Journal of Magnetics 25(3), 409-414 (2020)

ISSN (Print)  1226-1750
ISSN (Online) 2233-6656
https://doi.org/10.4283/TMAG.2020.25.3.409

Influence of a Localized Transverse Magnetic Field on Dose Distributions
of MV Photon Beams in Inhomogeneous Medium

Woo Sang Ahn', Wonsik Choi'*, Young Ran Ka?, Jungwon Kwak®, In-Hye Jung',
Sohyun Ahn*, and Seong Soo Shin'

!Department of Radiation Oncology, Gangneung Asan Hospital, University of Ulsan College of Medicine,
Gangneung 25440, Republic of Korea
’Department of Radiological Technology, Jefferson State Community College, Birmingham, AL 35242, USA
3Department of Radiation Oncology, Asan Medical Center, University of Ulsan College of Medicine, Seoul 05505, Republic of Korea
*Department of Radiation Oncology, Kangwon National University Hospital, Kangwon 24289, Republic of Korea

(Received 24 August 2020, Received in final form 21 September 2020, Accepted 22 September 2020)

The purpose of this study is to investigate the effects of the dose distributions caused by a low-strength mag-
netic field transverse to the incident photon beams in inhomogeneous medium of the body such as the lung. A
simple water-air-water phantom was used to evaluate the magnetic field induced dose effect by the field size of
the beam and the beam energy. The Gafchromic BET3 self-developing dosimetry film was utilized for all mea-
surements. Our results indicated that a localized magnetic field within the air region offers the capability of
producing dose enhancement and dose reduction regions between the proximal and distal interfaces. It was
demonstrated that the magnitude of the dose perturbation depends not only on the beam energy, but also on
the field size of the beam. It is expected that this magnet technology could be further developed to provide
higher dose to the tumor and lower dose to the normal tissue in radiation therapy for lung cancer.
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1. Introduction

The effect to improve dose distributions of photon
beams has been focused on the application of magnetic
fields over the last several decades. Bielajew [1] showed
that a 20 T strong longitudinal magnetic field can
significantly reduce the penumbra of photon beams.
Naqvi [2] and Wadi-Ramabhi et al. [3] studies the Monte
Carlo simulations of the effect of the dose deposition
around air cavities irradiated with photon beams. They
found that a uniform longitudinal magnetic field of 0.5 T
can provide the reduction of the large lateral spread of
secondary electrons caused by the presence of air cavities,
and the dose enhancement at the distal interface of air
cavities. Monte Carlo simulations for the application of a
transverse magnetic field to photon beams also have been
investigated by several researches. Reiffel er al [4]
proposed the use of a strong localized transverse magnetic
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field with a 24 and 50 MV high-energy photon beam to
control the dose distributions. By introducing a specially
designed strong transverse magnetic field in or near the
target region located at a certain depth, the dose in this
region was significantly increased and the dose to
surrounding healthy tissue was decreased. Li et al. [5]
studied the idea of strong transverse magnetic fields from
1 T to 20 T with a variety of high-energy photon beams
to enhance dose distributions for radiotherapy. They
found that localized regions of large dose enhancement as
well as dose reduction in a 15 MV photon beam for the
field size of 4 x 4 cm? by applying a 5 T magnetic field.
Jette [6] also shows that strong transverse magnetic fields
can produce significant dose enhancement and reduction
in localized regions under irradiation by very high-energy
photon beams. He found that dose enhancement and
reduction in localized regions were about 55 % and 30 %
for the 30 MV photon beam with a 3 T magnetic field,
respectively.

For most of previous studies, meaningful dose en-
hancements and reductions in a homogenous medium for
high-energy photon beams (> 15 MV) were found by
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using strong transverse magnetic fields. Studies of the use
of low magnetic field with a low-energy photon beam
utilized the longitudinal magnetic field instead of the
transverse magnetic field.

The purpose of this study is to present the dose effects
induced by a localized transverse magnetic field with low
strength in inhomogeneous medium such as the radiation
therapy of the lung cancer. Dose distributions in inhomo-
geneous medium from the different field sizes of the
beam and the low-energy photon beams (6 and 10 MV)
were also investigated.

2. Materials and Methods

2.1. Measurement setup

In order to apply a low strength magnetic field of 0.5 T,
a home-made magnet device manufactured in our
previous study was used [7]. The device consists of two
parallel neodymium permanent magnets with dimensions
of 5x5x5cm’.

A simple water-air-water phantom representing the
inhomogeneous medium such a lung was used to investi-
gate the magnetic induced dose effect. As shown in Fig.
1, the water-air-water phantom consists of a 6.8 cm air
gap between 3 cm and 5 cm thick water-equivalent
material slabs on both the proximal and the distal region
to provide sufficient build-up and backscatter. The density
of solid water phantom, water-equivalent material, is
1.045 g/em®. 6 MV and 10 MV photon beams which
widely recommended for beams passing through low-
density lung tissue before entering the tumor were used
for the investigation [8,9]. Two permanent magnets
placed at a constant distance were located in the air
region between water phantoms. Then magnetic field was
applied in transverse direction to the incident photon
beams.

2.2. Radiochromic EBT3 film calibration

For a film dosimetry, the commercial radiochromic film
used in this study was a Gafchromic EBT3 film (Ashland
Specialty Ingredients, Bridgewater, NJ, USA) with batch
number of 09071704 and sheet dimensions of 20.3 x 25.4
cm?®. The EBT3 film is consisted of an active layer with
the thickness of 27 um and two transparent polyester
substrate with a thickness of 120 um each. For film
dosimetry, the films were handled according to the
recommendations described in the American Association
of Physicists in Medicine (AAPM) Task Group 55 report
[10]. A sheet of films were cut into pieces of 5 cm X 5
cm. For irradiation, the film was placed at a 5 cm depth in
a solid water phantom with the dimensions of 30 x 30 x
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15 cm®. To provide sufficient backscatter conditions, 10
cm thick solid water phantom was located under the film.
The films were irradiated with a 6 MV photon beam on a
TrueBeam linear accelerator (Varian Medial Systems,
Palo Alto, CA, USA). Irradiations were performed with a
field size of 10 x 10 cm? and a source-to-surface distance
(SSD) of 100 cm. The doses delivered to the pieces of
film ranged from 10 to 700 cGy. At least 24 h after
irradiations [10, 11], the films were scanned using a
flatbed scanner (Epson Expression 10000XL, Seiko Epson
Corp., Tokyo, Japan) in transmission scanning mode
without color correction. Scanned film images were
collected with a resolution of 72 dpi in 16 bits red color
channel. The data were saved as TIFF (tagged image file
format) files. The Imagel software (National Institutes of
Health, Bethesda, MD, USA) was used to analyze the
film with region of interest (ROI) of 5 x 5 pixels in the
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Fig. 1. (Color online) Arrangement of a localized transverse
magnetic field for modifying dose distributions along beam
axis in z-direction. (a) Photo of the setup showing the direc-
tion of the magnetic field and location of EBT3 film. (b) Sche-
matic diagram of the measurement setup at y-z plane.
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middle of each film to avoid the edges. The median pixel
value (related to intensity of image) obtained from the
ROI was then converted to net optical density (NOD) by
the following formula:

NOD=log,, (ITJ (1)

where [y and [ are the median pixel value for the non-
irradiated and irradiated film, respectively.

2.3. Film measurement and analysis

The EBT3 films were cut into pieces of 3 cm x 12.5 cm
and 6 cm x 14.5 cm with different field sizes. Each film
set cut from a sheet were prepared so that the influence of
the dose distributions induced by a low-strength magnetic
field transverse to incident beams could be studied. As
shown in Fig. 1(a) and (b), the film were inserted in a
water-air-water phantom along beam axis in z-direction.
The short side of the film was positioned orthogonal to
the magnetic field (parallel to the x-axis). The films were
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then irradiated with 6 and 10 MV photon beams of a
TrueBeam linear accelerator. The film measurements
were performed for the field sizes of 1.5 x 1.5 and 3.0 x
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Fig. 2. Dose response curve of EBT3 radiochromic film in red
color channel.
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Fig. 3. (Color online) 2-D dose distributions induced by a transverse magnetic field for 6 MV and 10 MV photon beams with the

field size of 1.5 x 1.5 cm? incident along water-air-water phantom.
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3.0 cm? at a SSD of 100 cm. After 24 hours from the end
of the film exposure, the irradiated films were scanned
using an Epson Expression 10000XL flatbed scanner and
handled in the same procedure as the film calibration. The
images obtained in the red channel of the 48-bit RGB
format with the resolution of 72 dpi were imported into
the Imagel software. Consequentially, the measured 2-D
dose distributions induced by the magnetic field in
inhomogeneous medium were presented for different field
sizes of the beam and the photon beams.

3. Results

Dose response curve of EBT3 radiochromic film in
transmission scanning mode was obtained as shown in
Fig. 2. NOD of each pieces of films were analyzed in the
red channel due to a higher sensitivity than other channels
(green and blue) up to 10 Gy [12-14]. The curve fitted by
a fifth order polynomial coincided with the experimental
values within 3 % for dose ranging from 30 to 700 cGy.
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In low dose regions lower than 300 cGy, the sensitivity of
the dose response was greater than that from 300 to 700
cGy.

The magnetic field induced dose distributions of 6 and
10 MV photon beams incident on the water-air-water
phantom were shown in Fig. 3 and 4. All iso-dose con-
tour values are normalized to the unity at the depth of
maximum dose (dya). The tracks of secondary charged
particles produced by photon beams were predominantly
affected by a transverse magnetic field applied between 3
and 9.8 cm depths. In the presence of a transverse mag-
netic field, dose enhancement and dose depression along
incident photon beams were clearly distinguished.

The effects of the dose induced by the magnetic field
depended on the field size of the beam and the energy of
photon beam. For the field size of 1.5x 1.5 cm? the
magnitude of the magnetic field induced dose reduction
in the air region in front of the distal interface was
increased with the energy of the photon beam (Fig. 5(a)
and 5(b)). In particular, as the field size increased, the
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Fig. 4. (Color online) 2-D dose distributions induced by a transverse magnetic field for 6 MV and 10 MV photon beams with the

field size of 3 x 3 cm? incident along water-air-water phantom.
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Fig. 5. (Color online) Central axis percent depth doses for indicated beam sizes of 1.5 x 1.5 and 3 x 3 cm? with no magnetic field

and B = 0.5 T. The curves are normalized to the nominal d,,.

dose in behind of the proximal interface was significantly
enhanced with depths as shown in Fig. 5(c) and 5(d). For
the field size of 3 x3 cm? the magnitudes of the
maximum and average dose enhancement were 13.9 %
and 8.5 % for 6 MV and 14.6 % and 9.4 % for 10 MV,
respectively. The distances of the dose regions enhanced
by the magnetic field were 3.0 and 3.8 cm for 6 and 10
MV. In air region in front of distal interface, the mag-
nitudes of the maximum and average dose reduction were
9.0 % and 5.9 % for 6 MV and 11.7 % and 6.1 % for 10
MYV, respectively.

4. Discussion

The goal of radiotherapy is to deliver prescribed dose to
the tumor while sparing the adjacent normal tissues
around it. Intensity-modulated radiation therapy (IMRT)
which is widely used in clinical practice has successfully
achieved the purpose of radiotherapy due to the develop-
ment of advanced technology [15-17]. However, unless
the energy of photon beams is changed, the photon beams

incident in each beam directions cannot be modulated
directly. In previous studies by other researchers have
reported that an external magnetic field can induce the
variation of the dose distribution for the existing photon
and electron beams. Those studies have mainly shown
that there is the influence of the dose distribution of high
energy photon beams by using high strength magnetic
fields ranging from 3 to 20 T.

Photon beams itself is not affected by the magnetic
field, whereas secondary charged particles produced by
photon beams are dominated by the Lorentz force [18,
19]. In this study, assuming a situation similar to radiation
therapy for lung cancer, the localized transverse magnetic
field with a low strength was applied to modulate mainly
scattered secondary electrons entering the proximal air
region in water-air-water phantom. Consequently, a notice-
able distinction of dose enhancement and dose reduction
regions between the proximal and distal interfaces was
outstandingly observed. Especially, the dose on the
proximal air region significantly increases as the field size
of the beam increases due to a large number of scattered
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electrons prior to entrance in the air as shown in Fig. 5.
The electrons produced by the 10 MV photon beam
behaves more forwardly in compared to the 6 MV photon
beam due to the longer secondary particle track length [2,
20]. Hence the photon beam with higher energy creates a
longer region of dose enhancement which is extended
substantially beyond the proximal interface (Fig. 5(c) and
5(d)). We also know that the regions of significant dose
reduction in the front of the distal interface has been
observed along the central axis. This is due to the dis-
equilibrium of transient charge particle at the distal end of
the magnetic field [21]. As the results of this study,
therefore, the low-strength transverse magnetic field ap-
plied within the ROI is capable of producing dose
enhancement and dose reduction regions along the central
axis of the photon beams. This magnetic field induced
dose effects could be adjusted by the field size of the
beam and the beam energy.

5. Conclusions

In this study, we used the simple water-air-water
phantom representing the inhomogeneous medium of the
body such as the lung. Our experimental results show that
the regions of significant dose enhancement and reduction
near the proximal and distal interfaces were clearly
achieved by a localized transverse magnetic field of 0.5 T.
These magnetic field-induced dose effect can be devised
as a potential treatment technique to enhance the dose in
the tumor region, and suppress the dose to surrounding
health tissue in radiation therapy for lung cancer.
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