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Abstract
Magnetic resonance-guided radiotherapy (MRgRT) has been developed and installed in recent decades
for external radiotherapy in several clinical facilities. The Lorentz force modulates dose distribution by
charged particles in MRgRT; however, the impact by this force on low-energy electron track structure and
early DNA damage induction remain unclear. In this study, we estimated features of electron track
structure and biological effects in a static magnetic �eld (SMF) using a general-purpose Monte Carlo
code, Particle and Heavy Ion Transport code System (PHITS) that enables us to simulate low-energy
electrons down to 1 meV by track-structure mode. The macroscopic dose distributions by electrons above
approximately 300 keV initial energy in liquid water are changed by both perpendicular and parallel SMFs
against the incident direction, indicating that the Lorentz force plays an important role in calculating dose
within tumours. Meanwhile, DNA damage estimation based on the spatial patterns of atomic interactions
indicates that the initial yield of DNA double-strand breaks (DSBs) is independent of the SMF intensity.
The DSB induction is predominantly attributed to the secondary electrons below a few tens of eV, which
are not affected by the Lorentz force. Our simulation study suggests that treatment planning for MRgRT
can be made with consideration of only changed dose distribution.

Introduction
Magnetic resonance-guided radiotherapy (MRgRT) has been developed to achieve high tumour control
probability (TCP) with suppressed side effects by virtue of real-time imaging of soft tissues with high
contrast.1 In recent decades, MRgRT employing photon beams, such as linear accelerated X-rays or 60Co
γ-rays, in static magnetic �elds (SMF) for MR imaging1,2 has been installed in several clinics. When
treating tumours with the MRgRT system, electron beams as well as secondary electrons generated by
photons can be affected by the Lorentz force in transverse SMF against incident beams, leading to dose
enhancement, the so called electron return effect (ERE).3 To date, some biological experiments have
shown enhanced radio-sensitivities (e.g., chromosome aberration and cell death) even at the same dose
level in magnetic �elds,4–7 whereas others have suggested that radio-sensitivities of X-ray irradiation are
unaffected by magnetic �elds8–10. Because the experimental results in the literature do not show
consistent results, the radio-sensitivity under magnetic �elds remains uncertain. In order to clarifying the
radiosensitivity, it is necessary to evaluate the relationship between radiation track structure and
biological impacts.

To investigate the impact of magnetic �elds on radiation-induced biological effects based on the
radiation track structure, a Monte Carlo computational simulation for radiation transport is a powerful
approach. There are several Monte Carlo codes for simulating electron track structure developed
worldwide.11–13 Amongst the codes, PENELOPE14,15 and Geant4-DNA16–19 have provided micro- and
nano-dosimetric quantities in magnetic �elds, making clear the biological impact in SMFs.20,21 These
simulations have suggested no signi�cant enhancement of dose deposition at the DNA scale in
SMFs.20,21 However, to our knowledge there is no report estimating the various types of DNA damage
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yields, i.e., double-strand breaks (DSBs) and other complex interactions. Besides, the model to presume
DNA damage yields is still under development, so it is of importance to estimate early DNA damage
yields utilizing the �rst-principles method.

For dealing with the above issues, Particle and Heavy Ion Transport code System (PHITS)22 is appropriate
because the dynamics of low-energy electrons down to 10−3 eV in liquid water23–28 can be analysed
using the electron track-structure mode, etsmode, even in magnetic �elds, where the types and the yields
of DNA damage are determined based on the spatial patterns of atomic interactions.29–31 In this study,
we estimate the physics features of electron tracks (i.e., ranges, dose distributions, etc.) in SMFs and the
early DNA damage yields through physics process simulations. This work �nally shows that treatment
planning for MRgRT can be made considering both change of dose distribution and unaffected biological
impact.

Materials And Methods

Simulation setup for electron transport in SMF
PHITS code version 3.2622 was used for simulating electron tracks in liquid water. In the PHITS
simulations, the [track-structure] section was activated within liquid water, which enables us to calculate
each atomic interaction (i.e., elastic scattering, ionization, electron excitation, dissociative electron
attachment, vibrational excitation, rotational excitation and phonon excitation) along an electron track
based on etsmode31,32. To consider the Lorentz force in the PHITS simulation, we also used the
[magnetic �eld] section for electrons and positions.

Electron track structure analysis and calculation of physical
quantities
Dose distributions by 10-MeV electrons parallel to the SMF along the x- and y-axes, and 1-MeV electrons
perpendicular to the SMF along the x- and z-axes were calculated by the electron gamma shower (EGS)33

mode in PHITS, which is a condensed-history approach for simulating electron kinetics for energies down
to 1 keV. The two types of ranges, i.e., penetration length and projected range, were also calculated. It
should be noted that the penetration length is de�ned as the length of the vector from the point of
departure to the �nal position of the electron after thermalization, whereas the projected range is the
length between the departure and the �nal position projected to the axis in the incident direction. These
ranges of electrons with monoenergetic energy from 100 to 1000 keV in various SMF intensities were
calculated.

To verify the simulation accuracy of etsmode in the SMF, we compared the result of PHITS etsmode with
that of EGS. The cut-off energies for etsmode and EGS were 1.0 eV and 1.0 keV, respectively. In addition,
we simulated the electron tracks in vacuum for checking the electron trajectory changed by the SMF
(without electron scattering by the interaction with liquid water). Since PHITS estimates the radiation
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track from the corresponding mean-free path without considering a constant time interval (i.e., 1
attosecond), we adopted a time-dependent variational Monte Carlo method, dynamic Monte Carlo code
(DMCC).23–28 The physical model for simulating electron dynamics by DMCC was implemented in
etsmode, thus the validation using DMCC can be applied to the calculation results using etsmode. From
the DMCC simulation, we obtained the gyration time and radius of the electrons in one period within the
SMF. Various electron energies (0.01-1000 keV) were also simulated and compared with the projected
range 50-1000 keV.

Estimation of DNA damage yields
To evaluate the impact of magnetic �elds on DNA damage yields, we used an analytical code for
estimating DNA damage implemented in PHITS version 3.26. In the analytical code, the spatial patterns
of the inelastic interactions (i.e., ionization and excitation) calculated by etsmode were derived.29 To
estimate DSB yield (YDSB), it is assumed that the frequency of linkage Nlink (combination of two events
generated within 10 bp) per energy deposition Ein is proportional to YDSB as given by

where kDSB is the proportionality constant (keV/Gy/Da). 

Based on this formula, we obtained the YDSB values for 0.1, 1.0, 10, 100, 300 keV electrons in SMF
intensities B from 0.0 to 10.0 (T). To quantitatively evaluate the secondary electron impact, we also
deduced the YDSB value when not considering the generation of secondary and Auger electrons. In
addition, we estimated the fraction of clustered forms, known as complex DSBs, based on a previous
study.30 The DSBs were classi�ed into the DSB coupled with a SB within 10 bp (denoted as DSB+) and
DSB coupled with two SBs within 10 bp (denoted as DSB++).34 To identify the DSB complexity, we
counted the number of interactions (i.e., ionization and excitation) in a sampling site within a 10 bp
radius sphere at a DSB site (weight of linkage) Ncl, namely 2 ≤ Ncl < 14 for simple DSB, 14 ≤ Ncl < 26 for
DSB+, and 26 ≤ Ncl < 38 for DSB++.

Results And Discussion

Electron dose distribution in magnetic �elds
The dose distributions for 10-MeV electrons parallel to SMFs (B = 0.0, 5.0, 10.0 T) are shown in Figs. 1 (A)
and (B). The track structure for 10-MeV electrons at 0.0 T is shown in Fig. 1 (C). In the case of the �eld
parallel to the incident electron direction, the larger the SMF strength, the narrower to the x- or y-axis the
electron beams is (Fig. 1 (A)). The depth-dependency of dose (y-axis) is independent of the SMF (Fig. 1
(B)). Meanwhile, the dose distributions for 1-MeV electrons perpendicular to SMFs (B = 0.0, 5.0, 10.0 T)
are shown in Figs. 1 (D) and (E). The track structure for 1-MeV electrons at 0.0 T is shown in Fig. 1 (F).
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The dose distribution without a SMF is symmetrical with respect to x=0. However, those perpendicular to
SMFs are largely biased in a large SMF strength (Fig. 1 (D)). Focusing on depth-dependencies
perpendicular to the SMF, as the SMF becomes larger, the energies are deposited over less depth (Fig. 1
(E)). The change of dose distributions is analogous to the modi�cation of track structures con�rmed in
supplementary data (see Fig S1). Note that the distributions calculated by etsmode were con�rmed in
supplementary data (see Fig. S2) and these results were in good agreement with the calculated results by
EGS.

The results by PHITS simulation show that the trajectories of 10-MeV and 1-MeV electrons, which are
used in radiation therapy, are signi�cantly affected by magnetic �elds. However, we con�rmed that the
dose distributions by low-energy electrons are not affected by the SMF as shown in supplementary data
(see Fig. S3).

Impact of magnetic �elds on projected ranges of electrons
Figure 2 shows the ranges of electrons perpendicular to the SMF as a function of incident electron
energy. To verify the accuracy of electron track structure in the SMF simulated by etsmode, we compared
the electron ranges calculated by to those by EGS. The simulation accuracy of estmode in the absence of
a SMF has been extensively discussed in comparison with the recommended values of ICRU reports and
experimental data reported previously.29 As shown in Fig. 2, we compared the range given by etsmode to
that by EGS, further a�rming the accuracy of etsmode even in magnetic �elds.

The calculated ranges for monoenergetic electrons in the absence of a SMF (B = 0.0 T) are shown in Fig.
2 (A), where the incident energy range was set to be 50-1000 keV because signi�cant SMF effects can be
expected. The projected range for monoenergetic electrons (100-1000 keV) as a function of the SMF
intensity (B = 0.0-10.0 T) are also shown in Fig. 2 (B); there are no signi�cant SMF effects on projected
ranges for 100-keV electrons. Meanwhile, in the case of electrons with high energies above 300 keV in the
presence of SMF intensity over 3.0 T, the larger the SMF strength becomes, the shorter the projected range
is. These simulation results suggest that the travelling lengths along the z-direction are shortened due to
the Lorenz force within the SMF, and the macroscopic dose distributions can be modi�ed by the SMF and
projected range in the SMF is shorten compared to that in non-SMF.

Assuming the high-energy electron beams used in radiation therapy, the electrons with incident energy
over 1 MeV locally deposit their energies in the region close to the departure point of incident electrons
(see Fig. 1 (E)). It was therefore con�rmed that the SMF effects (so called electron return effect (ERE)) for
electrons in liquid water largely depend on the �ight length and time. Also, the simulation shows that the
dose distribution within solid tumours and normal tissues should be calculated in consideration of
magnetic �elds when making treatment planning.

Estimation of electron return effects in vacuum
The gyration time and radius of electrons in vacuum in the presence of a SMF (B = 0.0-10.0 T) was
evaluated using DMCC. These calculations assume that the electrons are in vacuum without considering
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atomic interactions. Figure 3 (A) shows the relationship among incident electron energies, time and radii.
The time is constant up to approximately 100 keV, then exponentially increases above 100 keV. The
radius also exponentially increases in the energy range from 0.01 to 1000 keV. In a previous study20, the
gyration radii for electrons (0.001-100 MeV) in vacuum applied by magnetic �elds were compared with
the continuous slowing down approximation (CSDA) range. This result shows that electrons with energy
above 100 keV, in which the CSDA range is longer than the gyration radius, are modi�ed by the SMF
(below 10.0 T). In contrast, we show the relationship between the time and the radii of low-energy
electrons in vacuum (Fig. 3 (A)). It was con�rmed that the �ight distance and time until attenuation due to
the interaction with water is shorter than the radius and the time in one period in the energy of electrons
(below a few hundreds of keV). From this relation, it was found that the electrons below a few hundreds
of keV slow down immediately before they drift by SMF (i.e., a few hundreds of psec).

Figure 3 (B) shows the comparisons of projected range and the gyration radii under B=3.0 (T) in liquid
water and in vacuum. The projected range under B=0.0 (T) is also depicted in Fig. 3 (B). In the case of
high-energy electrons (100-1000 keV), the gyration radius monotonically increases from 0.37 to 1.58 mm
as the electron kinetic energy gets higher. The radius becomes closer to the projected range. In the case of
low-energy electrons (0.01-90 keV), the radius is signi�cantly larger compared to the projected length.
Therefore, high energy electrons drift in the presence of a SMF. From the relations shown in Fig. 3, it was
further con�rmed that the electrons with higher kinetic energy than 100 keV can be strongly affected by
the SMF.

DNA damage yields for monoenergetic electrons in a SMF
The DSB yield, YDSB, by monoenergetic electrons in the SMFs (B = 0.0-10.0 (T)) are shown in Fig. 4 (A). In
the range of incident electron energy from 0.1 to 300 keV, there is no SMF impact on YDSB for various
intensities of magnetic �eld in both parallel and perpendicular orientations. The DNA damage simulation
based on etsmode suggests that the SMF effects do not appear at the DNA (nanometer) scale. When
irradiating high-energy electrons in liquid water, uncountable secondary electrons with several dozen eV
and Auger electrons with about 500 eV from the inner shells are generated. These results suggest that the
secondary electrons may be intrinsically related to the induction of DSBs.

To illustrate the contribution of secondary electrons to DSB induction, we also estimated YDSB without
considering the secondary electrons or Auger electrons. The result is shown in Fig. 4 (B). Focusing on
100-keV electrons, the YDSB value without any secondary electrons including Auger electrons (red circles
and lines) becomes lower than that with all secondary electrons (blue circles and lines). Furthermore, the
YDSB value without any secondary electrons is almost zero. The maximum value of YDSB without any
secondary electrons is 1.51 in the case of 0.4-keV electrons, which is about half the value for YDSB = 3.35
when considering all secondary electrons. These results indicate that the secondary electrons including
Auger electrons are major contributors to induce DSBs for high energy electrons (over 100 keV). Low-
energy secondary electrons can be produced by inelastic interactions within a few fsec24,27, and the
corresponding penetration length is approximately 10 nm. Also, as shown in Fig. 3, the gyration time and
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radius to induce SMF impact on the secondary electrons are more than several ps and several µm,
respectively. The secondary electrons therefore slow down before being affected by a magnetic �eld. In
Fig. 3B, the YDSB values of high-energy electrons (over 100 keV) were lower than that of 100-keV electrons.
This is because the cross sections for higher energy part is based on vapour phase. In the vapour phase,
the number of ionization events is estimated to be fewer than that in the liquid phase.

Figure 5 (A) shows that the ratio of DNA damage complexity (cDSB/DSB) for 300 keV electrons is larger
than that of 100 keV electrons. The cDSB/DSB for both electron energies decreases in the case of no
Auger electrons. In addition, the cDSB/DSB of 100 keV and 300 keV electrons for various intensities of
the SMF is shown in Fig. 5 (B). cDSB/DSB is independent of the intensity of the SMF. These results are
corelated with the fact that Auger electrons contribute to DNA damage complexity and the energy of
electrons is not enough to be affected by the SMF (Fig. 3).

The present estimation for DNA damage yields based on physical processes suggests no signi�cant
biological impact caused by SMFs. This may be useful for interpreting the experimental data on surviving
fractions after X-ray irradiation in the SMF.8–10 However, some reports suggest the cell-killing effects for
low LET radiation increases in the direction parallel to the SMF.6,7 YDSB calculated in this study was only
based on the physical interaction with electrons and biological tissues after irradiation. It is also
necessary to discuss the effect of the SMF on the chemical phase or biological phase. Since the energy
range of electrons in the Auger process is unaffected by the SMF, the ratio of complex DNA damage does
not vary in the SMF.

Conclusion
This work investigated the dose distributions, electron ranges and the early DNA damage yields in
magnetic �elds by means of PHITS track-structure simulations. In macro scale evaluations, the projected
range and the dose distribution for therapeutic high-energy electrons (MeV order) can be modulated by
magnetic �elds. However, in DNA-scale evaluations, early DNA damage yields in magnetic �elds were
found to be independent from the SMF intensity. These simulations suggest that the treatment planning
for MRgRT can be made in consideration of both changes of dose distribution and unaffected by
biological impact. Since the present simulation was performed only on physical processes, in the future it
will be necessary to investigate chemical processes and the subsequent complex biological processes.
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Figures

Figure 1

Dose distribution of electrons in SMFs. Dose distributions along the x-axis (A) and y-axis (B) for 10-MeV
incident electrons in the positive y-axis direction parallel to the SMF (see (C)) calculated by EGS. The
distributions along the x-axis (D) and z-axis (E) for 1-MeV incident electrons in the positive z-axis direction
perpendicular to the SMF (see (F)) calculated by EGS. We con�rmed that the distributions calculated by
etsmode were in good agreement with those by EGS as shown in supplementary data (Fig. S2). The
distributions for 10-MeV and 1-MeV electrons were signi�cantly affected by the SMFs.
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Figure 2

Electron ranges in SMFs calculated by etsmode and EGS. (A) shows the penetration length and projected
range in the absence of a SMF (B = 0.0 T) and (B) shows the projected range in the presence of various
SMF strengths (B = 0.0-10.0 T). The simulation results by etsmode and EGS are in good agreement with
each other. As shown in Fig. 2 (B), the projected range of high-energy electrons is largely affected by the
SMF strength.

Figure 3

Gyration time and radius of electron tracks in vacuum applied by magnetic �elds. (A) shows the time and
radius of monoenergetic electrons in vacuum calculated by DMCC. (B) shows the radius of
monoenergetic electrons in vacuum (blue circles) calculated by DMCC. The radius in vacuum was
compared to the projected range in B = 0.0 (T) (cross symbols) and that in B = 3.0 T (plus symbols).
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Figure 4

Yields of DSBs for monoenergetic electrons in SMFs. (A) shows the YDSB values for mono-energetic
electrons with 0.1-300 keV electrons in the SMFs (B = 0.0-10.0 (T)). (B) shows the YDSB values without
considering secondary electrons, including Auger electrons. The YDSB values were calculated using PHITS

(v. 3.26) and an analytical code for estimating DNA damage yields.29 

Figure 5
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Various calculation results related complex DNA damage induction. (A) shows the relationship between
the ratio of complex DSB yields per all DSBs yields (cDSB/DSB) and electron energy (100 and 300 keV).
(B) shows the cDSB/DSB for 100 keV, 300 keV electrons for various intensities of SMF, which is the ratio
of the complex DSB yields calculated using PHITS (v. 3.26) and an analytical code for estimating DNA
damage yields30.
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