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1.  Introduction

Carbon-ion radiotherapy has attracted growing interest due to its promising clinical results (Tsujii and Kamada 
2012) originating from the increasing relative biological effectiveness (RBE) at the Bragg peak of carbon-ion 
beams as well as their advantageous depth-dose profile. Recently, several groups have investigated the potential 
of other ion beams, helium- (Krӓmer et al 2016, Tessonnier et al 2017a, 2017b), oxygen- (Kurz et al 2012, Sokol 
et al 2017, Tessonnier et al 2017a, 2017b), and neon-ion beams (Inaniwa and Kanematsu 2018) to effectively 
treat tumors with different radiation sensitivities against different ion species. In addition, the beam delivery 
of multiple ion species in a single treatment session has been investigated to maximize the therapeutic effects 
of charged-particle beams (Böhlen et al 2012, 2013, Krӓmer et al 2014, Inaniwa et al 2017). Hypo-fractionated 
treatments with high fractionated doses have also been investigated to reduce the patient burden caused by 
a prolonged treatment period (Miyamoto et al 2003, Kanai et al 2006, Tsujii and Kamada 2012). For further 
development of charged-particle therapy, we have initiated a development project for hypo-fractionated  
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Abstract
The National Institute of Radiological Sciences (NIRS) has initiated a development project for 
hypo-fractionated multi-ion therapy. In the treatment, heavy ions up to neon ions will be used as 
a primary beam, which is a high linear energy transfer (LET) radiation. The fractionated dose of 
the treatment will be 10 Gy or more. The microdosimetric kinetic (MK) model overestimates the 
biological effectiveness of high-LET and high-dose radiations. To address this issue, the stochastic 
microdosimetric kinetic (SMK) model has been developed as an extension of the MK model. By 
taking the stochastic nature of domain-specific and cell nucleus-specific energies into account, the 
SMK model could estimate the biological effectiveness of radiations with wide LET and dose ranges. 
Previously, the accuracy of the SMK model was examined by comparison of estimated and reported 
survival fractions of human cells exposed to pristine helium-, carbon-, and neon-ion beams. In this 
study, we verified the SMK model in treatment planning of scanned helium-, carbon-, oxygen-, and 
neon-ion beams as well as their combinations through the irradiations of human undifferentiated 
carcinoma and human pancreatic cancer cells. Treatment plans were made with the ion-species 
beams to achieve a uniform 10% survival of the cells within a cuboid target. The planned survival 
fractions were reasonably reproduced by the measured survival fractions in the whole region from 
the plateau to the fragment tail for all planned irradiations. The SMK model offers the accuracy and 
simplicity required in hypo-fractionated multi-ion therapy treatment planning.
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multi-ion therapy. To practice the new treatment, the biological effectiveness of various ion species in wide ranges 
of linear energy transfer (LET) and dose has to be predicted for individual clinical cases based on biological 
models (Kanai et al 1999, Krämer and Scholz 2000, 2006, Inaniwa et al 2015b).

The microdosimetric kinetic (MK) model is a biological model to predict the biological effectiveness of radi-
ations from the specific energy zd absorbed by a microscopic subnuclear structure ‘domain’ (Hawkins 1994, 
1996). By introducing the saturation correction to the domain-specific energy zd, the MK model has been suc-
cessfully used in clinical treatments of carbon-ion radiotherapy (Kase et al 2006, Inaniwa et al 2010, 2015b, Sato 
et al 2011). The MK model gives reasonable prediction of biological effectiveness for most clinical cases. How-
ever, when the model was applied to high-LET and high-dose radiations, it overestimated the biological effective-
ness of the radiations (Sato and Furusawa 2012, Manganaro et al 2017, Chen et al 2018). In the MK model, the 
stochastic nature of domain-specific energy zd is taken into account to predict the cell survival fraction, while 
the stochastic nature of the cell nucleus-specific energy zn is ignored by assuming a constant value of zn for all 
cell nuclei in a cell population, which is equivalent to the macroscopic dose D delivered to the population. Sato 
and Furusawa (2012) pointed out that the overestimation in biological effectiveness is induced by the intrinsic 
ignorance of the stochastic nature of zn in the MK model. To address this issue, they numerically solved the 
fundamental equations of the MK model taking into account the stochastic nature of specific energies both in a 
domain zd and a cell nucleus zn, and named the procedure the stochastic microdosimetric kinetic (SMK) model. 
The SMK model-based calculation was accurate, but it was computationally intensive both in time and memory 
space requirements to deal with the stochastic natures in zd and zn, making the model difficult to use in daily clini-
cal practice. Inaniwa and Kanematsu (2018) developed a computational method with a shorter computation 
time and a reduced memory space to calculate the biological effectiveness of charged particle beams based on the 
SMK model in treatment planning software. They evaluated the accuracy of the SMK model with the developed 
computational method by comparing the estimated and measured survival fractions of human salivary gland 
tumor (HSG) cells and V79 cells exposed to pristine helium-, carbon-, and neon-ion beams reported by Furu-
sawa et al (2000).

In the present study, we verified the SMK model in treatment planning of helium-, carbon-, oxygen-, and 
neon-ion beams or combinations of them through cell irradiation experiments of two human cell lines for the 
hypo-fractionated multi-ion therapy.

2.  Materials and methods

2.1.  SMK model
In the SMK model, the survival fraction of cells S exposed to radiation of macroscopic dose D is predicted from 
the specific energy imparted to a domain zd, the saturation-corrected specific energy imparted to a domain z′d, 
and the specific energy imparted to a cell nucleus zn by the radiation, taking stochastic natures of these quantities 
into account as

S (D) = exp
(
−αSMKD − βSMKD2

) ï
1 + D
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2
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Inaniwa and Kanematsu (2018), where α0 and β0 are α and β parameters of the linear-quadratic model in the 
limit of LET  =  0, z̄d,D, z̄∗d,D and z̄n,D are the dose averaged values of zd, z′d and zn per event, respectively. The 
saturation-corrected domain-specific energy z′d is given by
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with the saturation parameter z0 representing the decrease in the number of complex DNA damages per dose at 
the high-LET regions (Hada and Georgakilas 2008).

2.2.  Setup for the SMK model-based treatment planning
2.2.1.  SMK model parameters
For the estimation of the cell survival fraction based on the SMK model, the following five parameters are 
requisites: α0 in (2), β0 in (2) and (3), the saturation parameter z0 in (4), and the radii of domain rd and cell 
nucleus Rn. The domain radius rd is used to derive z̄d,D and z̄∗d, D, and the nucleus radius Rn is used to derive 
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z̄n,D. These parameters depend only on the cell line, and they are independent of the radiation type. We assumed 
Rn  =  8.1 µm for all human cell lines following our previous study (Inaniwa and Kanematsu 2018), while the 
other parameters were determined from measured cell survival curves in this study.

2.2.2.  Cell irradiations
To determine the numerical values of α0, β0, z0, and rd, we measured cell survival curves of two human cancer 
cells: human undifferentiated carcinoma cells from the mouth floor distributed by the JCRB Cell Bank in the 
National Institutes of Biomedical Innovation, Health and Nutrition (Cell name, HSGc-C5; Cell No., JCRB1070) 
and pancreatic cancer cells distributed by the RIKEN BioResource Center Cell Bank (Cell name, MIA PaCa-2; 
Cell No., RCB2094). The HSGc-C5 cells were cultured in Eagle’s minimum essential medium (MEM) containing 
kanamycin (60 mg l−1), supplemented with 10% fetal bovine serum (FBS, Lot# 160418-03, Equitech-Bio, Inc., 
Kerrville, TX) in an incubator at 5% CO2 and 37 °C. The MIA PaCa-2 cells were cultured in D-MEM (High 
Glucose) with L-glutamine, phenol red and sodium pyruvate (043-30085, FUJIFILM Wako Pure Chemical 
Corporation, Osaka, Japan), supplemented with 10% fetal bovine serum (FBS, Gibco Lot# 42F3483K, Thermo 
Fisher Scientific, Waltham, MA) and 1% of penicillin-streptomycin solution (×100) (168-23191, FUJIFILM 
Wako Pure Chemical Corporation, Osaka, Japan) in an incubator at 5% CO2 and 37 °C.

Both cells obtained in a frozen vial from the cell bank were thawed out and sub-cultured twice in a 75 cm2 
plastic culture flask (Cell Culture Flask, Falcon 353135, Corning Inc., Corning, NY) at a density of 106 per flask. 
The expanded stock culture was frozen and subdivided into polypropylene vials (Wheaton 985731, Millville, NJ) 
in liquid nitrogen until use. The frozen stocked cells were thawed in a water bath at 37 °C for irradiation, then 
inoculated and subcultured in the 75 cm2 plastic flask until they reached a confluent state. The following day, 
the cells were trypsinized and subcultured again onto 12.5 cm2 plastic culture flasks (Cell Culture Flask, Falcon 
353018, Corning Inc.) at a density of 2  ×  106 cells per dish 2 ds before irradiation. The plating efficiencies of the 
cells for colony formation on a 60 mm or 100 mm plastic dish (Tissue Culture Dish, Falcon 353001 or 353003, 
Corning Inc.) were around 80% for HSGc-C5 cells and 60% for MIA PaCa-2 cells.

All cell irradiation experiments were performed using the pencil beam scanning system at the NIRS (Furu-
kawa et al 2010). Figure 1 shows the experimental setup. The 12.5 cm2 plastic culture flasks were set behind poly-
methyl methacrylate (PMMA) slabs of given thicknesses. Pristine helium-, carbon-, oxygen-, and neon-ion 
beams were scanned perpendicularly to make a uniform square field of 10  ×  10 cm2 at the isocenter plane to 
sufficiently cover the flasks. The dose-averaged LET of each ion-species beam at the cell sample was adjusted at 
four or five different values by changing the beam energy and thickness of the PMMA slab up to 4 mm. These LET 
values were determined by a Geant4-based Monte Carlo simulation (Agostinelli et al 2003) of the beams imping-
ing on a PMMA phantom at the corresponding residual ranges in PMMA. The dose-averaged LET was used as an 
index of spectrum information of the radiations, thought the quantity dose not accurately link to the biological 
effectiveness of the radiations (Grün et al 2019). For each ion species and LET, delivered dose levels were varied 
from 0.5 Gy to 5 Gy to measure the survival curves for the cells. The applied dose was controlled with a dose moni-
tor of the irradiation system, which was calibrated against the calibrated Markus ion chamber (Type 34045, PTW, 
Freiburg, Germany) for each ion species and LET. The wall thickness of the Markus ion chamber was adjusted to 
1.0 mm in PMMA, which equals to the PMMA-equivalent thickness of the 12.5 cm2 plastic culture flask.

All cell irradiation experiments for determining the SMK model parameters were performed once. Within 
30 min after the irradiations, the cells were rinsed with phosphate buffered saline, trypsinized and then a suitable 
number of cells was plated onto 6 cm-diameter plastic culture dishes (Cell Culture Dish, Falcon 353002, Corning 
Inc.) to make 60–70 colonies per dish. The colonies were fixed and stained with 20% methanol and 0.2% crystal 
violet after a 14 d incubation in an incubator at 5% CO2 and 37 °C. Three replicate dishes were seeded for each 
data point and colonies consisting of more than 50 cells were scored as survivors.

2.2.3.  Determination of the SMK model parameters
To estimate the survival fractions of the HSGc-C5 and MIA PaCa-2 cells for the experiments with the pristine 
beams, we followed the computation procedures described elsewhere (Inaniwa et  al 2010, Inaniwa and 
Kanematsu 2018). The sensitive volumes of the domain and cell nucleus were assumed as cylinders of water with 
radii rd and Rn, and lengths 2rd and 2Rn, respectively. The incident ions traversed through the sensitive volumes 
along the direction parallel to the cylindrical axis. The radial dose distribution around the trajectory of the ions 
with the LET was described by the Kiefer-Chatterjee amorphous track structure model (Chatterjee and Schaefer 
1976, Kiefer and Straaten 1986, Kase et al 2006). The specific energy deposited in a single event was an energy 
deposition in the sensitive volume from an ion track. For simplicity, we assumed a monoenergetic spectrum 
of helium-, carbon-, oxygen-, and neon-ion beams with the estimated LETs, unlike the actual experiments 
where the PMMA slabs of  ⩽4 mm in thickness were used to adjust the LETs. Under an assumption of a uniform 
distribution for the ion traversal through the sensitive volumes, we determined z̄d,D, z̄∗d,D, and z̄n,D absorbed by 
the domain and nucleus for the radiations. Then, for given SMK model parameters α0, β0, z0, rd, and Rn, the 
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survival fraction of the cells exposed to the pristine beams of the four ion species could be estimated based on the 
SMK model with (1).

The SMK model parameters for each cell line were determined by minimizing the total square deviation of 
log10S

χ2 =
n∑

i=1

[log10 (Sm,i)− log10 (Se,i)]

2

� (5)

by changing the SMK model parameters other than Rn in a step-by-step manner, where Sm,i and Se,i are the 
measured and estimated survival fractions under the ith irradiation condition specified by the ion species, LET, 
and dose level, and n  =  100 and 80 were the numbers of data points in the cell irradiation experiments used in the 
least squares regression for the HSGc-C5 and MIA PaCa-2 cell lines, respectively. The parameter values of α0, β0, 
z0, and rd were changed in 0.001 Gy−1, 0.0001 Gy−2, 0.1 Gy, and 0.01 µm steps, respectively, to achieve the best fit 
to the measured survival fractions.

2.2.4.  Beam modeling for SMK model based treatment planning
For SMK model based treatment planning, we generated pencil beam data for helium-, carbon-, oxygen-, and 
neon-ion beams for the HSGc-C5 and MIA PaCa-2 cells using the determined SMK-model parameters in 
2.2.3. In the pencil beam scanning (Haberer et al 1993), the Bragg peak of a narrow pencil beam is delivered 
to positions, referred to as ‘spots’, across the target volume with varying spot weights. To calculate the cell 
survival distribution in patient by charged-particle therapy treatment planning, distributions of dose, z̄d,D, z̄∗d,D, 
and z̄n,D of the pencil beam delivered to the spots (beamlets) have to be calculated. In our treatment planning 
software, the distributions of dose, ̄zd,D, ̄z∗d,D, and ̄zn,D for pencil beams in water were predetermined with the dose 
measurements combined with the Monte Carlo simulations for particle spectrum distribution and the Kiefer–
Chatterjee track structure model for radial dose distribution around the trajectory of the particles (Inaniwa 
et al 2010, 2014, Inaniwa and Kanematsu 2018). The distributions in water were then modeled with the triple-
Gaussian trichrome model (Inaniwa and Kanematsu 2015), and registered in the software as pencil beam data. 
The data are used for the calculations in patients with density scaling using stopping power ratio of body tissues 
to water to calculate the distributions of dose, ̄z∗d,D, ̄z∗d,D, and ̄zn,D of the beamlets in each treatment plan (Inaniwa 
and Kanematsu 2018).

2.3.  Cell irradiations for validation of the SMK model
For the validation of the SMK model, single- and multi-ion beams treatment plans were made with the in-house 
treatment planning software for scanned charged-particle therapy (Inaniwa and Kanematsu 2018).

2.3.1.  Cell irradiations with single-ion beams
To verify the SMK model in charged-particle therapy treatment planning of helium-, carbon-, oxygen-, and 
neon-ion beams, we performed cell irradiation experiments using the pencil beam data generated in 2.2.4. We 
defined a cuboid target of 10  ×  10  ×  6 cm3 centered at 11.6 cm depth in a PMMA phantom. The survival fraction 
of 10% for the HSGc-C5 and MIA PaCa-2 cells was prescribed to the target with helium-, carbon-, oxygen-, and 
neon-ion beams. The spots were arranged on regular grids of 3 mm spacing, which covered the target volume 
with adequate margins for lateral and distal falloffs. The number of ions delivered to each spot (spot weight) was 

Figure 1.  Side view of the cell irradiation setup. The HSGc-C5 or MIA PaCa-2 cells seeded in a 12.5 cm2 plastic culture flask were set 
just behind the PMMA slabs of given thicknesses and exposed to scanned ion beams.
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determined by the optimization algorithm of the treatment planning software (Inaniwa et al 2014, Inaniwa and 
Kanematsu 2015, 2018). For the dose calculations, the dose calculation errors due to water-nonequivalence of the 
PMMA in inelastic nuclear interactions were accounted for by the dedicated correction method (Inaniwa et al 
2015a, 2020).

The cell culturing methods and experimental setup were the same as those described in 2.2.2. The thickness 
of the PMMA slabs upstream from the 12.5 cm2 plastic culture flask was varied to adjust the depth for the cell 
irradiation within the irradiation field. For depth-survival curve measurements, we chose 12 different depths 
including six depths in the target volume. All depth-survival curve measurements were repeated twice on differ-
ent days. The irradiation time for each field was 1–3 min.

2.3.2.  Cell irradiations with multi-ion beams
To verify the SMK model in multi-ion therapy treatment planning, we made treatment plans of helium- and 
oxygen-ion beams and of carbon- and neon-ion beams. The survival fraction of 10% for the HSGc-C5 and MIA 
PaCa-2 cells was prescribed to the same target in the PMMA phantom.

In the treatment plans for the HSGc-C5 cells, two ion-species fields were designed sequentially as follows: 
(a) the first field was designed with the helium- (carbon-) ion beam to obtain a survival fraction of 41.6% corre
sponding to x-ray dose of 2.40 Gy within the target, and (b) the second field was designed with the oxygen- 
(neon-) ion beam superposed on the first field to obtain the cumulative survival of 10.0% corresponding to x-ray 
dose of 4.80 Gy within the target. The survival curve of the HSGc-C5 cells exposed to a 200 kVp x-ray is shown in 
supplemental figure S1 (available at stacks.iop.org/PMB/65/045005/mmedia). During the spot-weights optim
ization of the second field, the spot weights of the first field were fixed. This dose prescription procedure including 
the half-dose prescription to the first field follows clinical practice of carbon-ion radiotherapy in multiple-fields 
sessions. Two ion-species fields were designed sequentially as well in the treatment plans for the MIA PaCa-2 
cells with the prescribed survival levels in the target of 55.9% for the first field and the cumulative prescribed sur-
vival of 10.0% for the second fields, respectively, corresponding to x-ray doses of 2.19 and 4.37 Gy. The survival 
curve of the MIA PaCa-2 cells exposed to a 200 kVp x-ray is shown in supplemental figure S2. The time interval 
between the first and the second field irradiations was within 30 min for all plans. The temperature around the 
cells was 25 °C  ±  1.5 °C during the experiments. The effect of sub-lethal damage repair during the experiment 
on the cell survival fraction should be insignificant (Inaniwa et al 2013).

By setting a Markus ion chamber behind the PMMA slabs, we measured the depth-dose distributions along 
the central beam axis for all the irradiation fields.

3.  Results

3.1.  Determination of the SMK model parameters
Figures 2 and 3 show the measured survival fractions of the HSGc-C5 and MIA PaCa-2 cells exposed to pristine 
helium-, carbon-, oxygen-, and neon-ion beams at different LETs. For the beams with LET <∼160 keV µm−1, the 
higher the LET of the beams, the lower the survival fraction was at a given dose level for both cell lines. For the 
beams with LET >∼160 keV µm−1, however, the survival fraction at a given dose turned upwards to higher values 
due to the overkill effect. The variation in the dose response with LET was larger for the HSGc-C5 cells compared 
to the variation for the MIA PaCa-2 cells.

Table 1 shows the SMK model parameters determined to reproduce the measured cell survival fractions for 
the HSGc-C5 and MIA PaCa-2 cells. The values of the determined parameters differed greatly between the two 
cell lines. Figures 2 and 3 also show the estimated cell survival fractions using the SMK model parameters of the 
table for the HSGc-C5 and MIA PaCa-2 cells, respectively. For both cell lines, the SMK model reproduced the 
measured cell survival fractions with reasonable accuracy over wide dose and LET ranges for all ion species.

3.2.  Validation of the SMK model
3.2.1.  Cell irradiations with single-ion beam
Figure 4 shows the comparisons between the measured and planned survival profiles of the HSGc-C5 cells as a 
function of depth in PMMA phantom exposed to the cuboid fields of helium-, carbon-, oxygen-, and neon-ion 
beams. The planned survival profiles were reproduced by the measured survival fractions in the whole region 
from the plateau to the fragment tail. The average values of measured survival fractions within the target were 
10.3%, 10.0%, 10.1%, and 10.1% for helium-, carbon-, oxygen-, and neon-ion beams, respectively. These values 
corresponded to the x-ray doses of 4.76, 4.80, 4.79, and 4.79 Gy, respectively, for the HSGc-C5 cells. The measured 
dose profiles for the fields of HSGc-C5-cell irradiations are shown in supplemental figures S3–S6, respectively. 
Figure 5 shows the comparisons between the measured and planned survival profiles of the MIA PaCa-2 cells. 
The average values of measured survival fractions within the target were 10.4%, 10.3%, 10.4%, and 10.5% 
for the ion-species beams, which corresponded to x-ray doses of 4.33, 4.34, 4.33, and 4.32 Gy, respectively, for 
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the MIA PaCa-2 cells. The measured dose profiles for the fields of MIA PaCa-2-cell irradiations are shown in 
supplemental figures S7–S10, respectively. A systematic underestimation in survival fractions was observed at 
the plateau region of the neon-ion field. The planned survival fraction at the entrance was 19.3% (x-ray dose of  
3.69 Gy), while the measured survival fraction at the position was 23.3% (x-ray dose of 3.47 Gy).

3.2.2.  Cell irradiations with multi-ion beam
The measured survival profiles of the HSGc-C5 and MIA PaCa-2 cells exposed to the multi-ion beams are shown 
in figures 6 and 7, respectively, as a function of depth in PMMA phantom, along with the dose profiles of the 
constituent ion-species beams. The planned dose profiles were reproduced by the measured dose profiles in 
PMMA phantom within an accuracy of 1.5% in the whole region for all ion-species fields owing to the nuclear 
interaction correction methods developed and validated for helium-, carbon-, oxygen-, and neon-ion beams 
(Inaniwa et al 2015a, 2020). The planned survival profiles were also reproduced by the measured survival profiles 
in the whole region for both multi-ion plans and for both cell lines. For the HSGc-C5 cells (figure 6), the average 
values of measured survival fractions within the target were 10.2% and 10.0% for the helium-and-oxygen and 
carbon-and-neon ion plans, which corresponded to x-ray doses of 4.77 and 4.80 Gy, respectively. For the MIA 
PaCa-2 cells (figure 7), the average values of measured survival fractions within the target were 10.2% and  
10.3% for the helium-and-oxygen and carbon-and-neon ion plans, which corresponded to x-ray doses of 
4.35 and 4.34 Gy, respectively. The reproducibility of the survival profiles measured on different days was high 
especially for the HSGc-C5 cells.

4.  Discussion

The SMK model for charged-particle therapy treatment planning with helium-, carbon-, oxygen-, and neon-ion 
beams was verified through the cell irradiation experiments of two human cell lines. By optimally determining 
the SMK model parameters, the survival fractions of the cells exposed to the pristine beams at different LETs 

Figure 2.  The measured (symbols) survival fractions of HSGc-C5 cells exposed to pristine (a) helium-, (b) carbon-, (c) oxygen-, 
and (d) neon-ion beams at different LETs described in legends, compared with the estimations based on the SMK model (solid 
curves) using the SMK model parameters shown in table 1.

Phys. Med. Biol. 65 (2020) 045005 (11pp)
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could be estimated in wide ranges of dose. The utilized human cell lines, the HSGc-C5 and MIA PaCa-2 cells, 
represented largely different radiation sensitivities. They are considered as two extreme human cell lines. Thus, 
the SMK model should be applicable to predict survival fractions of most human cells exposed to the radiations 
with wide LET and dose ranges. Treatment plans were made with the single-ion beams or combinations of the 
beams of two ion species to achieve a 10% survival of the cells within a cuboid target in a PMMA phantom. 
The planned survival distributions to a cuboid target in the PMMA phantom were reasonably reproduced by 
the measured cell survival fractions for all treatment plans. A small but systematic underestimation in survival 
fractions was observed at the plateau region of the neon-ion field for MIA PaCa-2 cells (figure 5(d)). The effect 
due to not correcting the parameter Rn for radiosensitivity by assuming a constant value of 8.1 µm might be a 
reason for this observed underestimation. Inaccuracy of the SMK model parameters as well as that of the track 
structure model assumed in this study might be other reasons. The limitation of the SMK model might possibly 
be another reason. The investigation of the reasons is a task for the future.

The SMK model parameters determined for the HSGc-C5 cells in this study were different from the param
eters determined previously (Inaniwa and Kanematsu 2018) for HSG cells using the reported cell survival 
fractions by Furusawa et  al (2000): α0 = 0.174 Gy−1, β0 = 0.0568 Gy−2, z0 = 66.0 Gy, and rd = 0.28µm. 
This discrepancy in parameter values might be due to the change in radiosensitivity of the HSG cell line over 
time. For example, the 10% survival dose of HSG cells for 200 kVp x-rays measured by Furusawa et al (2000) 

Figure 3.  The measured survival fractions of MIA PaCa-2 cells (symbols) exposed to pristine (a) helium-, (b) carbon-, (c) oxygen-, 
and (d) neon-ion beams at different LETs described in legends, compared with the estimations based on the SMK model (solid 
curves) using the SMK model parameters shown in table 1.

Table 1.  The SMK model parameters determined from the least-square fitting of the measured cell survival fractions of the HSGc-C5 and 
MIA PaCa-2 cells exposed to pristine helium-, carbon-, oxygen-, and neon-ion beams at different LETs. The radius of the cell nucleus, Rn, 
was assumed to be 8.1 µm for both human cell lines.

Cell line α0 (Gy−1) β0 (Gy−2) z0 (Gy) rd (µm)

HSGc-C5 0.051 0.0564 53.0 0.34

MIA PaCa-2 0.001 0.1067 24.0 0.46

Phys. Med. Biol. 65 (2020) 045005 (11pp)
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Figure 4.  The measured survival fractions of HSGc-C5 cells (symbols) exposed to (a) helium-, (b) carbon-, (c) oxygen-, and (d) 
neon-ion fields as a function of depth in PMMA phantom, compared with the planned survival profiles based on the SMK model 
(solid curves). The survival fractions measured on different days are plotted with different symbols, i.e. open circles and open 
triangles.

Figure 5.  The measured survival fractions of MIA PaCa-2 cells (symbols) exposed to (a) helium-, (b) carbon-, (c) oxygen-, and 
(d) neon-ion fields as a function of depth in PMMA phantom, compared with the planned survival profiles based on the SMK 
model (solid curves). The survival fractions measured on different days are plotted with different symbols, i.e. open circles and open 
triangles.

Phys. Med. Biol. 65 (2020) 045005 (11pp)
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was 4.04 Gy (αx = 0.331 Gy−1, βx = 0.0593 Gy−2). This value was somewhat lower than the value of 4.80 Gy 
(αx = 0.252 Gy−1, βx = 0.0474 Gy−2) measured during the period of this study (supplemental figure S1).

As shown in figures 4 and 5, the difference in survival fractions at the entrance and at the target was larger for 
lighter ions, showing the maximum in the helium ion beams for both cell lines. The helium-ion beam may be 

Figure 6.  Comparisons of measured (symbols) and planned (curves) dose profiles along central beam axis of constituent two ion 
beams (a) and (c), and survival profiles of the HSGc-C5 cells exposed to the two beams of different ion species (b) and (d). Panels 
(a) and (b) are for helium- and oxygen-ion beams, and panels (c, d) are for carbon- and neon-ion beams. The survival fractions 
measured on different days are plotted with different symbols, i.e. open circles and open triangles.

Figure 7.  Comparisons of measured (symbols) and planned (curves) dose profiles along central beam axis of constituent two ion 
beams (a) and (c), and survival profiles of the MIA PaCa-2 cells exposed to the two beams of different ion species (b) and (d). Panels 
(a) and (b) are for helium- and oxygen-ion beams, and panels (c) and (d) are for carbon- and neon-ion beams. The survival fractions 
measured on different days are plotted with different symbols, i.e. open circles and open triangles.
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superior to other heavier ion beams for controlling some human tumor cells under an aerobic condition (Burigo 
et al 2015). The heavier ions with high LET are, however, more effective to control radioresistant tumors under a 
hypoxic condition (Scifoni et al 2013, Hirayama et al 2015). Combining multiple ion species in accordance with 
the radiation sensitivity of tumors and surrounding risk organs will be useful to maximize the therapeutic effects 
of charged-particle beams. The SMK model can be used for treatment planning of hypo-fractionated multi-ion 
therapy with wide LET and dose ranges.

5.  Conclusion

For the hypo-fractionated multi-ion therapy, we had previously developed the SMK model as an extension of 
the MK model clinically used in carbon-ion radiotherapy in Japan. In this study, we verified the SMK model for 
treatment planning of helium-, carbon-, oxygen-, and neon-ion beams as well as their combinations through cell 
irradiation experiments of two human cell lines. The survival fractions of the cells exposed to the pristine beams 
of four ion species at different LETs were measured by a colony-forming assay, and the SMK model parameters 
were determined for the cell lines. Treatment plans were made with the single-ion beams or combinations of the 
beams of two ion species to achieve a 10% survival of the cells within a cuboid target in a PMMA phantom. The 
planned survival profiles reasonably agreed with the measured survival fractions in the whole region from the 
plateau to the fragment tail for all planned irradiations. The difference between the corresponding x-ray doses 
averaged over the target and the prescribed dose was less than 1.5% for all plans. The SMK model offers the 
accuracy and simplicity required in multi-ion therapy treatment planning with wide LET and dose ranges.
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