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Abbreviations used in the article  

BWF = biological weighting function (Loncol et al., 1994) 

CAL = Centre Antoine Lacassagne (Nice, France) 

CATANA = Center for Hadron Therapy and Advanced Nuclear Applications (Catania, Italy) 

CCB = Centrum Cyklotronowe Bronowice at the Institute of Nuclear Physics (Krakow, Poland)  

CNAO = National Center for Oncological Hadron Therapy (Pavia, Italy) 

DNA = deoxyribonucleic acid 

GSI = Centre for Heavy Ion Research (Darmstadt, Germany) 

HIAF = Heavy Ion Accelerator Facility at the Australian National University (Canberra, Australia) 

HIMAC = Heavy Ion Medical Accelerator in Chiba (Chiba, Japan) 

IBWF = improved biological weighting function (this work) 

LDPE = low density polyethylene 

LET = linear energy transfer 

MGH = Massachusetts General Hospital (Boston, United States of America) 

modified MKM = modified microdosimetric kinetic model (Kase et al., 2006) 

OCL = Oslo Cyclotron Laboratory (Oslo, Norway) 

PHITS = Particle and Heavy Ion Transport code System (Sato et al., 2018) 

PIDE = Particle Irradiation Data Ensemble (Friedrich et al., 2013) 

PMMA = poly(methyl methacrylate) 

PMRC = Proton Medical Research Center (Tsukuba, Japan) 

RBE = relative biological effectiveness 

S = surviving fraction 

SOBP = spread out Bragg peak 

SRIM = Stopping and Range of Ions in Matter (Ziegler et al., 2010) 

TEPC = tissue equivalent proportional counter 

V79 cell line = Chinese hamster lung fibroblast 
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Abstract 

An improved biological weighting function (IBWF) is proposed to phenomenologically relate microdosimetric 

lineal energy probability density distributions with the relative biological effectiveness (RBE) for the in vitro 

clonogenic cell survival (surviving fraction = 10%) of the most commonly used mammalian cell line, i.e. the 

Chinese hamster lung fibroblasts (V79). The IBWF, intended as a simple and robust tool for a fast RBE 

assessment to compare different exposure conditions in particle therapy beams, was determined through an 

iterative global-fitting process aimed to minimize the average relative deviation between RBE calculations and 

literature in vitro data in case of exposure to various types of ions from 1H to 238U. By using a single particle- and 

energy- independent function, it was possible to establish an univocal correlation between lineal energy and 

clonogenic cell survival for particles spanning over an unrestricted linear energy transfer (LET) range of almost 

five orders of magnitude (0.2 to 15000 keV/µm in liquid water). The average deviation between IBWF-derived 

RBE values and the published in vitro data was ~14%.  

The IBWF results were also compared with corresponding calculations (in vitro RBE10 for the V79 cell line) 

performed using the modified microdosimetric kinetic model (modified MKM). Furthermore, RBE values 

computed with the reference biological weighting function (BWF) for the in vivo early intestine tolerance in mice 

were included for comparison and to further explore potential correlations between the BWF results and the in 

vitro RBE as reported in previous studies. The results suggest that the modified MKM possess limitations in 

reproducing the experimental in vitro RBE10 for the V79 cell line in case of ions heavier than 20Ne. Furthermore, 

due to the different modelled endpoint, marked deviations were found between the RBE values assessed using 

the reference BWF and the IBWF for ions heavier than 2H. 

Finally, the IBWF was unchangingly applied to calculate RBE values by processing lineal energy density 

distributions experimentally measured with 8 different microdosimeters in 19 1H and 12C beams at 10 different 

facilities (8 clinical and 2 research ones). Despite the differences between the detectors, irradiation facilities, 

beam profiles (pristine or spread out Bragg peak), maximum beam energy, beam delivery (passive or active 

scanning), energy degradation system (water, PMMA, polyamide or low density polyethylene), the obtained 
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IBWF-based RBE trends were found to be in good agreement with the corresponding ones in case of computer-

simulated microdosimetric spectra (average relative deviation equal to 0.8% and 5.7% for 1H and 12C ions 

respectively).  

 

1. Introduction 

Radiation effects on living entities are strongly related to the microscopic pattern of energy deposition at cellular 

and subcellular scale (Scholz, 2003), with the differences in the clustering of damages to the of deoxyribonucleic 

acid (DNA) damages (i.e. single and double strand breaks) currently considered as the main cause for initiating 

the processes which will finally determine the consequences of the exposure to different radiation qualities 

(McMahon and Prise, 2019). With the increasing use of charged particles for cancer radiotherapy (Durante and 

Paganetti, 2016), it appears of primary importance to quantify and model these effects for treatment planning, 

quality control and research purposes. While in case of proton radiotherapy the relative biological effectiveness 

(RBE) may be linearly-correlated with the unrestricted proton dose-mean linear energy transfer (LET) 

(Paganetti, 2014), for heavier particles more refined approaches are needed to account for the overkill effect 

and not-unique LET dependence of the RBE for different particles (Friedrich et al., 2013). Furthermore, in a 

similar way the specific radiosensitivity of the cell line and the biological endpoint should be considered in the 

calculations as well as the exposure conditions as the dose, the dose rate and the oxygen level.  

To this regard, many biophysical models such as the Gamma-kill and Ion-kill Cell Inactivation Theory (Katz et 

al., 1971), the Theory of Dual Radiation Action (TDRA, Kellerer and Rossi, 1974, Kellerer and Rossi, 1978), 

the Microdosimetric Kinetic Model (MKM, Hawkins, 1994, Hawkins, 2003), Biological Weighting Functions 

(BWFs, Loncol et al., 1994, Pihet and Menzel, 1999), the Local Effect Model (LEM, Scholz et al., 1997, Elsässer 

and Scholz, 2007, Elsässer et al., 2010), the RBE matrix (Wroe et al., 2009), the modified Microdosimetric 

Kinetic Model (modified MKM, Kase et al., 2006), the Repair-Misrepair-Fixation model (RMF, Carlson et al., 

2008, Frese et al., 2012, Guan et al., 2018), the Stochastic and Double-Stochastic Microdosimetric Kinetic 
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Models (SMKM and DSMKM, Sato and Furusawa, 2012, Sato and Hamada, 2014, Inaniwa and Kanematsu, 

2018), the Giant Loop Binary Lesion model (GLOBE, Friedrich et al., 2012, Friedrich et al., 2014), the 

Biophysical Analysis of Cell Death and Chromosome Aberrations model (BIANCA, Ballarini et al., 2013, 

Carante et al., 2018), the Nanodosimetry and Oxidative Stress model (NanOx, Cunha et al., 2017, Monini et al., 

2018), mechanistic models (McMahon et al., 2016, McMahon et al., 2017) and the Integrated Microdosimetric 

Kinetic Model (IMKM, Matsuya et al., 2018) were proposed to relate physical quantities (i.e. lineal energy or 

radial dose distribution) with biological endpoints such as DNA damage, chromosome aberration and cell 

survival. Considering tumor control probability, clonogenic cell survival is considered as the most clinically 

relevant endpoint and consequently it is the most frequently studied worldwide (Paganetti et al., 2019). Among 

all proposed models, those based on microdosimetry possess the advantage to deal with physical quantities such 

as the specific energy and the lineal energy whose probability density distributions are experimentally measurable 

(International Commission on Radiation Units and Measurements, 1983).  

The two most-commonly used microdosimetric approaches are the modified microdosimetric kinetic model 

(modified MKM, Kase et al., 2006, biological endpoint = in vitro cell survival) and the biological weighting 

function (BWF, Loncol et al., 1994, biological endpoint = in vivo early intestine tolerance). In the first case, 

although deviations between the modified MKM results and experimental in vitro data were preliminary observed 

and discussed for 56Fe ions with LET in water greater than 450 keV/µm (Kase et al., 2006), a detailed 

investigation of its performances for modeling the cell survival over a broad particle and energy range is still 

missing. Secondly, although a good correlation was found between the BWF results and the in vitro RBE for 

human tongue cell carcinoma (De Nardo et al., 2004 b), human melanoma cells (De Nardo et al., 2004 b), 

asynchronous Chinese hamster lung fibroblast V79 cells (Conte et al., 2019) and human glioblastoma U87 cells 

(Colautti et al., 2020) in case of proton exposures, for 12C ions a relevant RBE underestimation was reported in 

respect to simulations with the local effect model (LEM, Gerlach et al., 2002) and the correlation between the 

two data series (BWF results and in vitro RBE) was not further explored. 
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Thus, in this article the accuracy of the RBE10 calculations performed with modified MKM in case of the V79 

cell line was systematically benchmarked through a comparison against published in vitro cell survival data for 

ions up to 238U. The latter cell line was chosen because is the most frequently used and the most abundant in 

literature. Furthermore, it was investigated if the correlation between the BWF results and the in vitro RBE 

observed in case of proton exposures might hold also for heavier ions. Due to shortcomings in the obtained 

results, an upgraded approach making use of an improved biological weighting function (IBWF) is proposed to 

establish a phenomenological correlation between microdosimetric lineal energy spectra and the RBE10 in case 

of V79 cells exposed to ions ranging from 1H and 238U. The latter function was determined through an iterative 

process between computer simulated microdosimetric spectra in water and the published in vitro data. Finally, 

in order to preliminarily investigate the applicability of the IBWF to experimentally-measured microdosimetric 

lineal energy distributions, the IBWF was used in combination with microdosimetric spectra acquired with 8 

different gas- and solid- state detectors in different 1H and 12C beams. The RBE-vs-𝑦ത஽ trends, obtained for the 

different microdosimeter-exposure combinations, were compared to each other and benchmarked against the 

corresponding results of the aforementioned computer simulations. 
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2. Methodology 

2.1. Computer simulations 

All radiation transport simulations included in this work were performed using the Monte Carlo Particle and 

Heavy Ion Transport code System (PHITS) version 3.09 (Sato et al., 2018). The frequency- and dose- probability 

density of the lineal energy needed for the RBE calculations were assessed employing the microdosimetric 

analytical function (Sato et al., 2006) implemented in the PHITS [T-SED] tally. The analytical function was 

developed to reproduce the results of simulations performed using the track structure code TRACEL (Tomita 

et al., 1997) and validated against experimental data gathered with gas-based detectors in case of exposures to a 

wide range of ions (Schmollack et al., 2000, Tsuda et al., 2012), neutrons (Hu et al., 2020) and within clinical 

proton beams (Takada et al., 2017). More details on the development of the PHITS microdosimetric function 

can be found in Sato et al., 2006 and Sato et al., 2012.  

Monoenergetic beams (simulated energies = 0.1, 0.2, 0.3. 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 

30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000 MeV/n) of 1H, 2H, 3He, 4He, 11B, 

12C, 14N, 16O, 18F, 20Ne, 40Ar, 56Fe, 58Ni, 84Kr, 132Xe and 238U ions impinging on spheres of liquid water with 

diameter equal to 0.464 and 1 µm were simulated. The simulation cutoff was set to 1 keV/n for all ions. The 

stopping power values needed for both the computation of the lineal energy spectra with the PHITS 

microdosimetric analytical function and to calculate the ion energy loss were assessed with the ATIMA model 

(http://web-docs.gsi.de/~weick/atima) implemented in PHITS. A logarithmic binning from 10-3 to 107 

keV/µm with 50 bins per decade was used. The minimum energy deposition considered in the calculations with 

[T-SED]  was the one relative to one event of one ionization only (~10 eV). The diameter of simulated site was 

changed accordingly to the requirements of the employed model, being 0.464 µm for the modified MKM and 

1 µm for the BWF and IBWF approaches (more information can be found in Section 2.2 of this article).  

The dose-mean lineal energy (𝑦ഥ𝐷) was calculated as in Equation 1 (International Commission on Radiation 

Units and Measurements, 1983) , where d(y) is the dose density distribution of the lineal energy y in keV/µm. 
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𝑦ത஽ =  ∫ 𝑦 𝑑(𝑦) d𝑦
ାஶ

଴
                   (1) 

The LET in water was evaluated in the same computational domains using the PHITS [T-LET] tally. In this 

case, the unrestricted dose density distributions of the primary beam LET was assessed as function of the LET 

in a logarithmic binning from 10-2 to 106 with 50 bins per decade. Finally, the dose- mean LET (𝐿𝐸𝑇തതതതത
 ୈ) values 

were calculated using Equation 2, where d(LET) represents the primary-beam dose- probability density of the 

LET as function of the LET in keV/µm. The primary 𝐿𝐸𝑇തതതതത
 ୈ was assessed to ease the comparison between the 

results of the simulations and the in vitro data from the PIDE database (see paragraph 2.2.1), reported as a 

function of this quantity. 

𝐿𝐸𝑇തതതതത
 ஽  =  ∫ 𝐿𝐸𝑇 𝑑(𝐿𝐸𝑇) d𝐿𝐸𝑇 

ାஶ

଴
                        (2) 
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2.2. Biophysical modeling 

2.2.1. Experimental clonogenic survival data 

The experimental data needed for the benchmark of the biophysical models (modified MKM and BWF) and 

for the development of the IBWF were extracted from the Particle Irradiation Data Ensemble (PIDE, Friedrich 

et al., 2013) version 3.1. Because of their widespread utilization and representing by far the biggest dataset in 

PIDE, the cell survival curves of the normoxic unsynchronized V79 cell line (Chinese hamster lung fibroblast) 

were used in this study. The obtained dataset includes 267 data points from 34 publications (Aoki et al., 2000, 

Belli et al., 1998, Belli et al., 2008, Bird and Burki, 1975, Blomquist et al., 1993, Böhrnsen et al., 1993, Britten et 

al., 2013, Cox et al., 1977a, Cox et al., 1977 b, Doria et al., 2012, Folkard et al., 1989, Folkard et al., 1996, 

Furusawa et al., 2000, Furusawa et al., 2002, Gerelchuluun et al., 2015, Hall et al., 1972, Hall et al., 1977, 

Hirayama et al., 2009, Jenner et al., 1993, Jeynes et al., 2013, Perris et al., 1986, Prise et al., 1990, Raju et al., 

1991, Scholz, 2003, Schuff et al., 2002, Stenerlöw et al., 1995, Thacker et al., 1979, Tilly, 1999, Weber and Flentje, 

1993, Wouters et al., 1996, Wouters et al., 2015, Wulf et al., 1985, Zhou et al., 2006) for 16 ions (1H, 2H, 3He, 

4He, 11B, 12C, 14N 16O, 18F, 20Ne, 40Ar, 56Fe, 58Ni, 84Kr, 132Xe and 238U) spanning over a LET range from 

approximately 1 to 15000 keV/µm. Each data point is composed by the following quantities: the primary-beam 

unrestricted dose-mean LET (𝐿𝐸𝑇തതതതത
 ୈ), the linear and the quadratic terms of the survival curve fitted using the 

linear quadratic model (McMahon, 2018) in case of ion exposure (respectively 𝛼 and 𝛽) and for the reference 

photon exposure (𝛼୰ୣ୤ and 𝛽୰ୣ୤).  

The RBE was assessed using Equation 3 (adapted from Hawkins, 1994) where S is the surviving fraction used 

in the calculations (10% in this study). 

 

𝑅𝐵𝐸 (𝑆) =  
ఈ ା ඥఈమି ସ ఉ ୪୬ (ௌ)

ఈ౨౛౜ ା ටఈ౨౛౜
మ  ି ସ ఉ౨౛౜ ୪୬ (ௌ)

                            (3) 
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2.2.2. Modified microdosimetric kinetic model – modified MKM 

The original microdosimetric kinetic model (MKM, Hawkins, 2003) was modified by Kase et al., 2006 by 

introducing in its formalism the concept of saturation corrected lineal energy (International Commission on 

Radiation Units and Measurements, 1983) to account for the overkill effect. The linear term of the linear 

quadratic model (𝛼) can be assessed using Equation 4 (Kase et al., 2006) 

𝛼 =  𝛼 ଴ +  𝛽 ୰ୣ୤ 𝑧 ̅ଵ஽,ௗ
∗                   (4) 

where 𝛼଴ is a constant representing the initial slope of the survival curve in the limit of LET  0,  ß ref is the 

quadratic term of the linear quadratic model in case of the reference photon exposure and  z̅ 1D, d
*  is the single-

event saturation-corrected dose-mean specific energy in the domain. The latter quantity can be obtained as in 

Equation 5 where ρd, r d and y0 are respectively the density (= 1.0 g/cm3) and the radius of the domain, and the 

saturation parameter. 

𝑧 ̅ଵ஽,ௗ
∗  =  

ଵ

ఘ ౚ గ ௥ ౚ
మ  

௬బ
మ ∫ ቂଵ ିୣ୶୮ቀି 

೤

೤బ
ቁቃ௙(௬) ୢ௬

శಮ

బ

∫ ௬ ௙(௬) ୢ௬
                                                                                  (5) 

Having assessed 𝛼  and under the assumption that ß term of the linear quadratic model is equal to ß ref 

independently from the radiation quality (Kase et al., 2006), the RBE was calculated as in Equation 3. In this 

work, we used the numerical values of the modified MKM parameters for V79 cells as previously determined 

by Sato et al., 2011, namely 𝛼 ଴ = 0.105 Gy-1, 𝛼 ୰ୣ୤ = 0.184 Gy-1, 𝛽 ୰ୣ୤ = 0.02 Gy-2, r d = 0.232 µm, and y 0 = 

133.1 keV/µm. 
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2.2.3. Biological weighting function – BWF 

The BWF approach is a biophysical model based on the idea of using single-event microdosimetric spectra to 

describe and predict the RBE of different radiation fields. The model was initially developed for intercomparing 

clinical cancer radiotherapy beams and during the years it has been widely employed in combination with 

experimentally-measured or computer-simulated microdosimetric spectra (i.e. Morstin et al., 1989, Pihet et al., 

1990, Loncol et al., 1994, Paganetti et al., 1997, Brenner and Zaider, 1998, Pihet and Menzel, 1999, De Nardo 

et al., 2004 b, Conte et al., 2019, Zhu et al., 2019, Colautti et al., 2020).  

According to the model formalism, it is hypothesized that the biological endpoint of interest can be calculated 

as the integral between the dose distribution of the lineal energy d(y) and a lineal energy weighting function r(y) 

called BWF (Equation 6). The modelled endpoint depends on the BWF chosen for the calculations.  

𝑅𝐵𝐸 =  ∫ 𝑑(𝑦) 𝑟(𝑦) d𝑦
ାஶ

଴
                 (6) 

The most frequently used BWF was determined by Loncol et al., 1994 through an unfolding procedure on a 

dataset of combined exposures of spherical tissue equivalent proportional counters (TEPCs) and biological 

exposures to photons, neutrons and protons. The biological endpoint chosen was the mice intestine tolerance 

assessed by in vivo crypt regeneration for a 8 Gy exposure. The determined BWF is plotted in Figure 1 (solid 

line) as function of the lineal energy y in keV/µm. Because the original BWF was provided only up to a maximum 

lineal energy value of 1000 keV/µm (Loncol et al., 1994), a logarithmic extrapolation (best fit between 300 and 

1000 keV/µm, dotted line in Figure 1) of the function was performed down to its intercept with the horizontal 

axis. In addition, because the BWF was assessed using TEPCs filled with a tissue-equivalent propane-based 

mixture, the lineal energy spectrum used for the RBE calculations should be in principle evaluated in the latter 

medium. However, because the average ratio between the mass stopping power values of the aforementioned 

gas mixture and liquid water is 1.0 in the energy/particle range of interest (according to the SRIM software 

version 2013.00, Ziegler et al., 2010), the BWF of Loncol et al., 1994 can be unchangingly applied also to the 

simulated lineal energy spectra in liquid water. 
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Figure 1. Biological weighting function (BWF) for the mice intestine tolerance assessed by crypt regeneration (Loncol et al., 1994, red 

solid line) and the extrapolation used in this study (blue dashed line). 
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2.2.4. Assessment of the improved biological weighting function – IBWF 

As the same manner as the methodology described in the previous BWF paragraph, it is hypothesized that it is 

possible to establish a unique correlation between the RBE for a surviving fraction of 10% and the 

microdosimetric lineal energy spectra. The assessment of the optimal IBWF was then performed through an 

iterative process aimed to minimize the deviation between calculated RBE values and all experimental data for 

V79 cells extracted from the PIDE database. The 592 PHITS-simulated microdosimetric spectra for a target 

diameter of 1 µm (37 energies, 16 ions, see paragraph 2.1) were imported in MATLAB 2016b (The MathWorks 

inc., United States of America), folded into a temporary weighting function and the RBE calculated using 

Equation 6.  The results were then compared to the n = 267 experimental points and the agreement between 

the latter ones and the model results was quantified as the average of the relative deviation 𝑅ത (Equation 7) over 

all ion species. RBEexp and RBEIBWF represent the experimentally assessed and calculated RBE10 values 

respectively. 

𝑅ത =  
ଵ

௡
∑

หோ஻ா౛౮౦ି ோ஻ா౅ా౓ూห

ோ஻ா౛౮౦

௡
௜ୀଵ                        (7) 

Because of their relevance for cancer radiotherapy, data relative to protons and carbon ions were given a double 

weight in respect to all other ions. The process was then repeated slightly changing the weighting function in 

order to minimize the average relative deviation. The process was stopped once the minimum value of the 

average relative deviation was found.  
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2.3. Application of the IBWF to experimentally measured microdosimetric spectra 

The IBWF for the V79 cell line was determined by correlating the PHITS-simulated lineal energy spectra in 1 

µm spherical volume with the in vitro RBE10 extracted from a database of survival data. It is not straightforward 

nor immediately assured that the same IBWF could reliably work also in combination with microdosimetric 

spectra measured with detectors which sensitive volume is made of different materials (i.e. gas, silicon, diamond) 

and possesses different shapes (i.e. cylinder, slab) or dimensions. To preliminarily investigate this point, the 

IBWF was unchangingly used to calculate the RBE10 by processing published microdosimetric spectra acquired 

with different detectors in clinical 1H and 12C beams, namely: a commercially available spherical TEPC filled 

with a propane-based tissue-equivalent gas mixture (Far West LET-1/2, 

http://www.fwt.com/detector/let1_2ds.htm), a cylindrical TEPC filled with a methane-based tissue-equivalent 

gas mixture (Gerlach et al., 2002), miniaturized cylindrical TEPCs filled with pure propane or a propane-based 

tissue-equivalent gas mixture (mini-TEPC, De Nardo et al., 2004 a, Conte et al., 2019), a wall-less TEPC filled 

with a propane-based tissue-equivalent gas mixture (Tsuda et al., 2010), an avalanche-confinement TEPC filled 

with dimethyl ether (Bortot et al., 2017), a synthetic diamond detector (Verona et al., 2015), the silicon-on-

insulators microdosimeters MicroPlus Bridge (Tran et al., 2015) and MicroPlus Mushroom (Tran et al., 2017 b). 

The assessed RBE values were then correlated with the experimentally measured dose-mean lineal energy (𝑦ഥ
𝐷

, 

Equation 1) and the obtained RBE-vs-𝑦ത஽ trends were compared with the corresponding ones calculated by 

using PHITS-simulated spectra. For all detectors, only in-field measurements were considered in this work. 

More details on the measurement campaigns (irradiation facility, ion, maximum energy, dose profile, beam 

delivery modality, energy degradation system, references) are given in Table 1.  

The sensitive volumes present relevant differences between the different microdosimeters. For the gas-based 

detectors, the simulated site size at unity density was 0.5 µm for the avalanche-confinement TEPC, 0.72 µm for 

the wall-less TEPC, 0.85 µm for the mini-TEPC at CATANA and CNAO, 1 µm for the Far West LET-1/2 

TEPC and the cylindrical TEPC and 1.1 µm for the mini-TEPC at CAL. On the other hand, the sensitive 

volume of the diamond detector has a 200 x 200 μm2 planar section and a thickness of 2 µm. The MicroPlus 
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silicon detectors are characterized by arrays of sensitive volumes with the shape of 30x30 μm2 planar slabs with 

a thickness of 10 µm (MicroPlus Bridge) or of cylinders with diameter of 30 µm and a thickness of 9.1 µm 

(MicroPlus Mushroom). No corrections were performed to take into account the different chord length 

distributions of the sensitive volumes of the detectors. Furthermore, for the detector-beam combinations 

included in this study (10 µm thick silicon detectors in 1H and 12C beams and thin diamond detector in 12C ion 

beams), the uncertainty arising from the lowest detectable lineal energy in solid-state detector was assumed to 

be negligible. On the other hand, in case of measurements with thin solid state detectors (i.e. 1-2 µm) in 1H ion 

beams, this assumption would not hold and corrections would be needed.  

As discussed in paragraph 2.2.3, no conversion factors were applied to convert to water the lineal energy 

distributions evaluated with detectors filled by a tissue-equivalent gas mixtures. On the other hand, the published 

spectra acquired with the diamond detector were converted to an equivalent propane cylindrical detector and 

then linearly scaled to obtain a carbon edge value corresponding to the one for water (more details can be found 

in Magrin et al., 2019). For the MicroPlus measurements at HIAF, MGH and HIMAC (the first two ones with 

the MicroPlus Bridge and the last one with the MicroPlus Mushroom), fixed conversion factors were employed 

to convert the microdosimetric spectra from silicon to water following the methodology described in Bolst et 

al., 2017. The microdosimetric measurements with the MicroPlus Mushroom at OCL were converted using the 

energy-dependent correction function described in Samnøy et al., 2020. Finally, the MicroPlus Bridge spectra 

measured at CCB IFJ PAN were converted bin-per-bin from silicon to water in a similar way as done in Magrin 

et al., 2019 for the diamond detector. 
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Table 1. Overview of the experimental microdosimetric spectra used for the RBE calculation in combination with the IBWF. 

Detector Ion Maximum 
energy 
[MeV/n] 

Dose profile Irradiation 
facility 

Delivery 
modality 

Energy 
degradation 

Reference 

Avalanche-confinement TEPC 1H 62 SOBP CATANA Passive PMMA Mazzucconi et al., 2019 
Far West LET-1/2 TEPC 1H 155 Monoenergetic PMRC Passive Water Kase et al., 2013 
Far West LET-1/2 TEPC 1H 155 SOBP PMRC Passive Water Kase et al., 2013 

MicroPlus Bridge 1H 131 Monoenergetic MGH Scanning Water Tran et al., 2017 a 
MicroPlus Bridge 1H 137 SOBP MGH Passive Water Tran et al., 2017 a 
MicroPlus Bridge 1H 60 Monoenergetic CCB Passive Water SCK CEN unpublished data 

MicroPlus Mushroom 1H 15 Monoenergetic OCL Passive Polyamide Samnøy et al., 2020 
mini-TEPC 1H 65 SOBP CAL Passive PMMA De Nardo et al., 2004 b 
mini-TEPC 1H 62 SOBP CATANA Passive PMMA Conte et al., 2019 

Wall-less TEPC 1H 160 Monoenergetic HIMAC Passive PMMA Tsuda et al., 2012 
Avalanche-confinement TEPC 12C 195 Monoenergetic CNAO Scanning PMMA Bortot et al., 2020 

Cylindrical TEPC 12C 430 Monoenergetic GSI Passive PMMA Gerlach et al., 2002 
Diamond detector 12C 195 Monoenergetic CNAO Scanning Water Magrin et al., 2019 

Far West LET-1/2 TEPC 12C 290 Monoenergetic HIMAC Passive Water Kase et al., 2011 
MicroPlus Bridge 12C 6 Monoenergetic HIAF Passive LDPE Tran et al., 2015 

MicroPlus Mushroom 12C 290 Monoenergetic HIMAC Passive Water Tran et al., 2018 
mini-TEPC 12C 295 Monoenergetic CNAO Scanning Water Conte et al., 2017 
mini-TEPC 12C 62 SOBP CATANA Passive PMMA Colautti et al., 2018 

Wall-less TEPC 12C 290 Monoenergetic HIMAC Passive N/A Tsuda et al., 2010 
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3. Results 

3.1. Simulated microdosimetric lineal energy spectra 

The PHITS-simulated lineal energy yd(y) spectra in case of selected ions (1H, 4He, 12C, 20Ne, 56Fe, 132Xe and 238U) 

and energies (1, 10, 100 and 1000 MeV/n) are plotted in Figure 2 for both microdosimetric site sizes included 

in this study (0.464 and 1 µm diameter). The calculated dose probability density distributions are characterized 

by a shift to higher lineal energy values with the decrease of the incident particle energy, due to the well-known 

increase in the density of energy deposition (i.e. the stopping power) at low energy. However, it must be noted 

that in case of 238U ions the microdosimetric spectra relative to 10 MeV/n present an edge located at higher 

lineal energy values than the one for 1 MeV/n 238U ions. This is due to the fact that, differently from all other 

particles included in Figure 2, the stopping power of 238U ions with energy equal to 10 MeV/n is higher than 

the one for 1 MeV/n. In this regard, Figure 3 compares the total stopping power in liquid water of 1H, 4He, 12C, 

20Ne, 56Fe, 132Xe and 238U ions as a function of the particle energy between 0.001 and 1000 MeV/n. The stopping 

power values were calculated using the Stopping and Range of Ions in Matter (SRIM, Ziegler et al., 2010) version 

2013.00. As it can be seen, the maximum value of the particle stopping power over the investigated energy range 

gradually moves to higher energies with the increase of the atomic mass number of the incident particle, i.e. 

around 0.08 MeV for 1H ions, around 0.3 and 0.8 MeV/n for respectively 12C and 56Fe ions, and finally at 

approximately 6 MeV/n for 238U ions. Finally, deviations between the spectra induced in the two different site 

sizes (0.464 and 1 µm diameter) are more evident in case of lighter ions, with the spectra relative to a site of 

0.464 µm diameter being broader than the corresponding ones in case of the sphere with 1 µm diameter due to 

the increased fluctuations in the energy deposition with the decrease of the target size and the increased 

contribution of δ-rays acting as touchers (i.e. liberated outside the target volume, Caswell and Coyne, 1989).   
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Figure 2. PHITS-simulated lineal energy spectra for selected particles (1H, 4He, 12C, 20Ne, 56Fe, 132Xe and 238U) and energies (1, 10, 100 

and 1000 MeV/n). 
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Figure 3. Total stopping power of 1H, 4He, 12C, 20Ne, 56Fe, 132Xe and 238U ions as a function of the particle energy. The values were 

calculated using SRIM version 2013.00 (Ziegler et al., 2010). 
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3.2. Determination of the IBWF for the V79 cell line 

As an example of the results of the iterative process which led to the determination of the IBWF for the V79 

cell line, Figure 4 shows the effect of varying and co-varying up to ±20% the horizontal (rigid translation of the 

function of Figure 5 towards higher/lower lineal energy values) and vertical (rigid translation of the values of 

function of Figure 5, equivalent to multiplying the function with a constant value) position of the optimal IBWF 

(Figure 5) on the average relative deviation between calculated and experimental values. The optimal IBWF, 

corresponding to the local minimum at 14.4% is plotted in Figure 5 in comparison to the Loncol’s BWF. In the 

plotted interval, variations in the horizontal position of IBWF seem to affect the calculated average relative 

deviation in a minor way in respect to variations in its vertical position. In the first case, the maximum deviation 

was found to be 17.0% for a -20% negative shift in the horizontal position of the IBWF. On the other hand, 

the maximum value of the average relative deviation due to vertical shifts of the IBWF was observed in case of 

a +20% translation, being 25.2%. The maximum disagreement between calculated and experimentally measured 

RBE10 values was assessed to be 28.3% for a combined variation of horizontal and vertical IBWF positions of 

respectively -20% and +20%. 

The IBWF (Figure 5) is similar in shape to the Loncol’s BWF, being characterized by a flat profile around 1 

followed by a local maximum and a decrease. However, the IBWF’s increase is less sharp than the BWF one 

and starts at lower lineal energy values (approximately 1 instead of 10 keV/µm). The IBWF maximum is located 

at 134 keV/µm, almost the double than for the BWF. It is worth noticing that the aforementioned lineal energy 

value of the IBWF turning point (defining the onset of the cell-damaging saturation due to overkill effects) is 

very similar to the saturation parameter of the modified MKM in case of the V79 cell line (y0 = 133.1 keV/µm) 

as previously reported in Sato et al., 2011. 
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Figure 4. Effect of varying and co-varying the position of the IBWF on the average relative deviation between calculated and 

experimentally determined RBE10 values for the V79 cell line. 
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Figure 5. The improved biological weighting function (IBWF) for the in vitro RBE10 of the V79 cell line. The BWF for the in vivo early 

intestine tolerance (Loncol et al., 1994) was included for comparison.  
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3.2. Comparison between the biophysical models and in vitro data 

Using the PHITS-simulated microdosimetric spectra (for the sites with 0.464 and 1 µm diameter) in combination 

with MKM, the BWF or the IBWF, the RBE (in vitro RBE10 in case of the V79 cell line for the IBWF and the 

modified MKM or the in vivo early intestine tolerance for the BWF) was assessed for ions from 1H to 238U and 

compared with the in vitro experimental V79 RBE10 data from the PIDE database. These results are plotted in 

Figure 6 as a function of the dose-mean LET for the 16 ion types included in this study. The agreement between 

the experimental in vitro RBE10 and the corresponding values calculated with the modified MKM and the IBWF 

was quantified using Equation 7 for each ion specie and the results are plotted in Figure 7 as a function of the 

atomic mass number of the particle. Only as a measure of the correlation between the BWF results and the in 

vitro RBE data, Figure 7 also reports the relative deviation between these two data series.  

Furthermore, the RBE10 values calculated using the IBWF approach are summarized in Figure 8 as a function 

of the dose-mean LET for selected ions (1H, 3He, 12C, 20Ne, 40Ar, 58Ni, 84Kr, 132Xe, 238U) in comparison to 

experimental data. The general trend of the RBE10 as a function of the LET consists in an initial increase until 

a maximum value located at around 100-200 keV/µm, followed by a decrease at higher LET. However, it is 

immediately noticed that the calculated RBE10 is not a unique function of the LET, but depends strongly also 

on the particle type. As an example, for 3He, 12C, 20Ne and 40Ar ions with a LET of 100 keV/µm, the RBE10 

values strongly differ one from the other, being respectively 4.1, 3.3, 3.1 and 2.8. Finally, for a better visualization 

of the agreement between IBWF results and the experimental data in case of the four heaviest ions (58Ni, 84Kr, 

132Xe and 238U), Figure 9 represents a detailed view of the RBE10 in this very high LET region. 
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Figure 6. RBE calculated by the three models in comparison with in vitro data for the V79 cell line exposed to ions from 1H to 238U.  
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Figure 7. Average relative deviation between the results of the three biophysical models and the in vitro experimental data for the V79 

cell line. For the BWF, these results are meant only as a measure of the correlation between its results and the in vitro data. The lines are 

just a guide to the eye. 
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Figure 8. Overview of the RBE10 calculated by the IBWF (lines) for selected ions in comparison to in vitro data (dots) for the V79 cell 

line. 
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Figure 9. Detailed view of the RBE10 calculated by the IBWF (lines) in the very high LET range for 58Ni, 84Kr, 132Xe and 238U ions in 

comparison to in vitro data (dots) for the V79 cell line. 
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3.3. Application of the IBWF to experimentally measured microdosimetric spectra 

The RBE10 values obtained by folding the IBWF into the experimentally-measured or PHITS-simulated spectra 

are plotted in Figures 10 and 11 as a function of the dose-mean lineal energy 𝑦ത஽ for 1H and 12C ions respectively. 

In case of 1H ions, because of the broader energy range of the PHITS simulations, the maximum computed 

RBE value was 3.5, higher than the maximum experimentally-based RBE counterpart (approximately 2.2). 

Nevertheless, a striking agreement between all RBE-vs-𝑦ത஽  trends is present in Figure 10, with the average 

relative deviation between the RBE10 values calculated processing PHITS-simulated or experimentally-measured 

spectra being 1.1% for the avalanche-confinement TEPC at CATANA (SOBP), 0.8% for the Far West LET-

1/2 TEPC at PMRC (monoenergetic), 1.2% for Far West LET-1/2 TEPC at PMRC (SOBP), 0.7% for the 

MicroPlus Bridge at MGH (monoenergetic), 0.7% for the MicroPlus Bridge at MGH (SOBP), 0.8% for the 

MicroPlus Bridge at CCB (monoenergetic), 0.2% for the MicroPlus Mushroom at OCL (monoenergetic), 0.9% 

for the mini-TEPC at CAL (SOBP), 0.9% for the mini-TEPC at CATANA (SOBP) and 0.3% for the wall-less 

TEPC at HIMAC (monoenergetic). The average relative deviation between the RBE values obtained by using 

the experimental 1H spectra and the corresponding ones computed with PHITS was assessed being 0.8%. 

Similarly for 12C ions, a good agreement between the results of all data series is observable in Figure 11 (average 

relative deviation in respect to PHITS-based calculations = 5.7%). The latter value is higher than for 1H ions 

because of the greater dose-contribution of the liberated secondary fragments in case of 12C irradiations in 

combination with energy degrading systems. Furthermore, it is worth remembering that, in order to obtain the 

most-general applicable RBE dependencies, the PHITS simulations were performed in case of monoenergetic 

and monoparticle beams avoiding then the contamination due to fragments created upstream the target position 

during the particle slowing down. Nevertheless, with few exceptions in case of distal edge measurements, the 

experimentally-based results were found to lie within 10% from the PHITS-ones. The average relative deviation 

from the PHITS results was assessed being 2.5% for the avalanche-confinement TEPC at CNAO 

(monoenergetic), 2.8% for the cylindrical TEPC at GSI (monoenergetic), 11.8% for the diamond detector at 

CNAO (monoenergetic), 6.0% for the Far West LET-1/2 TEPC at HIMAC (monoenergetic), 5.5% for the 
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MicroPlus Bridge at HIAF (monoenergetic), 3.8% for the MicroPlus Mushroom at HIMAC (monoenergetic), 

8.3% for the mini-TEPC at CNAO (monoenergetic), 11.2% for the mini-TEPC at CATANA (SOBP) and 1.1% 

for the wall-less TEPC at HIMAC (monoenergetic). 

 

 

Figure 10. Comparison between the RBE-vs-𝑦ത஽ correlation obtained by combining the IBWF with experimentally-measured spectra in 

clinical 1H facilities or PHITS-simulated spectra in case of monoenergetic 1H beams. 
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Figure 11. Comparison between the RBE-vs-𝑦ത஽ correlation obtained by combining the IBWF with experimentally-measured spectra in 

clinical 12C ion facilities or PHITS-simulated spectra in case of monoenergetic 12H beams. 
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4. Discussion 

Using the Monte Carlo radiation transport code PHITS, 1184 microdosimetric lineal energy spectra were 

simulated in case of monoenergetic particle beams (ions = 1H – 238U, energy = 0.1 – 1000 MeV/n, unrestricted 

LET in liquid water  = 0.2 – 15000 keV/µm) impinging on a water sphere with diameter equal to 0.464 or 1 

µm. Similarly as in other models of radiation-action for solid state detectors (i.e. Olko et al., 2002, Parisi et al., 

2019) and biological targets (i.e. Frese et al., 2012, Cunha et al., 2017, Friedland et al., 2017, McMahon et al., 

2017), monoenergetic particle beams were chosen to derive particle-dependent results to be afterwards 

compared with the literature data generally plotted as a function of the particle energy or its LET. This was done 

in order to efficiently tackle the large variability of the in vitro data described in paragraph 2.2.1 of this article. 

The simulation of a specific experiment is out of the scope of this investigation. An additional advantage of the 

employed approach lies in the possibility of creating look-up tables reporting the relevant modelled quantity (i.e. 

the V79 RBE10 for this study) as a function of the particle type and the energy. Afterwards, these look-up tables 

can be used in more realistic scenarios in combination with the calculated particle spectra at cell position, 

removing thus the need for explicitly assessing the microdosimetric distributions and relevantly reducing the 

computational time.  

The obtained density distributions were used in combination with the modified microdosimetric kinetic model 

(modified MKM, Kase et al., 2006, optimized parameters from Sato et al., 2011) or the biological weighting 

function (BWF,  Loncol et al., 1994) to assess respectively the in vitro clonogenic survival RBE for the V79 cell 

line in case of a 10% surviving fraction or the in vivo early intestine tolerance in mice. The aforementioned 

microdosimetry-based biophysical models were chosen because of being the two most-commonly used ones in 

literature. In the first case, this was done in order to benchmark the performances of the modified MKM over 

a very broad particle-energy range. On the other hand, the BWF was employed for comparison purposes and 

to further explore potential correlations between the BWF results and the in vitro RBE as previously reported in 

case of proton exposures (De Nardo et al., 2004 b, Conte et al., 2019, Colautti et al., 2020). Furthermore, a 

phenomenological approach based on an improved biological weighting function (IBWF) was proposed to 
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investigate the possibility to establish a univocal correlation between simulated lineal energy spectra and the 

10% cell survival of the V79 cell line. The obtained results were compared against 267 corresponding in vitro 

RBE10 data points for the V79 cell line from the PIDE database. The cell line was chosen because it represents 

the most abundant fraction in the database.  

As it can be seen in Figure 6, the RBE10 values for the V79 cell line calculated using the modified MKM are 

found to well describe the corresponding in vitro experimental data up to 20Ne ions. For heavier particles, the 

RBE10 values appears to be overestimated, with deviations up to ~1700% for 238U ions (Figure 7). The average 

value of the relative deviation between experimental data and modified MKM calculations was assessed to be 

76%. The findings suggest that for very-high LET exposures corrections and improvements to the modified 

MKM formalism are needed, i.e. by explicitly taking into account the stochastic nature of energy deposition in 

both the cell nucleus and in the subnuclear radiation-sensitive targets (Sato and Furusawa, 2012), including non-

targeted effects (Sato and Hamada, 2014, Matsuya et al., 2018) or considering a variable ß term (Chen et al., 

2007, Inaniwa and Kanematsu, 2018).  

Although a reasonable similarity between the results of BWF was observed for 1H and 2H ions, the BWF-

calculated RBE values strongly differ from the V79 in vitro RBE10 ones from the PIDE database. This might be 

due to the different onset of the saturation behavior between the different endpoints, i.e. around 70 keV/µm 

for the in vivo early intestine tolerance and roughly the double for the in vitro RBE10 for the V79 cell line (Figure 

5). The average deviation between these two data series (BWF results and PIDE) was found to be 33%. 

On the other hand, the results of the IBWF model were able to reproduce well the PIDE in vitro data over the 

whole particle and energy range (average relative deviation = 14%) without adapting the weighting function to 

the different exposure conditions. Even in the very-high LET range (Figure 9) and notwithstanding the 

experimental uncertainty of the in vitro data, the values calculated by the IBWF well agree with the experimental 

data by means of four separate almost-parallel particle-specific RBE curves.  
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The proposed IBWF is not a predictive or an ab initio model, but a simple and robust tool for a fast RBE 

assessment to compare different exposure conditions. Consequently, its usage should be limited only for the 

calculation of the biological endpoint (in vitro 10% surviving fraction) and cell line (unsynchronized normoxic 

V79) employed for its determination. In case another system or endpoint should be modeled, it is suggested 

that other biophysical models should be used or alternatively a new weighting function should be developed. 

Especially for high dose or high LET exposures, a predictive model should consider the variations in the 

microdosimetric spectra as a function of the imparted dose (i.e. multi-event spectra, Brenner and Zaider, 1998), 

an effect which is consciously disregarded in the IBWF and other purely phenomenological approaches making 

use of biological weighting functions (Pihet and Menzel 1999). 

Possible correlations between the IBWF results (RBE10, V79 cell line) and the corresponding in vitro RBE10 

values for other cell lines will be part of a separate investigation. Nevertheless, a preliminary comparison 

between the Chinese hamster lung fibroblast V79 proton RBE10 values of this work and the corresponding in 

vitro experimental results for the normal human fibroblast AG01522 (Chaudhary et al., 2014), human 

glioblastoma U87 (Chauduary et al., 2014), large cell human carcinoma H460 (Guan et al., 2015) and human 

lung adenocarcinoma H1437 (Guan et al., 2015) cell lines seems to indicate the presence of a similar RBE 

increase with the increase of the proton LET. Additionally, feasibility-studies are planned to explore the 

possibility of determining weighting functions by analyzing only a subset of the in vitro RBE data available (i.e. 

by fitting values relative to selected ions) or to model the α and ß term of the linear quadratic model as a function 

of indicators of the radiation sensitivity such as the α/ß ratio in case of the reference photon exposure. In this 

way, it might be possible to account for the dose-, endpoint and system dependence of the RBE.    

Furthermore, the IBWF was here developed by processing microdosimetric spectra calculated in a site with 1 

µm diameter, as done in precedent studies for similar BWFs and being 1 µm the most common simulated site 

size in gas-based microdosimeters. Nevertheless, although representative of the dimension of chromosomic 

territories and the clustering of DNA damages on a scale relevant for cell death, the choice of the 1 µm site size 

could be regarded as somehow arbitrary. Notwithstanding the minor deviations in the lineal energy spectra 
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between the targets with 0.464 and 1 µm diameter (Figure 3), the optimized IBWF could differ from the one 

plotted in Figure 5 if another microdosimetric site size was used for the calculations.  

Finally, because its intercomparison-triggered nature, the IBWF was applied to calculate RBE values from the 

microdosimetric spectra experimentally measured with 8 different detectors in 19 pristine and spread out Bragg 

peaks of 1H and 12C beams at 8 clinical and 2 research facilities. It has to be underlined that the spectra were 

acquired with detectors having different geometries, dimensions and materials composing the sensitive volume. 

Furthermore, the exposure conditions (i.e. maximum beam energy, monoenergetic or SOBP dose profile, 

passively scattered or scanning delivery system, water/PMMA/LDPE/polyamide energy degradation, 

irradiation facility) strongly differed, as summarized in Table 1. In addition, the procedure employed to convert 

microdosimetric spectra from the detector material to water was not the same. Nevertheless, a very good and 

somehow surprising agreement was found between the RBE-vs-𝑦ത஽ trends determined using the different 

datasets (measurements or PHITS simulations), with an average deviation of 0.8% and 5.7% for 1H and 12C 

ions respectively. It appears clear that possible under- or over- estimations in the experimentally-determined 𝑦ത஽ 

in respect to reference calculations for a water sphere of 1 µm diameter will impact also the assessed RBE in a 

similar way as for the modified MKM or the BWF. Consequently, in those cases it suggested to perform 

corrections in the experimental spectra (i.e. conversion of the spectra from the detector material and shape to 

spherical water sensitive volume as described in Magrin, 2018) or to employ a different microdosimeter whose 

measured spectra directly match more closely the PHITS-simulated ones. Alternatively, detector-specific 

biological weighting function taking into account the material and shape of the sensitive volume of the 

microdosimeters could be developed and used for the RBE assessment.  
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5. Conclusions 

The accuracy of the modified MKM for modeling the 10% clonogenic survival of unsynchronized normoxic 

Chinese hamster lung fibroblasts (V79 cell line) was systematically tested against the PIDE in vitro database in 

case of exposures to ions from 1H to 238U spanning over a very large unrestricted LET in water range (0.2 – 

15000 keV/µm). The model showed limitations in reproducing the in vitro data for ions heavier than 20Ne and 

its usage is not recommended outside the indicated interval. Furthermore, the results suggest that the previously 

reported good correlation between Loncol’s BWF calculations and in vitro RBE10 data in case of proton 

irradiations does not hold for particles heavier than 2H ions. 

In combination with PHITS-simulated microdosimetric spectra, an improved biological weighting function 

(IBWF) was determined through a global fit of the in vitro V79 data included in the PIDE database. The results 

proved the possibility to establish an univocal correlation between lineal energy spectra and the 10% clonogenic 

survival of the V79 cell line for all the investigated radiation qualities (average relative deviation with the in vitro 

data = 14%). Furthermore, a good agreement was found between the IBWF-based RBE-vs-𝑦ത஽ trends obtained 

by processing PHITS-simulated or experimentally-measured microdosimetric spectra acquired with 8 different 

detectors in different exposure scenarios (19 1H and 12C beams at 8 clinical and 2 research facilities). 

Thus, it is suggested that the IBWF could be regarded as a fast and easy-to-use tool for intercomparing clinical 

beams or the results acquired with different radiation detectors. Finally, the application of the IBWF for 

modeling other endpoints than the 10% clonogenic survival of the V79 cell line is currently discouraged as well 

as arbitrary rescaling of the function or of its results.  
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