
Citation: Lee, S.H.; Mizushima, K.;

Yonai, S.; Matsumoto, S.; Mizuno, H.;

Nakaji, T.; Kohno, R.; Iwata, Y.; Shirai,

T.; Pan, V.; et al. Predicting the

Biological Effects of Human Salivary

Gland Tumour Cells for Scanned
4He-, 12C-, 16O-, and 20Ne-Ion Beams

Using an SOI Microdosimeter. Appl.

Sci. 2022, 12, 6148. https://doi.org/

10.3390/app12126148

Academic Editors: Cinzia Talamonti,

Simona Giordanengo and

Marco Petasecca

Received: 26 April 2022

Accepted: 14 June 2022

Published: 16 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Predicting the Biological Effects of Human Salivary Gland
Tumour Cells for Scanned 4He-, 12C-, 16O-, and 20Ne-Ion Beams
Using an SOI Microdosimeter
Sung Hyun Lee 1,2,* , Kota Mizushima 1 , Shunsuke Yonai 1 , Shinnosuke Matsumoto 1, Hideyuki Mizuno 3,
Taku Nakaji 3, Ryosuke Kohno 1, Yoshiyuki Iwata 1, Toshiyuki Shirai 1, Vladimir Pan 4, Angela Kok 5,
Marco Povoli 5 , Linh T. Tran 4 , Anatoly B. Rosenfeld 4, Masao Suzuki 6 and Taku Inaniwa 1

1 Department of Accelerator and Medical Physics, National Institute of Radiological Sciences,
National Institutes for Quantum and Radiological Science and Technology, 4-9-1 Anagawa, Inage-ku,
Chiba 263-8555, Japan; mizushima.kota@qst.go.jp (K.M.); yonai.shunsuke@qst.go.jp (S.Y.);
matsumoto.shinnosuke@qst.go.jp (S.M.); rkohno@iuhw.ac.jp (R.K.); iwata.yoshiyuki@qst.go.jp (Y.I.);
shirai.toshiyuki@qst.go.jp (T.S.); inaniwa.taku@qst.go.jp (T.I.)

2 Department of Heavy Particle Medical Science, Graduate School of Medical Science, Yamagata University,
2-2-2 Iidanishi, Yamagata 990-9585, Japan

3 Quality Control Section, QST Hospital, National Institutes for Quantum and Radiological Science
and Technology, 4-9-1 Anagawa, Inage-ku, Chiba 263-8555, Japan; mizuno.hideyuki@qst.go.jp (H.M.);
nakaji.taku@qst.go.jp (T.N.)

4 Centre for Medical Radiation Physics, University of Wollongong, Wollongong 2500, Australia;
vp881@uowmail.edu.au (V.P.); tltran@uow.edu.au (L.T.T.); anatoly@uow.edu.au (A.B.R.)

5 SINTEF MiNaLab, Gaustadalleen 23C, 0314 Oslo, Norway; angela.kok@sintef.no (A.K.);
marco.povoli@sintef.no (M.P.)

6 Department of Basic Medical Sciences for Radiation Damages, National Institute of Radiological Sciences,
National Institutes for Quantum and Radiological Science and Technology, 4-9-1 Anagawa, Inage-ku,
Chiba 263-8555, Japan; suzuki.masao@qst.go.jp

* Correspondence: lee.sunghyun@med.id.yamagata-u.ac.jp

Abstract: Experimental microdosimetry along with the microdosimetric kinetic (MK) model can be
utilized to predict the biological effects of ions. To predict the relative biological effectiveness (RBE) of
ions and the survival fraction (SF) of human salivary gland tumour (HSGc-C5) cells, microdosimetric
quantities measured by a silicon-on-insulator (SOI) MicroPlus-mushroom microdosimeter along the
spread-out Bragg peak (SOBP) delivered by pencil beam scanning of 4He, 12C, 16O, and 20Ne ions were
used. The MK model parameters of HSGc-C5 cells were obtained from the best fit of the calculated
SF for the different linear energy transfer (LET) of these ions and the formerly reported in vitro
SF for the same LET and ions used for calculations. For a cube-shaped target of 10 × 10 × 6 cm3,
treatment plans for 4He, 12C, 16O, and 20Ne ions were produced with proprietary treatment planning
software (TPS) aiming for 10% SF of HSGc-C5 cells over the target volume and were delivered to a
polymethyl methacrylate (PMMA) phantom. Afterwards, the saturation-corrected dose-mean lineal
energy derived based on the measured microdosimetry spectra, along with the physical dose at
various depths in PMMA phantoms, was used for the estimation of the SF, RBE, and RBE-weighted
dose using the MK model. The predicted SF, RBE, and the RBE-weighted dose agreed with what was
planned by the TPS within 3% at most depths for these ions.

Keywords: multi-ion therapy; silicon on insulator; microdosimetric kinetic model; microdosimetry;
relative biological effectiveness

1. Introduction

The use of ion beams to treat tumours is steadily increasing worldwide because of
the unique physical characteristics of the beams, such as their depth–dose distribution,
the so-called Bragg peak (BP), and their sharp lateral dose falloff. The physical properties
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of ion beams have been exploited in depth to deliver sufficient doses to tumours and to
reduce doses to organs at risk [1–5]. Meanwhile, in ion beam therapy, the biological effects
of the beams, besides their physical properties, have to be considered, as the biological
effects of ion beams vary with depth along the BP or spread-out Bragg peak (SOBP). In
order to accurately estimate the biological effect of ion beams, reliable biological models
have been developed, and the mixed beam model (i.e., the Kanai model), local effect
model, and microdosimetric kinetic (MK) model have been introduced and used in clinical
practice [6–10].

The National Institute for Quantum and Radiological Science and Technology (QST)
has recently announced a research project called the Quantum Scalpel to reduce the cost
and size of heavy ion beam therapy systems as well as to improve clinical results for ra-
dioresistant tumours [11]. Multi-ion therapy is one of the main projects expected to achieve
favourable treatment outcomes by optimizing the linear energy transfer (LET) distribution
in addition to dose distribution using 4He-, 12C-, 16O-, and 20Ne-ion beams. Recent pub-
lications have confirmed the concept of multi-ion therapy through in silico studies and
cell irradiation experiments [12–15]. Inaniwa et al. [15] proved that the biological model
developed for multi-ion therapy reproduced the survival fractions (SFs) of the human
salivary gland tumour (HSGc-C5) and human pancreatic cancer cells exposed to these ions.

In ion beam therapy, one important issue is the prediction of biological effects by
physical measurements. In particular, a silicon-on-insulator (SOI) microdosimeter and a
MicroPlus probe developed at the Centre for Medical Radiation Physics (CMRP), University
of Wollongong, would be useful for such measurements in conjunction with a dedicated
biophysical model, i.e., the MK model. The SOI microdosimeter consists of an array
of 3D micrometer-sized cylindrical silicon sensitive volumes (SVs) to imitate the sizes
of cells [16,17]. The SOI microdosimeter measures the stochastic energy deposited for
the primary or secondary charged particle in SVs [18,19], which enables the biological
responses of ion beams to be estimated. This microdosimeter has been demonstrated to
precisely measure the lineal energy spectra of passively scattered and scanned proton,
carbon, nitrogen, and oxygen ions in [20,21] and [22], respectively. In our previous work,
we demonstrated that the biological effects of pancreatic cancer cells calculated by treatment
planning software (TPS) can be well reproduced from the measured microdosimetric lineal
energy spectra in conjunction with the MK model [22].

In this study, as part of the initial phase of the Quantum Scalpel project, the SF, relative
biological effectiveness (RBE), and RBE-weighted dose of HSGc-C5 cells irradiated inde-
pendently in the SOBPs of 4He-, 12C-, 16O-, and 20Ne-ion scanning beams were predicted
based on the measurements of microdosimetric spectra with the SOI MicroPlus-mushroom
microdosimeter in conjunction with the MK model. This study demonstrated that the SOI
MicroPlus-mushroom microdosimeter can be used to validate the biological effect across
the target volume exposed independently to these beams calculated by the TPS.

2. Materials and Methods
2.1. MK Model Approach for Biological Effect Prediction

In the MK model approach [23–25], employing the formalism as presented in previous
work, e.g., [22], we can predict the SF based on the linear-quadratic (LQ) model:

S(D) = e−αD−βD2
, (1)

α = α0 +
β

ρπr2
d

yD, (2)

where S is the SF; α and β are the parameters of the LQ model; D is the measurable physical
dose; α0 is the beginning slope of the survival curve when LET = 0; rd and ρ are the radius
and density of the domain; yD is the dose-mean lineal energy defined by yD =

∫
yd(y)dy,

where d(y) is the probability density of the absorbed dose with regard to lineal energy y. In
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order for the MK model to represent the saturation effect on the cell survival, Kase et al. [8]
suggested the saturation-corrected dose-mean lineal energy y*:

α = α0 +
β

ρπr2
d

y∗, (3)

y∗ =
y2

0
∫ [

1 − e−(y/y0)
2
]

f (y)dy∫
y f (y)dy

, (4)

y0 =
ρπrdR2

n√
β
(
r2

d + R2
n
) , (5)

where f (y), y0, and Rn are the probability density of the y, saturation parameter, and radius
of the cell nucleus, respectively. As discussed in Section 4, yD or y* is dependent on the size
of the measured site. However, at a tissue-equivalent diameter ranging within 0.1–6 µm,
the difference in y* was almost within the systematic and stochastic errors as discussed by
Kase et al. [8].

Applying the predicted SF based on Equations (1) and (3)–(5), we can calculate the
RBE-weighted dose, namely, biological dose DBio, as [10]:

DBio = RBE × D =
−αX +

√
αX2 − 4βX ln(S)
2βX

, (6)

where αX = 0.252 Gy−1 and βX = 0.0474 Gy−2 are the LQ model parameters for the HSGc-C5
cells determined by 200 kVp X-ray exposure (published by [15]), which were adopted in
the RBE calculation in this study. The RBE was then calculated as RBE = DBio⁄D.

2.2. Microdosimetry Spectra Measurements Utilizing the SOI
MicroPlus-Mushroom Microdosimeter

An SOI MicroPlus-mushroom microdosimeter built upon a 3D cylindrical micron-
sized SV array introduced by CMRP, University of Wollongong, Australia, was utilized in
order to measure the microdosimetric lineal energy spectra [16,17,21,26]. The 3D mushroom
microdosimeter had an array of 400 cylindrical SVs, and each had a diameter of 18 µm and
a thickness of 10 µm. The SVs were connected in a matrix 20 × 20 SVs. All of them were
connected via Al tracks as shown in Figure 1 of [27]. One track was connected to all n+ cores,
and another track was connected to all p+ trenches. The 3D mushroom microdosimeter
was plugged into a low-noise front-end device (also called the MicroPlus probe) developed
at the CMRP, the output of which was fed to a shaping amplifier along with a shaping
time of 1 µs [22]. Authors were not aimed for 2D spatial resolution in this research. All
400 cylindrical SVs were connected in parallel and fed to the input of a charge-sensitive
preamplifier. The total data acquisition system included a MicroPlus probe with a shaper
and an Amptek MCA 8000D multichannel analyser (MCA) connected to a laptop for MCA
spectra visualization. For the conversion of MCA spectra to microdosimetry quantities, a
software developed at CMRP was used. The low-level discriminator (LLD) of MCA was
set to avoid any electromagnetic noise originating from the scanning magnet and robotic
couch, which corresponded to an LLD of about ~50 keV (Si) for low gain and ~15 keV (Si)
for medium gain. The experimental set up can be seen in Figure 1.
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positioned vertically behind PMMA phantoms in the horizontal scanning-beam port at NIRS-HIMAC.

The lineal energy y was calculated based on the deposited energy ε using the following
relationship: y = ε/l , where l is the mean path length of an SV that is 10 µm [21]. Energy
calibration for converting channel values to lineal energies was performed by irradiating
the SOI MicroPlus-mushroom microdosimeter located behind a 10 mm thick polymethyl
methacrylate (PMMA) phantom with a normally incident 170.5 MeV/u 4He-, 12C-, 16O-,
and 20Ne-ion beams. The channel number corresponding to the centre of mass of the MCA
peak was prescribed with energy deposited in the SV calculated by the Geant4-based Monte
Carlo code [28] under the same experimental conditions. Details of the Geant4-based Monte
Carlo simulation are given in Section 2.3. The same procedure was carried out for both
medium and low gains on the shaping amplifier and led to the linear regression line energy
vs. the channel number used to build microdosimetry spectra. A scaling factor of 0.58 was
then applied for conversion of the silicon microdosimetric spectra to tissue [22,29]. As the
stopping power ratio varies over the therapeutic energy range, an uncertainty of ~1% exists
relating to a scaling factor of 0.58 [30,31].

2.3. Monte Carlo Simulation in Geant4 for Energy Calibration

The geometries of the horizontal port reported in Figure 1 of [5], including the vacuum
pipe, main and sub dose monitors, position monitor, ripple filter, range shifter, and port
cover, were reproduced in Geant4. The code was implemented to enable beam irradi-
ation in Geant4 while reading the csv format of the irradiation information file line by
line: the spot weight, the beam position at the position monitor, and the beam energy.
Version 10.03 of Geant4 with patch 3 was utilized [28]. The physics lists implemented
were G4EmStandardPhysics_option4, G4HadronElasticPhyics, G4RadioactiveDecayPhyics,
G4 IonQMDPhysics, G4StopingPhyics, G4HadronPhysicsFTF_BIC, and G4DecayPhyics.
Four hundred silicon cylinders of the size mentioned in Section 2.2 were placed behind
a 10 mm PMMA slab in Geant4. The energy deposit, particle name, atomic number, and
LET information were scored via a user-defined class when ions deposited energy in the
silicon. In order for the particles to be accurately scored in silicon, the regionCutValue was
set to 1 µm when the particle entered into the PMMA. As in the experiment mentioned
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in Section 2.2, 170.5 MeV/u 4He-, 12C-, 16O-, and 20Ne-ion beams were, respectively, irra-
diated. Figure A1 shows a typical example of the energy deposited to silicon by Geant4
and by the experiment when the PMMA phantom was irradiated with 170.5 MeV/u 12C
ions. Backscattering contributions were not considered in the simulation separately. From
the energy spectrum obtained from Geant4 and the experiment, the energy and channel
information of the peak portions of each helium, carbon, oxygen, and neon ion were ob-
tained through Gaussian fitting. Hence, energy calibration curves were obtained for low
and medium gain, respectively (Figure A2).

2.4. MK Model Parameters for Human Salivary Gland Tumor Cells

For the determination of the MK model parameters for the HSGc-C5 cells, we used the
microdosimetric spectra measured along the pristine BPs of 4He-, 12C-, 16O-, and 20Ne-ion
beams, each with energies of 166, 313, 374, and 430 MeV/u, respectively, in conjunction
with the measured SFs of the HSGc-C5 cells for the same ions with different LETs [15].
For the microdosimetric spectra measurements, these ion beams were normally incident
to PMMA slabs to form a 10 × 10 cm irradiation field at a horizontal beam port of the
HIMAC [5]. The SOI MicroPlus-mushroom microdosimeter was placed at the centre of
the irradiation field behind PMMA phantoms of different thicknesses at which the SF of
the cells was measured (Figure 1). The saturation-corrected dose-mean lineal energy y*

values at each depth were calculated based on the measured microdosimetric spectra using
Equation (4). Furthermore, absorbed doses of the ion beams behind PMMA slabs at which
the cells were placed were measured using an Advanced Markus ionization chamber (IC)
(34045, PTW Freiburg, Germany). Afterwards, the MK model parameters, α0, Rn, and rd,
assuming β is constant and equal to βX = 0.0474 Gy−2 for the HSGc-C5 cells following the
approach by [8], were found by minimizing the variance between Scell and Sy* in Equation
(7), where Scell is the measured SFs of the HSGc-C5 cells, and Sy* is the predicted SFs using
obtained y* and Equations (1) and (3) at the corresponding depths in a PMMA phantom
with the same LETs.

argminα0,Rn ,rd =

{
∑

i

[
log10(Scell,i)− log10

(
Sy∗ ,i(α0, Rn, rd)

)]2}. (7)

2.5. SOBP Beam Irradiation

A treatment plan for a cube-shaped target of 10 × 10 × 6 cm3 using scanning 4He-,
12C-, 16O-, and 20Ne-ion beams was made using proprietary TPS to attain a 10% SF for
HSGc-C5 cells over the target. The method for calculating the biological effects by the TPS
was well described by Inaniwa et al. [13]. It has been demonstrated that the planned SFs
are in good agreement with the measured SFs of these ion beams [15]. The identical SOBP
fields of the ion beams were delivered to the PMMA phantoms in a horizontal beam line of
the HIMAC [22,32]. The minimum beam intensities of roughly 2 × 107, 7 × 106, 3 × 106,
and 2 × 106 particles per second and per cm2 for 4He, 12C, 16O, and 20Ne ions, respectively,
were fine-tuned to prevent pile-up effects in the microdosimeter [22]. The physical doses
and microdosimetric lineal energy spectra were measured along the SOBPs of the ion
beams at various depths in the PMMA phantoms. The SF, RBE, and RBE-weighted dose at
each depth in the SOBP were predicted using the MK model with the model parameters
determined as outlined in Section 2.4.

3. Results

Figure 2 displays the SFs of HSGc-C5 cells for different LETs (reported in [15]), as well
as the survival curves calculated according to the MK model and using Equations (1) and (3)
with determined MK model parameters for HSGc-C5 cells (α0 = 0.07 Gy−1, β = 0.0474 Gy−2,
Rn = 6.6 µm, rd = 0.43 µm, and y0 = 255 keV/µm) and y* as described in Section 2.4.
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(b) 12C-, (c) 16O-, and (d) 20Ne-ion beams (reported in [15]) and the survival curves (solid lines) pre-
dicted by the measured dose and y* with the MK model parameters: α0 = 0.07 Gy−1, β = 0.0474 Gy−2, 
Rn = 6.6 μm, rd = 0.43 μm, and y0 = 255 keV/μm. The survival curves of HSGc-C5 cells from the 200 
kVp X-ray exposure (reported by [15]) calculated by the LQ model (αX = 0.252 Gy−1, βX = 0.0474 Gy−2) 
are indicated by broken lines, respectively. The smallest values of the variance for 4He-, 12C-, 16O-, 
and 20Ne-ion beams calculated using Equation (7) are 0.16, 0.18, 0.05, and 0.16, respectively. 

Figure 3a–d show the measured microdosimetric spectra across the SOBP of the ion 
beams at various depths in PMMA phantoms. Figure 4 shows the measured dose and the 
calculated 𝑦  and y* from the microdosimetric spectra along the SOBP of the ion beams 
measured in Figure 3. 
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0.16, respectively.

Figure 3a–d show the measured microdosimetric spectra across the SOBP of the ion
beams at various depths in PMMA phantoms. Figure 4 shows the measured dose and the
calculated yD and y* from the microdosimetric spectra along the SOBP of the ion beams
measured in Figure 3.
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Figure 4. Physical dose, 𝐷, measured using the IC, and 𝑦  and y* calculated based on the microdo-
simetric lineal energy spectra displayed in Figure 3 at several depth levels in the PMMA phantoms 
along the SOBP of the (a) 4He-, (b) 12C-, (c) 16O-, and (d) 20Ne-ion beams. The physical dose was 
measured twice (𝐷 ,   ). The black solid lines are the physical doses planned by the TPS. 
Each error bar corresponds to the uncertainties of the linear energies evaluated using error propa-
gation from the measured spectrum. 

The black square markers in Figure 5 show the predicted SF for the HSGc-C5 cells, 
which were irradiated at various depth levels in PMMA phantoms across the SOBP of the 
ion beams. The SF values were calculated using the measured dose and y* presented in 
Figure 4. Apart from the plateau region and the distal part of the target region of 4He ions, 
the SFs predicted by the measured doses and the microdosimetric lineal energy spectra 
were consistent with the SFs predicted by the TPS. The averaged SFs over the SOBP region 
were 10.4 ± 1.4, 10.3 ± 1.4, 10.4 ± 0.8, and 10.5 ± 0.5% for the 4He-, 12C-, 16O-, and 20Ne-ion 
beams, respectively. The blue markers in Figure 5 indicate the predicted RBE at the same 

Figure 3. Typical microdosimetric lineal energy spectra measured utilizing the SOI MicroPlus-
mushroom microdosimeter at several depth levels in the PMMA phantoms of the SOBP of the
(a) 4He-, (b) 12C-, (c) 16O-, and (d) 20Ne-ion beams (the y on the horizontal axis in each figure is the
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Figure 4. Physical dose, D, measured using the IC, and yD and y* calculated based on the microdosi-
metric lineal energy spectra displayed in Figure 3 at several depth levels in the PMMA phantoms
along the SOBP of the (a) 4He-, (b) 12C-, (c) 16O-, and (d) 20Ne-ion beams. The physical dose was
measured twice DIC.1st and 2nd. The black solid lines are the physical doses planned by the TPS. Each
error bar corresponds to the uncertainties of the linear energies evaluated using error propagation
from the measured spectrum.

The black square markers in Figure 5 show the predicted SF for the HSGc-C5 cells,
which were irradiated at various depth levels in PMMA phantoms across the SOBP of the
ion beams. The SF values were calculated using the measured dose and y* presented in
Figure 4. Apart from the plateau region and the distal part of the target region of 4He ions,
the SFs predicted by the measured doses and the microdosimetric lineal energy spectra
were consistent with the SFs predicted by the TPS. The averaged SFs over the SOBP region
were 10.4 ± 1.4, 10.3 ± 1.4, 10.4 ± 0.8, and 10.5 ± 0.5% for the 4He-, 12C-, 16O-, and 20Ne-ion
beams, respectively. The blue markers in Figure 5 indicate the predicted RBE at the same
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depth levels of the SOBP. The RBEs estimated at the middle of the target region (at 120 mm)
were 0.98, 1.39, 1.58, and 1.71 for these ion beams, respectively. Except for the tail regions,
the RBEs were very well aligned with the values planned by the TPS. Figure 6 shows
the RBE-weighted dose planned by the TPS and the predicted biological dose from the
measurements utilizing the SOI MicroPlus-mushroom microdosimeter toward these ion
beams. Apart from the beginning distal part of the 4He-ion beam, the differences among
the planned and the predicted biological doses were less than 3% across the target region.
For the helium ion in Figure 6a, the biological dose is lower or close to the physical dose at
a depth in a phantom almost until the middle of the SOBP, and this can be explained by
Figure 2a, by comparing the SFs of helium ions and those of 200-kVp-X-ray beams, where
helium ions with an LET of ≤4.5 keV/µm showed a higher SF than the X-rays.
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4. Discussion

In this study, we demonstrated that the radiobiological effect of scanned 4He-, 12C-,
16O-, and 20Ne-ion beams in HSGc-C5 cells can be predicted based on the measured
microdosimetric lineal energy spectra based on the MK model. The MK model parameters
for HSG cells proposed by Kase et al. [8], α0 = 0.13 Gy−1, β = 0.05 Gy−2, and Rn = 4.1 µm,
have been known to estimate well the biological effects for HSG cells [20,21,33,34]. For the
HSGc-C5 cells supplied from the same source, we obtained the MK parameters, which best
predict the SF values for monoenergetic ion beams with different LETs. The Rn = 6.6 µm we
determined is quite plausible, because the radius distribution of 390 HSG cells measured
using a fluoro-microscope showed a Gaussian distribution ranging from 4.6 to 8.6 µm
when cells were lightly sown [8]. However, the α0 = 0.07 Gy−1 we determined differs
from α0 = 0.13 Gy−1 predicted by Kase et al. [8]. Inaniwa et al. [15] mentioned that the
radiosensitivity of HSGc-C5 cells might change from that of the HSG cells over time. That
is, the αx for X-ray irradiation of HSG cells reported by Furusawa et al. [35] was 0.331 Gy−1,
but the αx for X-ray irradiation reported by Inaniwa et al. [15] and used here was 0.252 Gy−1,
which reflected an increased radioresistance to the X-rays. For this reason, α0 determined
here is also considered to be smaller than α0 as described by [8].
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The MK model utilizes a constant β value regardless of the LET of the ions. It is
known that the β value typically converges to 0 as the LET increases to a certain level,
which depends on the type of cell line investigated and the ions utilized [36]. At a high
LET, even if the predicted α value from the MK model agrees well with the fitted α value
from in vitro cell data based upon the LQ model, the constant β value derived from the
MK model will be greater than the β value derived from the LQ model, such that the MK
model may be underestimating the SF at high LET as the dose per fraction is increased.
Our previous study showed how much the survival curve predicted by the MK model
for late-responding cells differed from the survival curve (in vitro cell data) fitted with
α and β set as free parameters [22]. Meanwhile, HSGc-C5 cells used in this study have
different radiation sensitivities, as they are early responding cells with a large α and small
β for X-rays [15]. In this case, the accuracy of SF prediction due to the constant β in the
MK model will be higher than in the case of late-responding cells. In particular, up to the
10% survival level as shown in Figure 7, there was no significant difference between the
survival curves from the constant β compared to the survival curve fitted with α and β set
as free parameters. Kase et al. [8] mentioned that a change in β value might be required for
higher doses when SF is less than 1%.
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Figure 7. Markers show reported in vitro SF of HSGc-C5 cells for different LETs of pristine (a) 4He-,
(b) 12C-, (c) 16O-, and (d) 20Ne-ion beams [15]. The lines represent the fitted survival curves based
on the LQ model (solid lines: curves fitted with α and β set as free parameters; broken lines: curves
fitted with α set as a free parameter and the constant β = 0.0474 Gy−2).

It should be mentioned that MK model parameters for HSGc-C5 cells determined
in this study are somewhat different from those of Inaniwa et al. [15] for two reasons.
First, the sensitive volume of the SOI MicroPlus-mushroom microdosimeter (a thickness of
10 µm and a diameter of 18 µm) is approximately the size of cell nucleus (~10 µm). The
sensitive volume size of microdosimeter is higher than the domain size, which leads to
different stochastic energy deposition spectra determined by the amorphous track structure
model with an rd of 0.34 µm [37], but a less affecting difference in lineal energy spectra,
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as calculated by TPS and measured by SOI MicroPlus-mushroom microdosimeter, and
the corresponding values of y*. Second, the model used in the TPS predicting biological
response is the stochastic MK (SMK) model [13–15], which is an updated version of the
MK model. The SMK model has been introduced because the MK model overestimates
the biological effect at a high LET and a high dose. Although the biological effects at a
relatively high LET or relatively high doses are not evaluated in this study (compared
to Figure 3 in [13]), it can be seen that the MK model overestimates the biological effects
at LET = 194.8 keV/µm in 20Ne ions in Figure 2d. Meanwhile, a solid-state detector that
can measure the specific energy experimentally using the method of the SMK model has
not yet been developed. The SMK model takes into account that a cell nucleus specific
energy, zn, can be stochastically different while the MK model considers that zn is the
same. The SMK model might benefit from having solid state microdosimeters with many
independent mushrooms and ~0.5 µm domains inside of each mushroom and measuring
zn independently in both the domain and the mushroom [38].

We found that the RBE values predicted based on the measured dose and the micro-
dosimetric lineal energy spectra are consistent with the values planned by the TPS except
for the fragmentation tail regions (Figure 5). One of the probable reasons for the RBE incon-
sistency downstream of the SOBP is the setting of the low energy threshold value of the
SOI detector used. The SOI MicroPlus-mushroom microdosimeter we used is suitable for
measuring a lineal energy y higher than ~1 keV/µm for 4He ions (using medium gain) and
~2.2 keV/µm for 12C, 16O, and 20Ne ions (using low gain). In the fragmentation tail regions
with many low LET particles below the energy threshold (see Figure 3), the measured y*

values could be higher than the actual values. To overcome the single gain measurements
with the SOI-based microdosimeter, Conte et al. [39] introduced an extrapolation approach
that can lower the energy threshold by linearly extrapolating the measured spectrum up
to ~0.01 keV/µm. This extrapolation approach could be one possible solution and may
yield better results, but their approach was not adopted in this study. In our Monte Carlo
simulation, the deposited energy of the entire electrons absorbed in the cylindrical volume
used in the measurement was calculated to be approximately ~20 keV (Si) (see Figure A1a).
As mentioned in Section 2.2, since the LLD in our system is ~50 keV (Si) at low gain and
~15 keV (Si) at medium gain, the electron has no effect on the measurement result in 12C,
16O, and 20Ne ions, but there may be little effect in 4He ions.

One of the drawbacks of this study is that this study did not evaluate the effect of
the size of the sensitive volume of the SOI microdosimeter. Different sizes of detectors
result in different measured energies. Kase et al. [8] showed that there was no significant
difference in derived y* across carbon ion SOBP in their study using a spherically walled
tissue-equivalent proportional counter (TEPC) with tissue-equivalent diameters ranging
from 0.1 to 6 µm. The rd of 0.42 µm using a TEPC with a tissue-equivalent diameter of 1 µm
obtained in their study matched well to the rd of 0.43 µm derived in our study, while the
cylindrical SV of the SOI MicroPlus-mushroom microdosimeter was 18 µm in diameter
and 10 µm thick. This supports the fact that the lineal energy spectra and derived yD
match well to the yD obtained from measurements with the TEPC for the studied ions
and their energies. This study justified the application of an SOI MicroPlus-mushroom
microdosimeter for the verification of TPS based on the MK model.

5. Conclusions

We determined the MK model parameters α0, Rn, and rd by minimizing the variance
between the reported in vitro SFs of HSGc-C5 cells exposed to monoenergetic 4He-, 12C-,
16O-, and 20Ne-ion beams and the calculated SF values based on the measured microdosi-
metric lineal energy spectra of these ion beams, when the β value obtained from 200 kVp
X-rays SF studies was adopted. For the SOBP of 4He-, 12C-, 16O-, and 20Ne-ion scanning
beams, planned by the TPS to attain a 10% SF of the HSGc-C5 cells over the target, the micro-
dosimetric spectra were measured along the SOBP utilizing the SOI MicroPlus-mushroom
microdosimeter. The SF of HSGc-C5 cells exposed to each SOBP of the beam was able to be
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estimated based on the measured doses and microdosimetric lineal energy spectra. Our
result proved that the SOI MicroPlus-mushroom microdosimeter is capable of predicting
the biological response of HSGc-C5 cells for each ion beam in conjunction with the y*-based
MK model and can be used for RBE-related beam quality assurance in multi-ion therapy.
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Figure A1. (a) Geant4-simulated spectrum of energy deposition in a silicon cylinder 18 μm in di-
ameter and 10 μm thick located behind 10 mm PMMA and irradiated with a 170.5 MeV/u 12C-ion 
beam (contribution from a direct C ion beam and from fragments with mass atomic number 1 to 
10 are colour coded). (b) Gaussian fitting (red line) of the carbon peak in a spectrum in (a). (c) En-
ergy-deposited spectrum from a 12C-ion beam of the same energy measured by the SOI MicroPlus-
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Figure A1. (a) Geant4-simulated spectrum of energy deposition in a silicon cylinder 18 µm in diameter
and 10 µm thick located behind 10 mm PMMA and irradiated with a 170.5 MeV/u 12C-ion beam
(contribution from a direct C ion beam and from fragments with mass atomic number 1 to 10 are colour
coded). (b) Gaussian fitting (red line) of the carbon peak in a spectrum in (a). (c) Energy-deposited
spectrum from a 12C-ion beam of the same energy measured by the SOI MicroPlus-mushroom
microdosimeter with low gain settings when located behind 10 mm PMMA (Gaussian fitting (red
line) of the carbon portion is shown.).
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Figure A2. Energy calibration curves of (a) low gain and (b) medium gain. Standard deviation
representing Gaussian fitting errors are included. Note that, at low gain, only ions other than 4He
ions are shown because 4He ions with an energy of 170.5 MeV/u are not measurable at low gain for
the LLD setting used.
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