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Simple Summary: Carbon ion radiotherapy is an advanced cancer treatment that requires
accurate calculations to account for the distinct biological effects of ions compared to the
X-rays of conventional radiotherapy. In this work, we discuss an approach that uses ex-
perimentally measurable physical quantities to replicate established calculations used in
clinical settings. By comparing our method with the current standard, we demonstrated
that it produces results that are consistent within 2%. The proposed approach supports the
advancement of treatment plans, ensures compatibility with the existing reference method-
ology, and provides a framework for improved quality assurance in ion radiotherapy.

Abstract: Ion radiotherapy requires accurate relative biological effectiveness (RBE) calcula-
tions to account for the markedly different biological effects of ions compared to photons.
Microdosimetric RBE models rely on descriptions of the energy deposition at the micro-
scopic scale, either through radial dose distributions (RDDs) or microdosimetric probability
density distributions. While RDD approaches focus on the theoretical description of the
energy deposition around the ion track, microdosimetric distributions offer the advantage
of being experimentally measurable, which is crucial for quality assurance programs. As
the results of microdosimetric RBE models depend on whether RDD or microdosimetric
distributions are used, the model parameters are not interchangeable between these ap-
proaches. This study presents and validates a method to reproduce the published reference
biological and clinical dose calculations at NIRS-QST for only carbon ion radiotherapy by
using the modified microdosimetric kinetic model (MKM) alongside microdosimetric dis-
tributions instead of the reference RDD approach. To achieve this, Monte Carlo simulations
were performed to estimate the variation of the radiation quality within and outside the
field of pristine and spread-out Bragg peaks. By appropriately optimizing the modified
MKM parameters for microdosimetric distributions assessed within water spheres, we
successfully reproduced the results of calculations using the reference NIRS-QST RDD,
generally within 2%.

Keywords: carbon ion radiotherapy; microdosimetry; modified MKM; Monte Carlo;
PHITS; RBE

1. Introduction
Ion therapy is an advanced form of external cancer radiotherapy that uses accelerated

ions to irradiate the target volumes. Protons and carbon ions are currently the most
commonly used ions [1–3], while the utilization of helium, oxygen, and neon ions is being
explored for single- or multi-ion treatments [4–6]. Due to the different nature of the energy
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deposition between ions and the X-rays of conventional therapy, their biological effects
differ [7–10]. This dissimilarity is considered during treatment planning through a scaling
factor named the relative biological effectiveness (RBE). The RBE is defined as the ratio
of the absorbed dose required with a reference radiation, typically photons, to that with
ions to obtain the same biological effect [11]. In the case of protons, a fixed RBE value of 1.1
is generally employed in clinics [8,12,13]. Extensive discussion is ongoing regarding the
need to consider the potential variations in the proton RBE at low energies [3,14–19]. In
contrast, biological models are routinely employed during treatment planning in carbon
ion radiotherapy to account for the marked RBE variations as a function of the biological
system, endpoint, absorbed dose, particle type, and kinetic energy [20–28].

Three main RBE models are used in clinical practice with carbon ions: the first version
of the local effect model (LEM I) [29], the mixed beam model (MBM) [30], and the modified
microdosimetric kinetic model (modified MKM) [31]. The LEM and MBM, developed
respectively at the Society for Heavy Ion Research (GSI) Helmholtz Centre for Heavy Ion
Research in Germany and at the National Institute of Radiological Sciences within the
National Institutes for Quantum Science and Technology (NIRS-QST) in Japan, are the first
approaches used for the RBE calculations in carbon ion therapy. Although the LEM has
undergone several updates over the years [32–34], its first version (LEM I) [29] remains
the most commonly used in clinical practice. In 2011, NIRS-QST introduced pencil beam
scanning delivery for carbon radiotherapy and replaced the semi-phenomenological MBM
with the microdosimetry-based modified MKM [23,24].

In order to carry out RBE calculations using microdosimetric models [35,36], three
components are needed: (I) a description of the energy deposition at the microscopic scale
(microdosimetry), (II) a theoretical RBE model to correlate the microdosimetric physical
information with the biological effects, and (III) model parameters specific to the chosen
biological endpoint.

The microdosimetric quantities (I) needed to compute the RBE can be assessed through
experimental measurements and computer simulations. Notably, the results markedly
depend on the characteristics of the detector (e.g., material, size, and shape of the sensitive
volume) and the simulation approach [37–41]. Therefore, even for a fixed biological system,
biological endpoint, and RBE model, the optimized model parameters can vary consider-
ably [42] and are not interchangeable between users employing different approaches to
estimate the microdosimetric distributions [43,44].

The biological and clinical RBE-weighted dose system at NIRS-QST for carbon ion
radiotherapy [23,24] relies on microdosimetric calculations based on the Kiefer–Chatterjee
radial dose distribution (KC RDD) [45,46] for cylindrical water targets. Mayo Clinic Florida
is currently installing the first-in-America proton-carbon ion radiotherapy center in Jack-
sonville, Florida [47]. The RBE calculations at Mayo Clinic Florida [42,48] will primarily
be based on microdosimetric distributions computed for spherical water targets using an
analytical microdosimetric function (AMF) [49,50].

In this work, we present a method to reproduce the modified MKM calculations at
NIRS-QST using the spherical AMF instead of the cylindrical KC RDD. This article includes
a systematic benchmark in several clinically relevant scenarios, both in field and out of
field.

2. Methodology
2.1. Linear Quadratic Model, RBE, and Clinical Dose

Following the dose–prescription system used at NIRS-QST, the clonogenic survival of
human salivary gland tumor cells (HSG cell line) was considered the relevant biological
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endpoint for the RBE calculations [20,23,24]. The linear quadratic model (LQM) [51,52] was
used to describe the cell surviving fraction (S) as a function of the absorbed dose (D):

S = exp
(
−αD − βD2

)
(1)

where α and β are exposure- and cell-specific fitting parameters.
The RBE as a function of the absorbed dose D of the radiation under investigation

(RBED) was calculated as [18]:

RBED =

√
α2

re f + 4βre f (αD + βD2)− αre f

2βre f D
(2)

where α, β, αref, and βref are LQM terms for the radiation under investigation and the
reference radiation, respectively.

The clinical dose was estimated as the product between the absorbed dose, the dose-
dependent RBE for the HSG cell line, and a fixed clinical scaling factor of 2.41 [24]:

Dclinical = 2.41 Dabsorbed RBED,HSG cell line (3)

The radiation quality at the center of the NIRS-QST carbon ion spread-out Bragg peak
(SOBP) with a 60 mm width and a maximum energy of 350 MeV/n (energy per nucleon)
was used as the reference radiation for the computation of the RBED (αref = 0.764 Gy−1,
βref = 0.0615 Gy−2) [24]. The LQM terms α and β were estimated using the modified MKM,
as described in the Section 2.2.

2.2. Modified MKM

The modified MKM [31] is a RBE model derived from the theoretical framework of
the MKM [53], which is itself rooted in the theory of dual radiation action [54,55]. The
original MKM and its subsequent versions [31,42,53,56,57] were developed to describe and
predict the heightened RBE of ions when compared to photons. To this end, these models
postulate the existence of subnuclear radiation structures, referred to as domains, where
the accumulation of both lethal and sublethal radiation damage leads to the eventual loss
of the cell’s clonogenic capability.

The variations in the microscopic pattern of the energy deposition within these do-
mains is described by microdosimetric quantities, such as the specific energy and the lineal
energy. The single-event specific energy z is defined as the ratio ε/m between the energy
imparted by a single event ε in a domain and the mass m of that domain [58,59]. Similarly,
the lineal energy y represents the ratio ε/l between the energy imparted by a single event ε

in a domain and the mean chord length l of that domain [58,59]. In a second step, these
microdosimetric quantities are used to estimate the cell survival and thus the RBE.

According to the modified MKM [31], the quadratic term of the LQM is considered
radiation-independent and equal to that after irradiation with photons (β = β0 = βref =
0.0615 Gy−2 for the HSG cell line). In contrast, α depends on the radiation quality and can
be estimated as [31]:

α = α0 + β0z∗D (4)

where α0 represents the initial slope of the survival curve for very sparsely ionizing radia-
tion, β0 is the radiation-independent quadratic term of the LQM, and z∗D is the saturation-
corrected dose-mean specific energy, which accounts for the overkill effects for densely
ionizing radiation. The computation of z∗D depends on the approach used for assessing the
microdosimetric distributions (i.e., KC RDD or AMF), as detailed below.
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2.3. Calculation of z∗D with the KC RDD

In line with the methodology employed at NIRS-QST [23], we estimated z∗D as a
function of the kinetic energy (0.1–1000 MeV/n) for 1H, 4He, 7Li, 9Be, 11B, 12C, and 20Ne
ions. The first six ions (Z = 1–6) were considered as they are required for the RBE calculations
in carbon ion therapy [23]. Neon ions were also included as they were previously used to
determine the model parameters for the modified MKM at NIST-QST [23].

These track segment calculations, disregarding the particle slowing down within the
microscopic volume and nuclear reactions, were carried out with a validated in-house
implementation of the KC RDD [44]. According to the KC RDD, the dose distribution at
a distance R around the track of a given ion is constant within a zone proximal to the ion
track, named the core. Outside the core, the radial dose due to secondary electrons in the
penumbra region is proportional to 1/R2. For a given ion, the radial dose distribution was
computed knowing the ion energy, mass, effective charge, velocity relative to light, and
the unrestricted linear energy transfer (LET) in water, as detailed in previous works [23,60].
The unrestricted LET in water was estimated using the ATIMA stopping power model
implemented in the Monte Carlo Particle and Heavy Ion Transport code System (PHITS)
version 3.32 [49].

In a second step, we assessed the specific energy z(x) within a cylindrical water target
(radius rd = 0.32 µm, height = 0.64 µm [23]) as a function of the distance between the axes
of the cylinder and the ion’s track. This distance is commonly referred to as the impact
parameter x.

Thirdly, the specific energy as a function of the impact parameter was corrected for
the onset of overkill effects for densely ionizing radiation [23]. The saturation-corrected
specific energy zsat was therefore computed as [23]:

zsat(x) =
z2

0
z(x)

(1 − e
− z(x)2

z2
0 ) (5)

where z(x) is the specific energy as a function of the impact parameter x, and z0 (Equation
(6) [23]) is a saturation coefficient dependent on the radiation-independent quadratic term of
the LQM (β0), the radius of the subnuclear domains (rd), and the radius of the cell nucleus
(Rn).

z0 =

(
Rn
rd

)2√
β0

[
1 +

(
Rn
rd

)2
] (6)

Finally, the dose-mean specific energy z∗D was calculated as [23]:

z∗D =

∫ Rp+rd
0 zsat(x)z(x)2πx dx∫ Rp+rd

0 z(x)2πx dx
(7)

where zsat(x) is the saturation-corrected specific energy, z(x) is the specific energy, x is the
impact parameter, Rp is the radial extension of the penumbra according to the KC RDD,
and rd is the radius of the subnuclear domains.

The model parameters for human salivary tumor cells (HSG cell line), the reference
cell line for RBE calculations with the modified MKM at NIRS-QST, were extracted from
the literature [23,24] and are listed in Table 1.
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Table 1. Overview of the modified MKM parameters for clinical dose calculations with the KC RDD
and the AMF. * parameters from NIRS-QST [23,24]. ** parameters determined in this study to best
reproduce the KC RDD calculations.

Approach Used for the Computation
of the Microdosimetric Distributions

α0
[Gy−1]

αref
[Gy−1]

β0=βref
[Gy−2]

rd
[µm]

Rn
[µm]

KC RDD 0.172 * 0.764 * 0.0615 * 0.32 * 3.9 *

AMF 0.085 ** 0.764 * 0.0615 * 0.333 ** 4.28 **

2.4. Calculation of z∗D with the AMF

The AMF [61,62] is an analytical approach that can instantaneously compute the
microdosimetric probability density distributions given the particle type, its energy, and a
microdosimetric target size as input. In the AMF, the targets used for the assessment of the
microdosimetric distributions are liquid water spheres with a user-defined radius between
1.5 nm and 1 µm.

The original version of the AMF, published in 2006 [61], was developed to enable the
macroscopic Monte Carlo code PHITS [49] to efficiently perform microdosimetric calcula-
tions over macroscopic bodies. At first, the microdosimetric distributions were computed
for different ions, energies, and spherical targets of different sizes. These calculations were
based on a hybrid approach combining Chatterjee’s description of the energy deposition
in the core region [45] (as in the KC RDD in Section 2.2), the production cross-sections of
secondary electrons (delta-rays) based on the model by Butts and Katz [63], and detailed
track structure simulations of the energy depositions of such secondary electrons with the
Monte Carlo code TRACEL [64]. Based on the work of Olko and Booz [65], an analytical
approach was developed to reproduce the microdosimetric simulations [61].

The original AMF was found to satisfactorily reproduce the spectra measured with gas
detectors irradiated with protons [66,67], helium ions [66,68], carbon ions [61,68], silicon
ions [66], and neutrons [69]. Furthermore, the AMF [61] was instrumental in the devel-
opment of microdosimetric models of radiation action, such as the stochastic MKM [57],
the Microdosimetric d(z) Model [70], the integrated MKM [71], the V79 biological weight-
ing function [72], and the Mayo Clinic Florida MKM [42]. These models were utilized
to successfully describe and predict the response of cell lines [36,42,57,67,72–78], thermo-
luminescent detectors [70,79–83], and optically stimulated luminescent detectors [84,85]
exposed to various types of radiation. Nonetheless, limitations in the AMF results were
reported in the case of low-energy (<10 MeV/n) heavy ions [36].

An updated version of the AMF was presented in 2023 [62]. The newer AMF was
developed by fitting the results of detailed simulations with the track structure modes
of the Monte Carlo code PHITS [49] for electrons, 1H, 4He, 12C, 20Ne, 28Si, and 56Fe ions.
Unlike the original AMF [61], the newer AMF [62] also allows the computation of the
number of ionizations, generally referred to as the ionization cluster size distribution.
Furthermore, while the original AMF [61] relied on Chatterjee’s simplified description
of the energy deposition in the ion core region [45], the newer AMF employed a track
structure approach to estimate the direct energy depositions from the primary ions [62]. A
comparative analysis of the two AMFs indicates that the newer version more accurately
reproduces the microdosimetric distributions measured with gas detectors [62] and the
results of in vitro RBE experiments [50].

In this work, we used the newer AMF [62] to estimate the dose probability distribution
of the lineal energy d(y) in track segment conditions. The use of the lineal energy distribu-
tions instead of specific energy distributions arises from their more limited dependence
on the microdosimetric target size and shape, making the lineal energy the preferred mi-
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crodosimetric quantity when comparing distributions assessed with various approaches
or different detectors [37,40,41]. In a second step, we computed the saturation-corrected
dose-mean specific energy z∗D as [31]:

z∗D =
y2

0
ρπr2

d

∫ +∞

0

[
1 − exp

(
−y2/y2

0
)]

y
d(y)dy (8)

where ρ is the density of a domain, rd is the radius of the domain, d(y) is the dose distribu-
tion of the lineal energy y, and y0 is a saturation parameter (Equation (9) [31]) dependent
on the radiation-independent quadratic term of the LQM (β0), the radius of the subnuclear
domains (rd), and the radius of the cell nucleus (Rn).

y0 =
ρπrdR2

n√
β0

(
r2

d + R2
n
) (9)

The numerical values of rd and Rn were estimated to best reproduce the results of the
KC RDD, as described in the Section 2.5, and are listed in Table 1.

2.5. Determination of the Modified MKM Parameters for the AMF

At first, following the published methodology [18,50], we assessed the dose probability
distribution of the lineal energy d(y) for 1H, 4He, 7Li, 9Be, 11B, 12C, and 20Ne ions with
kinetic energy ranging from 0.1 to 1000 MeV/n. The target used in the microdosimetric
simulations was liquid water spheres with a radius equal to 0.30 µm radius. Subsequently,
we optimized the model parameters rd, Rn, and α0 of the modified MKM to best reproduce
the α values computed using the KC RDD (Section 2.3) for clinically relevant carbon ions
with LET up to 500 keV/µm. This was achieved by minimizing the relative deviation
between the results of the AMF and the KC RDD. Although the radius of the subnuclear
domains used in the modified MKM calculations was varied to best reproduce the NIRS-
QST data, the microdosimetric simulations with PHITS were carried out only in the case
of a 0.30 µm radius. This approach was adopted because, within the range of cell-specific
domain radii employed in the MKM calculations, the lineal energy distributions are largely
unaffected by the choice of radius in the computer simulations [50,77,86].

2.6. Benchmark

To benchmark our proposed approach, we compared the AMF results with the corre-
sponding KC RDD calculations in several scenarios.

At first, using the model parameters for the AMF determined in Section 2.5 to best
reproduce the KC RDD calculations for 12C ions, we calculated z∗D and α as a function of
the unrestricted LET for 1H, 4He, 7Li, 9Be, 11B, and 20Ne ions with energy between 0.1 and
1000 MeV/n. The obtained results were compared to the corresponding data computed
with the KC RDD.

Secondly, we estimated D10% for the HSG cell line as a function of the unrestricted
LET for 4He, 12C, and 20Ne ions using Equation (10) [24]:

D10% =
−α +

√
α2 − 4 βln(0.1)

2 β
(10)

where α and β are the LQM terms after ion exposure.
The AMF-based D10% values for the HSG cell line were then compared with the

corresponding results using the KC RDD and in vitro data [87].
Finally, we compared the results of the modified MKM calculations using the AMF

and the KC RDD within a water phantom for two pristine carbon ion beams (100 and
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430 MeV/n) and a SOBP resembling the one used at NIRS-QST for the definition of the
reference radiation (SOBP with a flat clinical dose profile of 5.8 GyRBE between 15 and
21 cm [24]).

2.7. Monte Carlo Simulations Within a Water Phantom

The simulations were performed using the Monte Carlo code PHITS version 3.32 [49]
on the mForge cluster of the National Center for Supercomputing Applications (NCSA,
Urbana, IL, USA). The calculations were parallelized across 1152 hyperthreaded Intel Xeon
cores operating at 2.6 GHz.

The Electron Gamma Shower version 5 (EGS5) [88] was used to simulate the transport
of photons, electrons and positrons. The macroscopic energy loss of the other charged
particles was estimated using the PHITS-implemented stopping power model ATIMA
(https://web-docs.gsi.de/~weick/atima/, accessed on 26 December 2024). The energy
and angular straggling, deactivated by default, were modeled with the Landau Vavilov
formula [89] and with Lynch’s diffusion formula [90], respectively. The recommended
nuclear models [49] were used in the PHITS calculations, namely the Japan Atomic Energy
Research Institute (JAERI) Quantum Molecular Dynamics (JQMD) [91], the Intranuclear
Cascade Model of Liege (INCL) [92], and the Generalized Evaporation Model (GEM) [93].
The transport and interaction of low-energy neutrons were modeled with the Event Gen-
erator mode version 2 [94,95]. Consistent with the KC RRD-based modified MKM ta-
bles [23], the transport cutoff of all the ions was set to 0.1 MeV/n. The transport cutoff
of the neutrons was 10−11 MeV, while all the other particles (e.g., photons, electrons,
positrons, pions, kaons, muons. . .) were transported down to 1 keV. As recommended
in Report 90 of the International Commission on Radiation Units and Measurements
(ICRU) [96], the mean excitation energy of water was set to 78 eV. As required for the use
of the AMF, the delta-rays placed in motion by the ions were not transported to avoid
double counting their contribution to the microdosimetric distributions (PHITS manual,
https://phits.jaea.go.jp/manual/manualE-phits.pdf, accessed on 26 December 2024).

A simulated liquid water phantom with dimensions of 100 × 100 × 350 mm3 was
irradiated with carbon ion beams orthogonally incident on the center of one of the square
surfaces. Two monoenergetic beams were modeled, representing the lowest and highest
energy layers of the upcoming carbon ion therapy center at Mayo Clinic Florida: 100 MeV/n
and 430 MeV/n, respectively. The initial energy spread was set to 1.5% for the 100 MeV/n
beam and 0.2% for the 430 MeV/n beam. The ion beams had a Gaussian spatial spread of
2 mm for the 100 MeV/n beam and 1 mm for the 430 MeV/n beam.

Additionally, an iteratively determined [97] poly-energetic energy spectrum was
employed to generate an SOBP with a flat clinical dose profile of 5.8 GyRBE between depths
of 150 and 210 mm. This SOBP was designed to resemble the one used at NIRS-QST for the
definition of the reference radiation quality [24]. The initial diameter of the circular SOBP
beam was 60 mm.

In line with the approach of previous works [18,41,78,97], we used three different
scorers, referred to as tallies in PHITS, to estimate the absorbed dose (T-Deposit tally), the
unrestricted LET distributions (T-LET tally, based on the ATIMA stopping power model),
and the lineal energy distributions (T-SED tally, based on the newer AMF) at multiple
locations within the water phantom.

107 and 108 primary carbon ions were simulated for the pristine beams and the SOBP,
respectively. The total running time was approximately 4 h (100 MeV/n pristine), 14 h
(430 MeV/n pristine), and 12 h (SOBP). The dissimilar number of simulated histories
between the pristine beams and the SOBP was chosen to ensure a comparable amount
of primary ions crossing the scoring volumes used for the assessment of the physical

https://web-docs.gsi.de/~weick/atima/
https://phits.jaea.go.jp/manual/manualE-phits.pdf
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quantities as a function of the depth in water within the phantom. Here, the pristine beams
(initial spot size of 1–2 mm) were totally encompassed by the scoring volumes, while
approximately 1/9 of the SOBP beam was covered by the scoring volumes. More details
are given in the following sections. The statistical error associated with the assessment of
α as a function of the depth in water was less than 0.5% at all the locations, including the
fragmentation tail.

2.7.1. Quantities as a Function of the Depth in Water

To assess the depth dependence of the dose, LET, and lineal energy, these quantities
were scored across 350 cylindrical volumes, each with a height of 1 mm, placed sequentially
along the ion beam path within the water phantom. For the pristine beams, characterized
by a small initial spot size (2 and 1 mm for the 100 and the 430 MeV/n beam, respectively),
the quantities were laterally integrated over cylindrical volumes with a radius of 50 mm.
For the SOBP beam, which had an initial radius of 30 mm, the quantities were evaluated in
the radially central part of the beam, using cylindrical volumes with a radius of 10 mm.

At each depth in water, the lineal energy distribution was computed by PHITS as the
dose-weighted sum of the AMF-based lineal energy distributions of particles depositing
energy within the chosen scoring volume. The obtained microdosimetric distributions
represent the energy depositions that would be experienced by microscopic spherical
targets (radius = 0.3 µm) scattered over the macroscopic computational cylinders placed at
different depths in water within the phantom. Consistently with the RBE calculations at
NIRS-QST [23], only the contributions of ions from H to C were included in the computation
of the lineal energy distributions. At each depth in water, the obtained lineal distribution
was processed to compute the α for the HSG cell line, as described in Sections 2.2 and 2.4.
The lineal energy distributions were scored using a logarithmic binning from 0.01 to
100,000 keV/µm, with 50 bins per decade, for a total of 350 bins. The use of 50 bins per
decade is a typical choice for binning microdosimetric distributions [59].

The computation of α with the KC RDD relied on pre-calculated α tables as a function
of the unrestricted LET of H, He, Li, Be, B, and C ions (Section 2.3). At each depth within
the phantom, the frequency distribution of the track-averaged unrestricted LET in water
was separately assessed for each ion type between H and C. Each of these distributions
was scored using a logarithmic binning from 0.1 to 1000 keV/µm with 500 bins per decade,
for a total of 2000 bins. The more refined binning was necessary due to the deterministic
nature of the LET and the associated smaller variance with respect to the lineal energy.

Afterwards, these LET distributions were processed to compute α as in Equation (11):

α =
∑6

Z=1

[
∑2000

i=1 αi
(

LETi, Z
)
·n
(

LETi, Z
)
·LETi·∆LETi

]
∑6

Z=1

[
∑2000

i=1 n
(

LETi, Z
)
·LETi·∆LETi

] (11)

where LETi is the mean LET in the bin i, ∆LETi is width of the bin i, αi
(

LETi, Z
)

is the α

value corresponding to the LETi for the ion with atomic number Z, and n
(

LETi, Z
)

is the
number of counts (i.e., the frequency distribution of events) in the bin i.

2.7.2. Quantities as a Function of the Radial Distance from the Beam Axis

Secondly, as in a previous study [97], we assessed the radial variation of the dose,
α, and RBE at different depths in water within the water phantom. This was achieved
by evaluating the aforementioned quantities over non-overlapping cylindrical shells with
1 mm height and incremental inner and outer radii in 1 mm steps from 0 to 50 mm
(i.e., 0–1 mm, 1–2 mm, . . ., 49–50 mm). The lineal energy distributions were calculated
for microscopic spheres (radius = 0.3 µm) scattered over those macroscopic cylindrical
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shells. The processing of the LET and lineal energy distributions follows the approach in
Section 2.7.1.

In the case of the pristine 100 and 430 MeV/n beams, the radial variation of the
investigated quantities was studied for four depths in water corresponding to the entrance
channel (0–1 mm), the Bragg peak region characterized by a sharp increase in the absorbed
dose (20–21 mm for the 100 MeV/n beam and 290–291 mm for the 430 MeV/n), the Bragg
peak maximum (25–26 mm for the 100 MeV/n beam and 307–308 mm for the 430 MeV/n),
and the fragmentation tail (28–29 mm for the 100 MeV/n beam and 330–331 mm for the
430 MeV/n). For the SOBP with a flat clinical dose profile between 150 and 210 mm, the
chosen depths in water represent the entrance channel (0–1 mm), the middle of the SOBP
(180–181 mm), the depth in the distal edge with the highest RBE (210–211 mm), and the
fragmentation tail (230–231 mm).

3. Results
Figure 1 shows the linear term of the LQM (α) for the HSG cell line plotted as a

function of the LET of carbon ions. Three in silico data series are compared, representing
the results of the modified MKM combined with track segment calculations based on the
KC RDD (NIRS-QST model parameters [23]) and the AMF (NIRS-QST model parameters
and optimized model parameters). The model parameters for the calculations with the KC
RDD were previously optimized at NIRS-QST by fitting the results of in vitro experiments
with the HSG cell line [23]. It is evident that, if such parameters are employed with the
AMF, the obtained α values differ significantly from those obtained with the KC RDD, with
deviations of up to ~30%. These deviations arise from differences in the approach used
for computing the microdosimetric quantities, as detailed in Sections 2.3 and 2.4. It was
possible to compensate for these deviations by tuning the modified MKM parameters when
used in conjunction with the AMF. These optimized model parameters for the AMF, as
listed in Table 1, allowed to reproduce the KC RDD track segment calculations of α for
carbon ions within 2% over the clinically relevant LET range of 9–550 keV/µm.

Figure 2 extends the comparison of the α values computed with the KC RDD (NIRS-
QST model parameters) and the AMF (optimized model parameters) to ions other than
carbon, namely 1H, 4He, 7Li, 9Be, 11B, and 20Ne. The horizontal and vertical axes remain
unchanged across the panels to highlight the relative changes in α between the ion types.
For 1H and 4He ions with LET < 3 keV/µm, the AMF predicts α values up to ~30% lower
than those from the KC RDD. At higher LET, the agreement improves, with deviations
within ~6%. In contrast, the AMF-based calculations were found to overestimate the KC
RDD results for energetic 7Li, 9Be and 11B ions (LET < 10 keV/µm) by up to 29%, 18%, and
7%, respectively. For LET > 6 keV/µm, the α values from both approaches agree within
~10%. In the case of 20Ne ions, the results of the AMF and the KC RDD are very similar
(within 2%) up to LET values of 300 keV/µm. At higher LET, the AMF results are up to
17% lower than the corresponding KC RDD calculations.

As in the reference NIRS-QST work [23], Figure 3 compares the dose required to
achieve a 10% surviving fraction (D10%) for the HSG cell line as computed using the
modified MKM with the corresponding in vitro data [87] for helium, carbon, and neon ions
between 10 and 1000 keV/µm. For LET values below 200 keV/µm, the D10% decreases
with the increase in the LET, reflecting the enhanced efficiency in inducing lethal damage
to the cells. For a given LET within this range, the D10% is lower as the ion’s atomic number
decreases. This effect arises from differences in the track structure of ions with the same LET.
Heavier ions, possessing greater kinetic energy, release secondary electrons with longer
ranges, leading to a radially less dense pattern of energy deposition. At higher LET values,
the trend reverses due to the onset of overkill effects.
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Figure 1. (A) Comparison of the α values for the HSG cell line calculated using the modified MKM in
conjunction with track segment calculations based on the KC RDD (NIRS-QST model parameters)
and the AMF (NIRS-QST model parameters and optimized model parameters to reproduce the KC
RDD results) in the case of 12C ions. (B) The ratio of the α values computed using the KC RDD and
the AMF. The horizontal dashed lines indicate a deviation of ±2%.

The AMF-based calculations reproduced the KC RDD results up to 600 keV/µm, gen-
erally within 2%, with deviations up to 5% for low-energy helium ions (LET > 70 keV/µm).
Larger deviations were observed for neon ions with LET > 600 keV/µm, where the D10%

values computed using the AMF overestimated the KC RDD calculations by up to 10%.
Nonetheless, this overestimation seems to bring the AMF results closer to the corresponding
in vitro data.

Panels A of Figures 4 and 5 show the α values for the HSG cell line computed with
the modified MKM as a function of the depth in water for the 100 and 430 MeV/n beams.
These beams have initial spot sizes of 2 and 1 mm, respectively, and the results were
radially integrated from 0 to 50 mm around the beam axis. The AMF- and KC RDD- based
calculations agreed within 2%, except in the fragmentation tail of the 100 MeV/n beam,
where the AMF overestimated the KC RDD by up to 4.5%. The agreement between these
two approaches is further examined in panels B–D of Figures 4 and 5 as a function of the
radial distance from the beam axis at the four depths in water indicated by the black open
squares in panels A. Due to the steep decrease in the absorbed dose with the radial distance,
voxels located farther from the beam axis may receive doses that are not clinically relevant.
The vertical blue dashed lines in panels B–D of Figures 4 and 5 mark the radial distances
beyond which voxels receive less than 1% of the absorbed dose at the Bragg peak maximum.
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For all the voxels within these radial distances, the AMF and KC RDD calculations agree
within 2%. At larger distances, the AMF-based calculations were found to underestimate
the KC RDD results by up to approximately 7% and 13% for the 100 and the 430 MeV/n
beams, respectively.
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Figure 2. Comparison of the α values for the HSG cell line calculated using the modified MKM in
conjunction with track segment calculations based on the KC RDD (NIRS-QST model parameters)
and the AMF (optimized model parameters) in the case of 1H, 4He, 7Li, 9Be, 11B, and 20Ne ions. The
horizontal dashed lines plots indicate a deviation of ±2%.
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Figure 3. (A) The absorbed dose required to achieve a 10% surviving fraction (D10%) for the HSG cell
line exposed to helium, carbon, and neon ions: comparison between calculations using the modified
MKM in conjunction with the KC RDD (NIRS-QST model parameters) and the AMF (optimized
model parameters), and in vitro data (reported as a function of the dose-mean unrestricted LET).
(B) The ratio of the D10% between the modified MKM calculations based on the AMF and the KC
RDD.

The α values for the HSG cell line and the clinical dose in the radially central part
of the carbon ion SOBP (i.e., radially integrated between 0 and 10 mm) are plotted in
Figure 6A as a function of the depth in water within the phantom. For both quantities, the
AMF-based results aligned with the KC RDD calculations within 2%. The agreement was
generally better for the clinical dose, as this quantity is a function of α (varying between the
AMF or the KC RDD) and β, which remains constant in the modified MKM calculations.
Similarly, the AMF and KC RDD calculations yielded similar results in describing the radial
variation of α and the clinical dose within the field (0–30 mm) and its near penumbra
(30–35 mm), with deviations reaching up to 10% in low-dose regions farther from the beam
axis. Interestingly, the clinical dose within certain voxels located in the penumbra of the
SOBP is lower than the absorbed dose. This occurs because the secondary fragments in
this region exhibit a sparser pattern of energy deposition (i.e., lower LET) compared to the
reference radiation, namely the quality in the center of the carbon SOBP. Consequently, the
RBE relative to this reference radiation can be significantly lower than 1. This phenomenon
can also be explained by comparing the radially dependent α values in Figure 6 with the
reference value listed in Table 1 (αref = 0.764 Gy−1).



Radiation 2025, 5, 2 13 of 22Radiation 2025, 5, 2 14 of 23 
 

 

 

Figure 4. (A) α for the HSG cell line as a function of the depth in water along the Bragg peak for a 
single spot (σxy = 2 mm) of a 100 MeV/n carbon ion beam. The results of the modified MKM calcu-
lations based on the KC RDD (NIRS-QST model parameters) and the AMF (optimized model pa-
rameters) were radially integrated between 0 and 50 mm around the axis of the beam. (B–E) Com-
parison between the calculations using the modified MKM in conjunction with the KC RDD (NIRS-
QST model parameters) and the AMF (optimized model parameters) as a function of the radial dis-
tance from the beam axis at four depths in water along the pristine peak (indicated by the black 
open squares in panel (A)). The vertical blue dashed lines demarcate voxels receiving at least 1% of 
the absorbed dose at the Bragg peak maximum. 
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Figure 4. (A) α for the HSG cell line as a function of the depth in water along the Bragg peak for
a single spot (σxy = 2 mm) of a 100 MeV/n carbon ion beam. The results of the modified MKM
calculations based on the KC RDD (NIRS-QST model parameters) and the AMF (optimized model
parameters) were radially integrated between 0 and 50 mm around the axis of the beam. (B–E)
Comparison between the calculations using the modified MKM in conjunction with the KC RDD
(NIRS-QST model parameters) and the AMF (optimized model parameters) as a function of the radial
distance from the beam axis at four depths in water along the pristine peak (indicated by the black
open squares in panel (A)). The vertical blue dashed lines demarcate voxels receiving at least 1% of
the absorbed dose at the Bragg peak maximum.
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B) Depth in water: 0-1 mm
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Figure 5. (A) α for the HSG cell line as a function of the depth in water along the Bragg peak for
a single spot (σxy = 1 mm) of a 430 MeV/n carbon ion beam. The results of the modified MKM
calculations based on the KC RDD (NIRS-QST model parameters) and the AMF (optimized model
parameters) were radially integrated between 0 and 50 mm around the axis of the beam. (B–E)
Comparison between the calculations using the modified MKM in conjunction with the KC RDD
(NIRS-QST model parameters) and the AMF (optimized model parameters) as a function of the radial
distance from the beam axis at four depths in water along the pristine peak (indicated by the black
open squares in panel (A)). The vertical blue dashed lines demarcate voxels receiving at least 1% of
the absorbed dose at the Bragg peak maximum.
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Figure 6. (A) α for the HSG cell line and the clinical dose as a function of the depth in water in the
radially central part of a carbon ion SOBP with initial radius of 30 mm. The results of the modified
MKM calculations based on the KC RDD (NIRS-QST model parameters) and the AMF (optimized
model parameters) were radially integrated between 0 and 10 mm around the axis of the beam. (B–E)
Comparison between the calculations using the modified MKM in conjunction with the KC RDD
(NIRS-QST model parameters) and the AMF (optimized model parameters) as a function of the radial
distance from the beam axis at four depths in water along the pristine peak (indicated by the black
open squares in panel (A)).
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4. Discussion
Descriptions of the radiation quality based on the radial dose distribution (RDD)

around the particle path around matter are inherently limited by difficulties in the experi-
mental assessment of such a physical quantity. By contrast, microdosimetric probability
distributions can be readily assessed with specialized detectors, making them ideal candi-
dates for quality assurance in external ion radiotherapy [98–100] and boron neutron capture
therapy [101]. Since the parameters of RBE models are not interchangeable between ap-
proaches based on the RDD and those using microdosimetric distributions, modification of
these parameters might be required to maintain consistency between the two methods [102].

The biological and clinical calculations for carbon ion radiotherapy at NIRS-QST [24]
rely on the modified microdosimetric kinetic model (MKM) [31] together with the Kiefer–
Chatterjee (KC) RDD [45,46] for cylindrical water targets. The results of Figures 4–6 indicate
that, by appropriately tuning the modified MKM parameters (Table 1), it is possible to
successfully reproduce the NIRS-QST methodology for carbon ion radiotherapy using
microdosimetric probability density distributions for spherical targets instead of the KC
RDD for cylindrical water targets. Therefore, these model parameters can be readily
implemented in Monte Carlo transport codes and treatment planning systems for carbon
ion radiotherapy in combination with approaches based on full or abridged microdosimetric
probability distributions [48]. In contrast, because relevant deviations were observed for
energetic proton and helium ions (Figure 2), it is strongly advised not to use the proposed
model parameters for calculations involving primary beams of these ions.

In the current study, the microdosimetric distributions were assessed with a recently
improved analytical microdosimetric function (AMF) [62] for water spheres with a target
radius of 0.3 µm. As the results of this AMF were found to agree well with the correspond-
ing experimental spectra measured with gas detectors [62], the modified MKM parameters
presented in this work could be directly used in combination with such microdosimeters. It
is important to note that, although the equivalent target radius of gas detectors is typically
0.5 µm [59] compared to 0.3 µm of our simulations, a previous study indicates that the
RBE computed using spheres of these dimensions shows negligible differences [50]. On
the other hand, further tuning of the modified MKM parameters may be necessary when
applied to microdosimetric distributions obtained with solid-state detectors characterized
by a larger sensitive volume [98].

Furthermore, although the comparison between AMF- and KC RDD- based calcu-
lations with the modified MKM included 20Ne ions, the latter model is known to have
limitations in reproducing the in vitro data for such heavy ions. Therefore, this comparison
is intended solely to explore the potential differences between the KC RDD and the AMF.
To address the limitations of the modified MKM at high LET and high doses, the stochastic
MKM (SMKM) was proposed [57] and recently adapted at NIRS-QST for RBE calculations
in hypofractionated and multi-ion radiotherapy with He, C, O, and Ne ions [103]. Since the
SMKM at NIRS-QST is also based on KC RDD calculations, future work could build on the
approach presented in this article to determine the SMKM model parameters suitable for
use with simulated and experimentally measured microdosimetric distributions. Finally,
it may be possible to approximate the results of a chosen RBE model, at least within a
limited range of LET and ion types, by using another model with appropriately tuned
model parameters.

5. Conclusions
The clinical dose calculations for carbon ion radiotherapy at NIRS-QST are based

on the modified MKM in conjunction with the KC RDD. This study suggests that it is
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possible to successfully reproduce these calculations using the AMF instead of the KC RDD,
combined with the model parameters listed in Table 1.
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α linear term of the linear quadratic model of cell survival
α0 linear term of the linear quadratic model of cell survival for very sparsely radiation
AMF analytical microdosimetric function
β quadratic term of the linear quadratic model of cell survival
β0 radiation-independent quadratic term of the linear quadratic model of cell survival
D10% absorbed dose required to achieve a 10% surviving fraction
HSG cell line human salivary gland tumor cells
KC RDD Kiefer–Chatterjee radial dose distribution
LEM local effect model
LET linear energy transfer
LQM linear quadratic model
MBM mixed beam model
MKM microdosimetric kinetic model

NIRS-QST
National Institute of Radiological Sciences within the National Institutes for
Quantum Science and Technology

PHITS Particle and Heavy Ion Transport code System
RBE relative biological effectiveness
rd radius of the subnuclear domains
RDD radial dose distribution
Rn radius of the cell nucleus
SMKM stochastic microdosimetric kinetic model
SOBP spread-out Bragg peak
z∗D saturation-corrected dose-mean specific energy
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