Conclusion: The patient-specific 3D printed anthropomorphic phantom for breast can-
cer after mastectomy on the right side has good potential as an alternative to the evaluation
of dosimetry for radiation therapy.
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Introduction
requent cancer in women is known as breast cancer, recorded from
Globocan data in 2020 in Indonesia, i.e. breast cancer cases ranked
at the top with a total of 65.858 cases out of a total of 396.914
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other cancer cases [1]. In addition, based on
the World Health Organization (WHO) data in
2018, breast cancer occupies the highest level
of 16.7% of other cancer cases [2], reduced if
cancer is treated with multidisciplinary treat-
ments, including surgical treatment and radia-
tion therapy. Radiation therapy can reduce the
size and recurrence of local cancers [3]. Irra-
diation of the entire breast after mastectomy
treatment is a standard method of controlling
localized breast cancer recurrence. Radiother-
apy after mastectomy as a breast cancer treat-
ment strategy can reduce the risk of recurrence
in the local area and breast cancer mortality
[4].

A mastectomy is a form of early breast can-
cer treatment strategy by removing all the tis-
sue in the breast area on the chest wall. In B
Salvadori et al.s’ study conducted based on a
follow-up review for six years from the start
of mastectomy treatment, a 35% risk of cancer
recurrence was considered in patients treated
with mastectomy without additional radia-
tion therapy [5]. In addition, several studies
on breast cancer provide further treatment in
the form of radiation boosters, usually using
electrons in the postoperative cancer area to
increase local control in the breast area [6, 7].

Accordingly, an initial simulation process is
needed before direct radiation to the patient.
Cancer patients’ initial simulation or treatment
planning system must be simulated to calcu-
late and optimize a patient’s dose. Additional-
ly, one of the cancer treatment planning tech-
nologies is 3D conformal radiation therapy
(3D-CRT) [8], done using a three-dimensional
volume-based charged particle radiation beam
to achieve the suitability of the target volume
area; the use of the beam’s eye view can lead
to a maximum and minimum the doses to the
target and surrounding normal tissue, respec-
tively. 3D-CRT technology is widely used to
treat surface area breast cancer.

Radiation therapy for breast cancer covers
various tissues with very different densities,
such as bone, lung, soft tissue, air, and very

complex anatomy [9]. Meanwhile, some treat-
ment planning systems (TPSs) have limita-
tions for predicting low-density areas [9].

As an initial study on breast cancer individu-
als, an object similar to patients was needed in
the medical world as a substitute called phan-
toms, used in quality control (QC) or qual-
ity tests on a linear accelerator (Linac) [10].
Therefore, dose measurements of the internal
organs through detectors in phantoms will
show the impact of the radiation interaction
on the human being [9].

In this study, dosimetry of TPS was evalu-
ated in a patient-specific 3D anthropomorphic
phantom for breast cancer after mastectomy
using a single-beam 3DCRT technique by
electron radiation therapy, and the calibration
of the EBT3 film was also conducted. Further-
more, the comparison doses from TPS and di-
rect measurement using EBT3 film at planning
target volume (PTV), right lung, spinal cord,
and skin surface also are investigated.

Material and Methods

This experimental study was conducted at
the Naval Hospital, Dr. Ramelan, Surabaya,
and the data were Digital Imaging and Com-
munications in Medicine (DICOM) from
computed tomography (CT) ( the GE Optima
type) scan of the patient-specific 3D printed
anthropomorphic phantom for post-mastec-
tomy radiation therapy (PMRT) on the right
side (see Figure 1) [11]. The phantom used
was an in-house phantom (Registered Patent
No. P00202102195) [11] developed by the
Laboratory of Medical Physics and Biophys-
ics, Department of Physics, Institut Teknologi
Sepuluh Nopember, Surabaya, with length
x width x height of 372.7x265.7x427 mm’,
respectively, and thickness of each slice was
1.5 cm.

1. Dosimeter Calibration of EBT3
film

Furthermore, the EBT3 film (Gafchromic,
International Specialty Products, Wayne, NJ)
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was used to measure the dose, and a calibra-
tion process was carried out on the EBT3
film according to the IAEA TRS protocol No.
398. The film sheet was cut according to the
required dimensions and then placed right at
the isocenter with a depth of 1.5 cm from the
top surface of the 40x40 cm? water phantom
slab (see Figure 2). The film was irradiated
with an electron energy of 6 MeV and a dose
variation from 100 to 700 cGy using Linac.

Figure 1: The patient-specific 3D printed
anthropomorphic thorax phantom for post-
mastectomy radiation therapy (PMRT).

Additional accessories were due to electron
energy, namely an applicator 10x10 cm?. The
film sample was irradiated perpendicular to
the electron source produced by Linac Ele-
kta Precise at Naval Hospital. Dr. Ramelan,
Surabaya. After the film was irradiated, it was
scanned with EPSON Perfection V850 (Seiko
Epson Corp., Nagano, Japan) and the software
EPSON Scan V3.04. The scanned image was
then analyzed using Image J software, and the
pixel value was obtained by setting the region
of interest (ROI). The pixel value obtained
was converted into an average optical density
value using the equation as follows [12]:

netOD =log,, (1’; J (1)

ex

where P is the selected pixel area value on
the film without irradiation, and P, is the se-
lected pixel area value after 6 MeV electron
irradiation with various doses of 100-700 cGy
[13, 14].

2. The single-beam 3D-CRT therapy
plan

Radiation planning on the phantom was con-
ducted using a 3D-CRT technique with the
RayPlan 9A software. The phantom was irradi-
ated with only one radiation field at a beam an-
gle perpendicular to the breast plane at 337.3°
and continued to set its energy at 6 MeV and a

Figure 2: Experiment setup of dosimeter calibration of EBT3 film.
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total prescribed dose of 5000 cGy/25 fractions
per fraction of 200 cGy. After setting the clini-
cal plan, the dose distribution was calculated,
presented in the form of a dose-volume histo-
gram (DVH), accordingly, the dose obtained
for each organ at risk (OAR) and the planning
target volume (PTV) were analyzed.

3. Dose Measurement Using EBT3
Film

The EBT3 film was cut according to the
lungs, spine, and skin surface irradiation area.
The irradiation technique onto the film was the
same technique used in the TPS (see Figure 3),
with the single-beam field of the 3DCRT tech-
nique, source axis distance (SAD) at 99.8 cm,
energy 6 MeV, and 200 cGy/fraction with a

EBT3 film

(a)

total prescribing dose of 5000 cGy, and a gan-
try angle of 337.3°. After irradiation, the film
pieces were read using the EPSON Perfection
V850 scanner (Seiko Epson Corp., Nagano,
Japan) and the EPSON Scan V3.04 software.
Furthermore, the image was processed with
the Imagel software; the reading result was
a pixel area value used to obtain the NetOD
value/optical density using equation (1) [14].
Moreover, the independent t-test was used to
compare TPS doses and direct measurement
doses for PTV, right lung, and spinal cord with
a significance level of 5%.

Results
Figure 4 shows the results of calibration data
of the EBT3 film presented in a dose curve as

Figure 3: Setting-up of the EBT3 film onto patient-specific 3D printed anthropomorphic thorax
phantom: (a) the surface of a phantom and (b) inside the phantom.
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a function of optical density. Meanwhile, the
results of the fitting curve from Figure 4 for
each red, green, and blue channel can be writ-
ten as follows (2):

¥, =—3460.9+34490.9x —110716.7x > +120880.3x °
Vo =—642.3+7748.4x —26694.5x * +34837.5x° (2)
v, =—316.4+9719.3x —70147.9x > +230148.4x°

where y, (red channel), y. (green channel),
and y, (blue channel) are the dose (cGy), and

(b)

x is the load input.

Furthermore, the effect of dose distribu-
tion governed by a single beam on treat-
ment planning was that the isodose in the
target area spreads with depth to the right
lung organ adjacent to the PTV, as shown in
Figure 5. Moreover, the other result of the
TPS is the DVH statistical curve, as shown in
Figure 6; based on the DVH curve, PTV (dark
blue line) achieved an excess dose of the max-

Figure 5: Simulation results of radiation treatment planning on the right chest area of the thorax

phantom: a) axial, b) sagittal, and c) coronal.

Figure 6: Dose-volume histogram (DVH) graph of treatment planning systems results of thorax

phantom with an electron energy of 6 MeV.
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imum (<107%).

Table 1 presents the absorbed dose of each
organ based on the DVH curve in numerical
form. DVH was calculated and generated us-
ing the TPS algorithm based on a three-dimen-
sional object construction image [15].

Table 1 presents that for the PTV area, the
maximum dose (D)) is 6058 ¢Gy, the mini-
mum dose (D,,) is 3602 cGy, and the aver-
age dose (D4 erage) is 4758 cGy. In addition to
PTV statistical data, other organs, such as the
right lung, left lung respectively obtained an
average dose of 740 and 4 cGy, with a limit of
less than 1000-2000 cGy, and the heart dose
was averaged 43 cGy with a limit of less than
2600 cGy; however, the maximum dose of
the spinal cord was at 456 cGy with a limit
(D,,)=5000 cGy.

Meanwhile, the results obtained from di-
rect dose measurements in phantom and TPS
equipped with statistical analysis for differ-
ences in dose reading using an independent
t-test are summarized in Table 2, showing the
EBT3 film received absorbed doses on the
chest wall, right lung, and spinal cord, 190,
138, and 3 cGy, respectively; however, TPS
computed those doses 197, 129, and 5 cGy,
respectively. Both measurements obtained a
difference in dose readings of 7, 9, and 2 cGy.
The difference in values in the chest wall and
the right lung was still below the measurement
difference limit of 10%. However, in the spi-
nal cord, the difference in dose readings was
more than 10% since the measured dose value
was small in the spinal cord with a significant
percentage difference.

Table 1: Absorbed dose results from treatment planning system with three-dimensional confor-
mal radiation therapy (3DCRT) for energy at 6 MeV and dose of 50 Gy.

Total dose (cGy)

Region of Interest (ROI) ROI Volume (cm?)

Body 9493.75
Planning target volume (PTV) 13.64
Heart 443.25
Lung LF 1098.34
Lung RT 1011.82
Trachea 7.58
Spinal Cord 202.10

LF: Left, RT: Right

Dy, Dy, Daverage D,, D, D,
0 0 115 6 1409 2271
2904 3602 4758 4847 5967 6058
2 3 43 7 543 752

1 2 4 4 12 16
33 58 740 448 3438 3962

21 18 64 70

48 10 456 562

Table 2: Comparison of results in dose measurements between treatment planning system
(TPS) and direct measurement with the energy of 6 MeV and dose of 200 cGy.

Organs at risk Measurement Treatment planning system Difference
(OARs) (cGy) (TPS) (cGy) (cGy)
Chest wall (Planning target
190 197 7 (P=0.074)
volume (PTV) area)
Right lung 138 129 9 (P=0.143)
Spinal cord 3 5 2 (P=0.002)
Skin surface 134 134 0
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Discussion

Figure 4 shows each color channel with dif-
ferent sensitivity to the dose range as follows:
1) the red channel is sensitive at low dose rates
up to a dose of 1000 cGy, 2) the green channel
is sensitive at doses above 1000 cGy, and 3)
the blue channel is sensitive at dose rates over
40 Gy or high dose rates [16]. This sensitiv-
ity curve can describe the maximum sensitiv-
ity for each color channel over the dose range
[14]. Based on the sensitivity curve in Figure
4, the red channel has the highest sensitivity
to low doses of 0-600 cGy than the green and
blue channels. The red channel is the ideal col-
or channel for reading low doses. When refer-
ring to the American Association of Physicists
in Medicine (AAPM) TG-55 and 235 reports
regarding GafChromic EBT3 films, the red
channel is ideal for low dose measurements
up to about 1000 cGy. However, the blue and
green channels are less suitable at low doses,
they are also suitable at doses above 1000 cGy
[16].

The sensitivity of the film is also related to
the frequency of the polychromatic light pro-
duced by the digitizer (film reader). The red
channel obtained the reading results better
than the green and blue channels when the film
is irradiated with a 100-600 cGy. Several stud-
ies on EBT3 films, such as those conducted by
Sorriaux J et al. for the energy of 6 MV pho-
tons and 6 MeV electrons, proved that the red
channel is the most sensitive channel to low
doses for the EBT3 film; however, the green
channel is similar to the red channel with a
dose range above 1000 cGy and for the blue
channel had the lowest sensitivity compared to
red and green channels [13]. Le6n Marroquin
et al. explained that the red channel was sensi-
tive at a dose of 0-600 cGy, the green chan-
nel at 600-3500 cGy, and the blue channel at
3500-12000 cGy [14]. The sensitivity of the
EBT3 film can be influenced by several fac-
tors, namely the method of scanning the film,
exposure to visible light from the environ-
ment, film storage, treatment during scanning,

and the reading time. The reading time can
give a dose difference greater than 10% if the
film is scanned in the first 2 h after radiation
and 3% within one day [17].

Planning with a single beam in TPS gener-
ally provides a dose with a distribution effect
that continues to spread to depth. Therefore,
the isodose in the target area continues to
spread with depth to the right lung organ ad-
jacent to the PTV as seen in Figure 5. How-
ever, as the penetrating power increases, the
dose decreases. Although the dose distribution
results spread out of the target field, the elec-
tron’s energy still affects the OAR with low
radiation. Electrons have lower penetrating
power than photons [18].

Based on isodose color (as seen in
Figure 5), green and blue colors dominate the
lungs compared to other colors. The blue and
green colors represent the percentage of doses
received by the right lung of 25 and 50% of
the total prescription dose of 5000 cGy. Ac-
cording to the dose distribution, as the depth
of the dose spread increases, the dose decreas-
es, as indicated by the color wash isodose
formed. The average energy of electrons that
pass through a material periodically decreas-
es due to the interaction of Coulomb forces
between the radiation beam and matter, and
spread to the original path as its relatively low
mass, the direction of travel can change eas-
ily during these interactions [6, 19]. Figure 5
also shows that the isodose does not cover the
target with a maximum. The spread of isodose
beyond the irradiation field boundary is due
to the low energy beam producing a signifi-
cant scattering and causing the isodose line to
spread out of the irradiation field (Figure 5a).
In addition, other factors with influenced the
formation of isodoses are collimators, filter
design (cerrobend), irradiation techniques,
and irradiation angles [6].

Based on the DVH curve (Figure 6), it can
be seen that PTV (thick dark blue line) ob-
tained an excess dose of the maximum to be
achieved, which is >107%. Due to inelastic

J Biomed Phys Eng 2023; 13(3)
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interactions with the coulomb field, brems-
strahlung tails are also formed on low-energy
electrons [20]. The DVH curve for PTV is
square, showing all prescribed doses cover
100% of PTV [21]. However, the results of the
clinical are not always the same as the theory
and also this plan. The shape of the DVH is
influenced by the beam’s interaction with the
material before hitting the target volume and
multileaf collimator (MLC) shape, which does
not cover the entire target volume area so that
some beams scatter off the field.

Cancer treatment plans optimize the treat-
ment plans evaluated. Based on ICRU 50 and
62, the PTV area obtains a minimum dose
coverage of 95% (4750 cGy) to 107% (5350
cGy) with 100% dose uniformity at PTV or
95%=<PTV=107% (4600-5000 cGy for whole
breast/chest wall and node area). However,
this study plan resulted in a dose at PTV ex-
ceeding 107% and less than 95%, i.e. the ex-
cess dose received by PTV was 708 cGy or
(121%). The OAR closest to PTV was the
right lung, which received an average of 740
cGy with a maximum of 3438 c¢Gy. The lung
threshold has a mean dose of less than 2000
cGy [22]. Furthermore, the heart received an
average dose of 43 ¢Gy and a maximum dose
of 543 cGy. The heart must receive doses be-
low 4000 cGy for the 100% volume threshold.
Two organs (lungs and heart) are among the
organs closest to the target. Radiation toxic-
ity may occur if the lungs and heart receive a
dose above the threshold. Therefore, all OARs
in this plan obtained a safe dose.

The percentage difference in readings that is
still below 10% (Table 2) is probably due to a
slice shift between the position of the dose area
in the TPS phantom image and the original
phantom with the EBT3 films. When measur-
ing directly, the electron beam is scattered in
the air due to the interaction of electrons with
the collimator and applicator so that the dose
prescribed is not entirely on EBT3 films [23].
The spinal cord produces a high difference in
readings because the dose read is very small.

In the current study, the difference between the
dose measured and the TPS results are con-
sistent with the study conducted by Stephen
F. Kry et al. [23] which obtained a difference
in skin dose measurements on average 22%
or above 10% that was acceptable. All results
from TPS and measurements with films re-
sulted in doses that were still below tolerance
despite the differences in the results obtained
[23, 24]. The independent t-test for dose mea-
surements between direct measurement and
TPS for PTV and the right lung showed a non-
significant difference with p-values of 0.074
and 0.143, respectively. In contrast, a signifi-
cant difference was in the dose reading in the
spinal cord with a P-value equal to 0.002.

Conclusion

The present study successfully demonstrated
the planning treatment system for breast can-
cer radiation therapy using patient-specific 3D
printed anthropomorphic phantom for breast
cancer after mastectomy on the right side with
the single beam 3DCRT technique.

The statistical analysis for dose measure-
ment in PTV and right lung areas presented
non-significant doses for both doses read-
ing using TPS and direct measurement with
EBT3 film. In contrast, dose reading in the
spinal cord obtained a statistically significant
difference. In addition, the use of the patient-
specific 3D printed anthropomorphic phantom
in quality control and radiation therapy quality
assurance has promising clinical application
opportunities.
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