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A B S T R A C T

It is necessary to evaluate the effect of the presence of a magnetic field when treating lung tumors with MRIgRT.
In this study, the effect of transverse and longitudinal magnetic fields on dose distributions in low-density re-
gions was quantitatively investigated. The dose distributions in a virtual lung phantom under the influence of
magnetic fields were calculated using the Geant4 Monte Carlo code. The phantom size was 30 × 20 × 30 cm3,
and it was composed of three layers: water (3 cm thickness), lung (12 cm thickness), and water (5 cm thickness).
The density of the lung layer was set to 0.1, 0.3 and 0.6 g/cm3. The uniform magnetic flux densities of 0.35 T and
1.5 T were used for 2 × 2, 5 × 5, and 10 × 10 cm2 fields at a source-to-surface distance of 100 cm, using a 6 MV
photon spectrum. The dose at the water–lung interface in a lung phantom increased by 58%, 51%, and 22% for
the lung densities of 0.1, 0.3, and 0.6 g/cm3, respectively. In the 1.5 T longitudinal magnetic field, the penumbra
at the lung center (at the depth of 9 cm) decreased by 5.14, 1.50 and 0.35 mm for a 5 × 5 cm2 field, respectively.
The dose distributions in lowdensity regions are more affected by the magnetic field. In conclusion, the doses at
the water–lung interface increased in the transverse magnetic field. The depth dose increased, and the penumbra
decreased in the longitudinal magnetic field.

1. Introduction

In recent years, magnetic resonance image-guided radiation therapy
(MRIgRT) systems that combine a linear accelerator (linac) and a
magnetic resonance (MR) scanner have been developed in Europe and
the United States. The MRIgRT systems provide excellent contrast
images between a tumor and the surrounding soft tissues. Further, it is
possible to observe the tumor movement with respiratory motion in real
time. This makes it possible to reduce the tumor margins defined in the
treatment planning, effectively irradiating the tumor while suppressing
the dose to normal tissues. Thus, the local control rate of the tumor is
expected to improve with higher precision positioning.

The MRIgRT systems currently being studied and developed, are
classified in two types. One system has the transverse magnetic field to
the beam axis; ViewRay has developed radiotherapy units combining
three 60Co sources or 6 MV linac and 0.35 T MRI [1], and Elekta has
developed the unit combining 7 MV linac and 1.5 T MRI [2]. In the
transverse magnetic field, charged particles are deflected by the Lorentz
force. It has been reported that the dose increases on the exit surface

owing to the “electron return effect (ERE)” [3–5]. In addition, the
presence of a magnetic field has the effect of shifting the dose dis-
tributions along the direction of the Lorentz force [6–9]. The other
system is the longitudinal magnetic field to the beam axis; MagnetTx
has combined a 6 MV linac and 0.5 T MRI [10], and Australian MRI-
Linac has combined 4 MV or 6 MV linac and 1.0 T MRI [11]. Effects
such as the ERE do not appear in this case. However, it has been de-
monstrated that incident electrons from the upper side of the multileaf
collimator (MLC) travel along the beam axis, thereby increasing the
skin dose in the patient [12–17].

In the patient's body, in lowdensity tissues, such as the lung, the
electron ranges are longer; hence the influence of the magnetic field
strength is greater than in other tissues (e.g. soft tissue). It has been
reported that the lung density changes with the patient's age, health
condition, and respiratory phase [18,19]. In this study, the influence of
the transverse and longitudinal magnetic field strength on dose dis-
tributions for various lung densities was quantitatively investigated by
comparing the percentage depth doses (PDDs) and lateral dose profiles,
using the Geant4 Monte Carlo (MC) code. The effect of both magnetic
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field strengths on dose distributions at the water (or tumor)–lung or
lung–water (or tumor) interface was also analyzed.

2. Materials and methods

2.1. Monte Carlo simulations

Geant4 (GEometry ANd Tracking) version 10.2 was used as Monte
Carlo code [20–22]. FTFP_BERT was adopted as physics list; we based
our decision on its computational efficiency and the fact that it pro-
vided enough accuracy for the purpose of this study. The dose was
scored by using the command-based scoring. The command-based
scoring is a technique of dividing and scoring a parallel world that can
be defined independently from mass geometry defined by the Geant4
structure geometry [22]. Three virtual phantoms were modelled in the
Geant4 simulation: water, lung, and lung tumor phantom (Fig. 1). The
water phantom sizes were 30 × 20 × 30 cm3 and the lung phantom
was composed of three layers: water (3 cm thickness), lung (12 cm
thickness), and water (5 cm thickness). The thickness is in the direction
of the photon beam. The density of the lung layer was set to 0.1, 0.3,
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Fig. 1. Schematic geometry of virtual phantoms: (a) water, (b) lung, and (c) lung tumor.

Table 1
Fraction by weight for the elemental composition of water and lung tissue modelled in the Geant4 simulation.

Phantom Composition (%)

H C N O Na P S Cl Ka

Water 11.2 – – 88.8 – – – – –
Lung 10.3 10.5 3.1 74.9 0.2 0.2 0.3 0.3 0.2

Table 2
Cut-off ranges equivalent to cut-off energies of 10 keV for photons and 521 keV for electrons in water and lung phantoms.

Phantom Density (g/cm3) Cutoff range (mm)

Photon Electron

Water 1.0 18.1 0.38

Lung 0.1 188 3.90
0.3 62.5 1.30
0.6 31.2 0.65

Fig. 2. Symmetry and penumbra in lateral dose profile at Z-axis shown in Fig. 1.
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Fig. 3. Comparison of dose distributions in the transverse magnetic field of 0 T and 1.5 T for a 5 × 5 cm2 field in lung densities of 0.1, 0.3, and 0.6 g/cm3 at SSD of
100 cm.
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and 0.6 g/cm3. In addition, the lung tumor size was set to
3 × 3 × 3 cm3 and placed at a depth of 9 cm inside the lung phantom.
Table 1 shows the composition of the water and lung phantoms mod-
elled by the Geant4 simulation. The lung tumor was modelled with
water [8]. Table 2 shows cutoff ranges of photons and electrons for
water and lung phantoms. The cut-off ranges are equivalent to cut-off
energies of 10 keV for photons and 521 keV (includes the rest energy)
for electrons.

2.2. Dose distribution calculations

The 6 MV photon spectrum from a Varian iX linac (Varian Medical
Systems) was irradiated with 2 × 2, 5 × 5, and 10 × 10 cm2 fields at a
source-to-surface distance (SSD) of 100 cm. The photon spectrum was
obtained from phase space file scored for a 10 × 10 cm2 field at SSD of
100 cm using the EGSnrc Monte Carlo code [23]. The phase space file
has been calculated in the previous studies [24,25]. The mean photon
energy was 1.99 MeV for 2 × 2 cm2 and 1.87 MeV for 10 × 10 cm2 and

it was little difference. Thus, the spectrum for 10 × 10 cm2 field was
used for all calculations. The uniform transverse or longitudinal mag-
netic field was applied in the irradiation direction (beam axis). The dose
distributions in the phantoms presented in Fig. 1 were calculated for the
magnetic flux densities of 0, 0.35, and 1.5 T. The number of incident
particles for all cases was set to 4.0 × 108, and the statistical un-
certainty in the calculated doses was less than 1%.

The influence of the magnetic field strength for dose distributions in
various lung densities was compared in terms of PDDs and lateral dose
profiles at a depth of 9 cm. The dose was obtained by using command-
based scoring with a voxel size of 5 × 1 × 5 mm3 for PDDs and
5 × 5 × 1 mm3 for dose lateral profiles. In addition, PDDs and lateral
dose profiles were normalized to the absorbed dose at a depth of 1.5 cm
in the case of an irradiation without the magnetic field. Further, the
symmetry of lateral dose profiles with and without magnetic fields was
evaluated for different lung densities for 5 × 5 and 10 × 10 cm2 fields.
The symmetry was evaluated by calculating the ratio of doses in two
points that were set to 1 cm inside the field edges (50% dose) on

Fig. 4. Comparison of PDDs in transverse magnetic flux density: (a) 0, 0.35, and 1.5 T for a 2 × 2 cm2 field in a water phantom at SSD of 100 cm, (b) 0 T, (c) 0.35 T,
and (d) 1.5 T in lung phantoms with densities of 0.1, 0.3, and 0.6 g/cm3.
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opposite side of the central beam axis as shown in Fig. 2. Finally, in
order to investigate the impact of dose profiles owing to the long-
itudinal magnetic field, the penumbra was obtained from the following
equation.

=X |X X |80 20 (1)

where X is the penumbra width (mm), X80 and X20 are the position
(mm) at the dose of 80% and 20% at Z-axis, respectively (Fig. 2).

3. Results

3.1. Dose distributions with transverse magnetic field

Fig. 3(a)–(c) and (d)–(f) show dose distributions for the transverse
magnetic field conditions of 0 T and 1.5 T in a 5 × 5 cm2 field, re-
spectively, for lung densities of 0.1, 0.3, and 0.6 g/cm3 at SSD of
100 cm. It can be observed that the dose profiles in a 1.5 T magnetic
field were more deflected toward the lateral direction for lower den-
sities and higher magnetic fields owing to the Lorentz force.

Fig. 4(a)–(d) show a comparison of PDDs for the transverse mag-
netic flux densities of 0, 0.35, and 1.5 T in a 2 × 2 cm2 field in virtual
phantoms at SSD of 100 cm. In the water phantom, the exit surface dose
increased by 47% for the 1.5 T condition, compared to the condition
without magnetic field (Fig. 4(a)). The dose at the water–lung interface
for the 1.5 T condition increased by 51%, 41%, and 15% in lung
phantoms with densities of 0.1, 0.3, and 0.6 g/cm3, respectively, com-
pared to the condition without magnetic field (Fig. 4(d)). In contrast,
the dose at the lung–water interface in 1.5 T decreased by 44%, 33%,
and 14%, and the exit surface dose increased by 50%, 46%, and 46%,
respectively. However, the dose distributions in the lung center were
more distorted for 0.35 T than for 1.5 T, and the dose in 0.35 T de-
creased by 21%, 3.4% and 0.4%, with densities of 0.1, 0.3, and 0.6 g/
cm3, respectively.

Similarly, Fig. 5(a)–(d) present a comparison of PDDs for the
10 × 10 cm2 field. The lateral electron equilibrium in this case is es-
tablished even in the low-density region as shown in Fig. 5(a). In
Fig. 5(c) and (d), the dose at the water–lung interface and the exit dose
rapidly increased for lower densities and higher magnetic field

Fig. 5. Comparison of PDDs in transverse magnetic flux density: (a) 0, 0.35, and 1.5 T for a 10 × 10 cm2 field in a water phantom at SSD of 100 cm, (b) 0 T, (c) 0.35 T,
and (d) 1.5 T in lung phantoms with densities of 0.1, 0.3, and 0.6 g/cm3.
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magnitudes, unlike those of a 2 × 2 cm2 field. Inversely, the dose at the
lung–water interface rapidly decreased for lower densities and higher
magnetic field magnitudes. The dose in the lung center was approxi-
mately the same for the 0 T, 0.35 T, and 1.5 T field conditions.

Fig. 6(a)–(c) show a comparison of the dose profiles at the lung
center (depth of 9 cm) for the transverse magnetic flux densities of 0,
0.35, and 1.5 T in a 2 × 2 cm2 field. The lower the magnetic flux den-
sity and the lung density, the worse was the symmetry of the dose
profiles. The distortions in the dose profiles were caused by the Lorentz
force. Similarly, Fig. 7(a)–(c) present a comparison of the dose profiles
at the lung center in a 10 × 10 cm2 field. The tendency of the dose
profile distortion was similar to those for a 2 × 2 cm2 field; however,
the dose at the lung center was approximately the same for 0 T, 0.35 T,
and 1.5 T field conditions. Table 3 presents a comparison of the sym-
metry of dose profiles for lung densities in transverse magnetic flux
densities of 0 T, 0.35 T, and 1.5 T. The greatest influence was observed
in densities of 0.1 g/cm3 at 0.35 T for 5 × 5 and 10 × 10 cm2 fields.

Figs. 8(a)–(d) and 9(a)–(d) present a comparison of dose profiles at
water–lung and lung–water interfaces in transverse magnetic flux
densities of 0.35 T and 1.5 T for 2 × 2 and 10 × 10 cm2 fields. For
densities of 0.1 and 0.3 g/cm3, the dose profiles at the water–lung in-
terface were remarkably deflected by ERE at 1.5 T compared to 0.35 T
and produced the dose enhancement. In contrast, the dose profiles at
the water–lung interface more decreased by ERE at 1.5 T than at 0.35 T.

Table 4 summarizes the dose increase/decrease at the water–lung
interface (W-L), lung center (LC), and lung–water (L-W) interface in the
transverse magnetic flux density for field sizes compared to 0 T.

3.2. Dose distributions with longitudinal magnetic field

Fig. 10(a)–(c) and (d)–(f) present the dose distributions for the
longitudinal magnetic fields of 0 T and 1.5 T, respectively, a 5 × 5 cm2

field, and lung densities of 0.1, 0.3, and 0.6 g/cm3 at SSD of 100 cm.
The penumbra of the dose distributions for the 1.5 T magnetic field

Fig. 6. Comparison of dose profiles by transverse magnetic fields for a 2 × 2 cm2 field at SSD of 100 cm: densities of (a) 0.1 g/cm3, (b) 0.3 g/cm3, and (c) 0.6 g/cm3 at
a depth of 9 cm in a lung phantom. (Z-axis is defined in Fig. 1.)
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decreased, and the depth dose increased for lower lung densities and
higher magnetic field strengths owing to the Lorentz force. Here it
should note that the dose in the buildup region dose not increase by the
magnetic field because the photon fluence spectrum does not include
the electron contamination from the linac head.

Fig. 11(a)–(c) show a comparison of PDDs for the longitudinal

magnetic flux density of 0, 0.35, and 1.5 T in a 2 × 2 cm2 field. In the
water phantom, the variation of PDDs for the longitudinal magnetic
field was quite small. The dose changes observed at the water–lung and
lung–water interfaces and the exit surface for the transverse magnetic
field were not seen for the longitudinal magnetic field condition. The
dose at the lung center (depth of 9 cm) for the 1.5 T field condition

Fig. 7. Comparison of dose profiles by transverse magnetic fields for a 10 × 10 cm2 field at SSD of 100 cm: densities of (a) 0.1 g/cm3, (b) 0.3 g/cm3, and (c) 0.6 g/cm3

at a depth of 9 cm in a lung phantom. (Z-axis is defined in Fig. 1.)

Table 3
Comparison of the symmetry of dose profiles for lung densities in transverse magnetic flux densities of 0 T, 0.35 T, and 1.5 T at 5 × 5 and
10 × 10 cm2 fields.

5 × 5 cm2 10 × 10 cm2

0.1 g/cm3 0.3 g/cm3 0.6 g/cm3 0.1 g/cm3 0.3 g/cm3 0.6 g/cm3

0 T 1.00 1.00 1.00 1.00 1.00 1.00
0.35 T 1.94 1.26 1.04 1.81 1.17 1.02
1.5 T 1.27 1.26 1.15 1.11 1.11 1.06
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increased by 97%, 21%, and 4% for lung densities of 0.1, 0.3, and 0.6 g/
cm3, respectively, compared to the condition without the magnetic field
[Fig. 11(c)]. Fig. 12(a)–(d) present a comparison of PDDs for a
10 × 10 cm2 field. Because the lateral electron equilibrium is estab-
lished in low-density regions, the lung dose increased for lower den-
sities and higher magnetic field strengths [Fig. 12(b) and (c)]. The lung
dose for a 10 × 10 cm2 field was enhanced more at 1.5 T than at 0.35 T.
The dose at the lung center for 1.5 T increased by 18%, 3%, and 0.8%
for lung densities of 0.1, 0.3, and 0.6 g/cm3, respectively, compared to
0 T. The lung dose enhancement was effective in a small field of
2 × 2 cm2 for 1.5 T.

Figs. 13(a)–(c) and 14(a)–(c) show the dose profiles for the
2 × 2 cm2 and 10 × 10 cm2 fields, respectively, at the lung center
(depth of 9 cm), for the magnetic flux densities of 0, 0.35, and 1.5 T.
The penumbra obtained from Eq. (1) for the 1.5 T longitudinal magnetic
fields for a 5 × 5 cm2 field decreased by 5.14 mm, 1.50 mm, and
0.35 mm for lung densities of 0.1, 0.3, and 0.6 g/cm3, respectively,
compared to the condition without the magnetic field, as shown in
Table 5. Similarly, the penumbra for a 10 × 10 cm2 field decreased by
8.03, 1.75, and 0.43 mm and remarkably decreased than the values for

a 5 × 5 cm2 field.
Table 6 summarizes the dose increase/decrease at the water–lung

interface (W-L), lung center (LC), and lung–water (L-W) interface in the
longitudinal magnetic flux density for field sizes compared to 0 T.

3.3. Dose distributions in lung tumor phantom

Fig. 15 shows a comparison of PDDs and dose profiles in a lung
tumor phantom with the lung density of 0.3 g/cm3, for 0 T and 1.5 T
transverse and longitudinal magnetic fields, respectively, for a
5 × 5 cm2 field at SSD of 100 cm. The PDDs and dose profiles greatly
varied by ERE at each interface in the transverse magnetic field. It is
difficult to deliver effective dose in the tumor anymore. The dose dis-
tributions were deflected to the left direction by the Lorentz force. In
contrast, the dose distributions in the longitudinal magnetic field were
slightly enhanced at the lung–tumor interface. The penumbra for the
1.5 T longitudinal magnetic field reduced by 1.5 mm compared to the
condition without the magnetic field.

Fig. 8. Comparison of dose profiles at a water–lung interface (at depth of 3 cm) in transverse magnetic fields at SSD of 100 cm. (a) 2 × 2 cm2 field in density of 0.1 g/
cm3, (b) 10 × 10 cm2 and 0.1 g/cm3, (c) 2 × 2 cm2 and 0.3 g/cm3, (d) 10 × 10 cm2 and 0.3 g/cm3. (Z-axis is defined in Fig. 1.)
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Fig. 9. Comparison of dose profiles at a lung–water interface (at depth of 15 cm) in transverse magnetic fields at SSD of 100 cm. (a) 2 × 2 cm2 field in density of
0.1 g/cm3, (b) 10 × 10 cm2 and 0.1 g/cm3, (c) 2 × 2 cm2 and 0.3 g/cm3, (d) 10 × 10 cm2 and 0.3 g/cm3. (Z-axis is defined in Fig. 1.)

Table 4
Dose increase/decrease at the water–lung interface (W-L), lung center (LC), and lung–water (L-W) interface in the transverse magnetic flux
density for field sizes compared to 0 T.

Field (cm2) Magnetic flux
density (T)

Density (g/
cm3)

Dose increase/decrease for 0 T

W-L LC L-W

2 × 2 0.35 0.1 8.4 −20.8 −25.5
0.3 4.9 −3.4 −7.8
0.6 0.8 −0.4 −0.9

1.5 0.1 50.9 12.7 −44.3
0.3 40.5 1.2 −33.4
0.6 14.8 −2.2 −14.2

5 × 5 0.35 0.1 27.5 −13.8 −32.1
0.3 6.4 −2.4 −8.7
0.6 2.3 0.6 −2.3

1.5 0.1 62.6 13.6 −54.2
0.3 50.6 1.0 −36.7
0.6 20.0 −0.3 −14.3

10 × 10 0.35 0.1 31.4 −0.8 −39.0
0.3 8.5 4.4 −6.0
0.6 2.2 −0.9 −1.3

1.5 0.1 57.9 −2.5 −57.8
0.3 50.5 3.3 −36.9
0.6 22.1 4.3 −14.1
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Fig. 10. Comparison of dose distributions in the longitudinal magnetic field of 0 T and 1.5 T for a 5 × 5 cm2 field in lung densities of 0.1, 0.3, and 0.6 g/cm3 at SSD of
100 cm.
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4. Discussion

4.1. Dose distributions with transverse magnetic field

Fig. 16(a)–(d) present the trajectory of secondary electrons gener-
ated by the photon interactions in a lung phantom for transverse
magnetic flux density of 0.35 T. The gyro radius of secondary electrons
is obtained from the following equation:

=r m
eB

, (2)

where r is the gyro radius of secondary electrons (m), m is electron mass
(kg), ν is electron velocity (m/s), e is the electric charge of the electron,
and B is the magnetic flux density (T). In the transverse magnetic field
scenario, secondary electrons entering water from lung and air, return

to water by the ERE [3–5]. The gyro radius for an electron with the
mean energy of 1.34 MeV is 1.70 cm for a 0.35 T field and 0.40 cm for a
1.5 T field, according to Eq. (2). The mean electron energy of 1.34 MeV
was obtained from the electron fluence spectrum of a 5 × 5 cm2 field
using the EGSnrc/flurznrc code [23]. In this case, the 6 MV photon
spectrum at a 10 × 10 cm2 field was used as an incident photon beam.
The electron range is 5.93, 1.98, and 0.99 cm in lung densities of 0.1,
0.3, and 0.6 g/cm3, respectively, and 0.59 cm in water of 1.0 g/cm3.
That is, trajectories of secondary electrons in the lung are determined
by the gyro radius and the electron range.

Secondary electrons incident on lung from water and on air from
water, suffer the action of the Lorentz force, and the smaller is the gyro
radius, the more secondary electrons return to the interface. Therefore,
the doses at the water–lung interface and exit surface remarkably

Fig. 11. Comparison of PDDs by longitudinal magnetic flux density for a 2 × 2 cm2 field at SSD of 100 cm: (a) 0, 0.35, and 1.5 T in a water phantom, (b) 0.35 T and
(c) 1.5 T in lung phantoms with densities of 0.1, 0.3, and 0.6 g/cm3.
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increases by ERE for the magnetic flux density of 1.5 T, as observed in
Fig. 3(d)–(f). The ERE peak in lung was observed at a position distant
from the central axis of approximately 0.5 cm for 2 × 2 cm2 field in
1.5 T (Fig. 6). This almost corresponds to the gyro radius of secondary
electrons for 1.5 T. The dose profiles with ERE in lung are deflected
depending on the gyro radius and the range of secondary electrons.
Especially, the dose profiles for 0.35 T are remarkably deflected for
smaller fields in lower density region and consequently the secondary
electrons get out of field shape [Table 4, Figs. 6(a) and 16(b)].

In contrast, the dose at the lung–water interface rapidly decreases
because the secondary electrons cannot reach the boundary surface

because of the Lorentz force action, unlike the trajectory of secondary
electrons for 0 T. In addition, the ERE from water is very small owing to
the short electron range in water. The smaller the lung density, the
longer the electron range. Consequently, the influence of the magnetic
field is remarkably more evident at lower densities.

4.2. Dose distributions with longitudinal magnetic field

Fig. 17(a)–(d) show the trajectory of secondary electrons enhanced
by the photon interactions in a lung phantom for a longitudinal mag-
netic flux density of 1.5 T. In the longitudinal magnetic field scenario,

Fig. 12. Comparison of PDDs by longitudinal magnetic flux density for a 10 × 10 cm2 field at SSD of 100 cm: (a) 0, 0.35, and 1.5 T in a water phantom, (b) 0.35 T and
(c) 1.5 T in lung phantoms with densities of 0.1, 0.3, and 0.6 g/cm3.
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secondary electrons obliquely entering the magnetic field direction
draw a spiral trajectory along the beam axis [14]. In this case, the or-
bital radius of the secondary electrons is different from the gyro radius
of the secondary electrons under the transverse magnetic field condi-
tion and is expressed by the following equation:

= < <r m
eB

( sin ) (0 sin 1) (3)

where θ is the angle of incidence of secondary electrons in the long-
itudinal magnetic field. The gyro radius of secondary electrons in the
longitudinal magnetic field condition becomes smaller than the orbital
radius of the spiral trajectory along the longitudinal magnetic field,
depending on the incident angle θ.

The trajectory of secondary electrons for 0 T spread to both sides of
the lung. However, for the longitudinal magnetic field, secondary
electrons are focused with the orbital radius of the spiral trajectory
toward the central beam axis, as defined by Eq. (3). The larger the

magnetic flux density, the smaller the orbital radius of the secondary
electrons, as shown in Fig. 10(d)–(f). The spread of secondary electrons
to both sides converges, and the dose near the beam axis increases. The
effect of convergence of secondary electrons in this way is also called
“electron focusing effect (EFE)” [26]. As a result, the spread of sec-
ondary electrons away from the irradiation field decreases, reducing the
penumbra, as shown in Figs. 13 and 14. The dose increase near the
center of the beam axis and the decrease in the penumbra are shown by
various actual measurements [16,17]. In addition, the electron range is
longer for lower densities and thus the dose enhancement is noticeable
depending on the magnetic field parameters.

4.3. Dose distributions in lung tumor phantom

The lung tumor in the transverse magnetic field is prescribed by
under dose and over dose at lung-tumor and tumor interfaces, respec-
tively. Therefore, it needs to reduce the dose variation due to ERE by

Fig. 13. Comparison of dose profiles by longitudinal magnetic fields for a 2 × 2 cm2 field at SSD of 100 cm: densities of (a) 0.1 g/cm3, (b) 0.3 g/cm3, and (c) 0.6 g/
cm3 at a depth of 9 cm in a lung phantom. (Z-axis is defined in Fig. 1.)
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Fig. 14. Comparison of dose profiles by longitudinal magnetic fields for a 10 × 10 cm2 field at SSD of 100 cm: densities of (a) 0.1 g/cm3, (b) 0.3 g/cm3, and (c) 0.6 g/
cm3 at a depth of 9 cm in a lung phantom. (Z-axis is defined in Fig. 1.)

Table 5
Comparison of penumbra at 9 cm depth in a lung phantom for 2 × 2 cm2, 5 × 5 cm2, and 10 × 10 cm2 fields.

Density (g/cm3) Field size (cm2) Width of 80−20% (mm)

0 T 0.35 T 1.5 T

0.1 2 × 2 6.72 7.03 5.08
(+0.32) (−1.64)

5 × 5 11.46 11.22 6.31
(−0.24) (−5.14)

10 × 10 15.16 13.78 7.13
(−1.37) (−8.03)

0.3 2 × 2 3.95 3.99 3.50
(+0.05) (−0.45)

5 × 5 5.49 5.55 3.99
(+0.07) (−1.50)

10 × 10 6.19 5.97 4.45
(−0.22) (−1.75)

0.6 2 × 2 2.78 2.76 2.67
(−0.02) (−0.11)

5 × 5 3.28 3.28 2.94
( ± 0.00) (−0.35)

10 × 10 3.66 3.78 3.24
(+0.12) (−0.43)
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Fig. 15. Comparison of dose distributions in transverse and longitudinal magnetic fields of 0 T and 1.5 T for a 5 × 5 cm2 field in a lung tumor phantom at SSD of
100 cm: (a) percentage depth dose curves and dose profiles: (b) lung-tumor interface, (c) tumor center and (d) tumor-lung interface. (Z-axis is defined in Fig. 1.)

Table 6
Dose increase/decrease at the water–lung interface (W-L), lung center (LC), and lung–water (L-W) interface in the longitudinal magnetic flux density
for field sizes compared to 0 T. magnetic field conditions to 0 T.

Field (cm2) Magnetic flux
density (T)

Density (g/
cm3)

Dose increase/decrease for 0 T

W-L LC L-W

2 × 2 0.35 0.1 0.0 15.5 7.4
0.3 0.4 2.7 0.9
0.6 −1.1 0.2 −0.4

1.5 0.1 10.2 97.0 59.4
0.3 2.7 20.8 11.9
0.6 0.9 4.2 3.6

5 × 5 0.35 0.1 2.0 15.2 8.1
0.3 −0.1 0.3 1.2
0.6 −0.6 −0.2 −1.0

1.5 0.1 4.3 73.3 55.2
0.3 −0.3 6.2 5.1
0.6 0.0 2.1 0.5

10 × 10 0.35 0.1 −0.9 7.1 5.9
0.3 0.0 0.5 0.8
0.6 −0.1 −1.4 0.2

1.5 0.1 4.1 18.0 11.8
0.3 −1.5 3.4 2.2
0.6 0.7 0.8 −0.2
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multidirectional irradiations for clinical implementation. In contrast,
the tumor dose in longitudinal magnetic field is enhanced by EFE in
lung and consequently the penumbra also reduces. The EFE for the lung
tumor is expected to be usefully with decreasing the field size and in-
creasing magnetic flux density.

5. Conclusions

The dose distributions are more affected by the magnetic field in
lower density regions. For transverse magnetic fields, the dose at the
water–lung interface and exit surface enhances as a consequence of the
Lorentz force, whereas the dose at the lung–water interface is reduced.

In addition, the dose profiles in lower density regions are further dis-
torted by the Lorentz force depending on magnetic flux density. The
depth dose in longitudinal magnetic fields is enhanced by the Lorentz
force action, thus reducing the penumbra. This tendency is much more
evident for lower densities, a smaller field, and higher magnetic
strength. In this study, it was found that the influence of the magnetic
field on dose distributions is changed by the magnetic strength, field
size, and the density difference in lowdensity materials such as lungs.
Since this study does not focus for dose distributions in a buildup re-
gion, it is important to evaluate the surface dose under the magnetic
field using phase space data with the electron contamination from the
linac head.

Fig. 16. Secondary electron trajectories in a lung phantom for transverse magnetic flux density of 0.35 T for a 5 × 5 cm2 field. (a) 0 T, 0.1 g/cm3, (b) 0.35 T, 0.1 g/
cm3, (c) 0.35 T, 0.3 g/cm3, and (c) 0.35 T, 0.6 g/cm3. The horizontal lines are the water–lung interface and the lung–water interface.
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