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1  |  INTRODUC TION

Biological effects of ionization radiation include cell killing, carcino-
genesis, and mutation.1 The principal target of ionization radiation 
for these biological effects is DNA.2 Extensive in- vivo experiments 
have been performed to investigate the relationship between ion-
izing radiation and cell death, among other biological endpoints.3– 7

The absorbed dose of ionizing radiation has been used to relate 
the imparted radiation energy to biological effects, specifically for 
in- vitro cell experiments, cell death, and survival fractionations. The 
widely accepted linear quadratic (LQ) model establishes the rela-
tionship between absorbed dose and cell survival fractionation and 
has been extensively used to analyze and predict ionizing radiation 
response both in vitro and in vivo.8 Ions, or charged particles, could 
have physical and radiobiological advantages over photon irradiation 

for radiation therapy.9 The radiobiological advantage of ion beam 
irradiation manifests in the form of more effective cell killing with 
the same absorbed dose for in- vitro cell irradiation experiments.10 
Different ion beams and beams with the same ion but with differ-
ent kinetic energies (and, thus, different linear energy transfer, LET) 
have different biological effectiveness, which is not reflected in the 
dose- survival model; that is, the same absorbed dose delivered by 
different ion beams or the same ion beam with different LET would 
yield different survival fractionation for the same cell line.11 The 
difference in biological effect between low and high LET radiation 
could affect human exploration of outer space as the space radiation 
has high LET components that need to be accounted for.12

Because of the observed difference of dose needed to achieve 
the same biological endpoint for ion beams, relative biological ef-
fectiveness (RBE), defined as the ratio of the doses required by 
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two different types of radiation beams to cause the same level of 
biological effect, was introduced to account for the difference.13– 15 
Although considerable research, including both experiment and 
modeling efforts, has been undertaken, the relationship between 
the (relative) biological effectiveness of ion beam and dose, or other 
descriptors of the ion beam characteristic, remains unclear.16

Defined as the amount of energy absorbed by matter per unit 
mass,17 the absorbed dose could be represented as the product 
of fluence and LET.18 By definition, LET is the energy loss per unit 
length and could be considered a measurement of the density of 
ionization events around ion tracks, whereas fluence represents the 
number of ion tracks per unit area. Ionization events, induced by ion-
izing radiation, cause DNA damage, including double stand breaks 
(DSB) and cluster damage, which in turn leads to cell death. In this 
context, it became clear that, unlike photon irradiation, for which the 
spatial distribution of ionization events could be in general consid-
ered uniform, the spatial distribution of the energy deposition and 
ionization events plays an essential role in the biological effective-
ness of the ion beam. This is because more ionization events near 
DNA in the cell nucleus, in general, would be more damaging to the 
cell. Therefore, dose is not adequate for use as the sole parameter 
to quantify the biological effects of ion beams because of the lack of 
spatial information.

Models have been proposed to describe the relative biological 
effects of ion beams. The most notable models are the local effect 
model (LEM),19– 22 the (modified) microdosimetric kinetic model 
(MKM),23– 25 and the repair– misrepair– fixation (RMF) model.26,27 In 
general, to establish the relationship between the reference photon 
irradiation and the ion beam irradiation, specific and unvalidated as-
sumptions were made for each of these models. For example, Scholz 
and Kraft stated in a commentary that “the fundamental assumption 
of the LEM is that the local biological effect is determined by the 
local dose, but is independent of the particular radiation type lead-
ing to a given local dose” (Radiation Research 161, Page 612).28 The 
direct comparison among these models for the same beam condition 
found large discrepancies in their predictions, indicating that the un-
derlying assumptions in these models might not be valid.29

In this study, it was hypothesized that as opposed to dose and 
RBE, a different function of fluence and LET could describe the bi-
ological effectiveness of ion beam radiation. The description of bi-
ological effectiveness could subsequently be used for comparison 
with the reference photon irradiation to determine RBE, thereby 
avoid making any assumptions on the relationship between the pho-
ton and ion beam irradiation. By analyzing 1118 sets of in- vitro cell 
experiments with ion beams, complied by the Particle Irradiation 
Data Ensemble (PIDE) project,16 a common form was established to 
describe the survival fractionation of all cell experiments.

2  |  MATERIAL S AND METHODS

It has been widely accepted that the post- irradiation cell survival 
fractionation (SF) follows a linear quadratic relationship (LQ model) 
with an absorbed dose for photon and ion beam radiation:8

where parameters � and � are usually determined by experiments 
and vary with cell type and type of radiation. D is the absorbed dose:

Absorbed dose is defined as the amount of energy imparted to 
matter by ionizing radiation per unit mass of the matter and could 
be represented as a product of Φ and L∞. In this equation, Φ is the 
fluence of the ion beam, � is the density of the medium, and L∞ is the 
unrestricted LET, defined as the energy loss per unit distance, and is 
the same as stopping power.18

As mentioned above, the dose could be represented by the 
product of fluence and LET. Although the effect of LET in ion beam 
radiation has been extensively studied, the role of fluence has not 
been investigated. It is well established that the RBE of ion beam 
irradiation rises with LET up to a certain point and then declines. In 
other words, using the same ion type beam with varying LETs, the 
dose required to achieve the same biological endpoint declines with 
LET up to a certain point; then the required dose to reach the said 
biological endpoint increases.30 The so called “overkill” effect has 
different “turning point” for different ions but is usually considered 
to be approximately 100 to 200 keV/μm.31 In this LET range, the 
average separation of ionization events introduced by a single ion is 
thought to coincide with the diameter of the DNA helix. Therefore, 
it is effective in introducing DNA DSB or clustered damage that 
leads to cell death. For ions with even higher LET, the denser ion-
ization event may cause more localized damage but not result in 
more cell death.

The fluence– LET combination needed to achieve a specific SF 
could be found from the fluence– LET– SF surface. When plotted on 
a log– log scale, Equation (2) becomes

However, it could be observed from the PIDE data that the 
fluence– LET on the iso- SF plane does not follow Equation (3). 
Instead, it follows a line with a different slope, as described by:

 where c is the slope of the line, and D1 is the intersection of the line 
and LET of 1 keV/μm. The equation and the relationship among SF, LET, 
and fluence could then be written as:

 

where parameters a and b vary with cell type and ion type; c 
varies with Φ, L∞, cell type, and ion type and is a bijective function 
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numerically equals the dose required to achieve SF for a particular 
ion beam with LET of 1 keV/μm.

The following method was applied to the 1118 sets of experi-
ments complied by the PIDE project. PIDE collected LET, α, β, cell 
line, and ion type for in- vitro cell irradiation experiments with ion 
beams from 115 publications between 1965 and 2015. The com-
plete list of these 115 publications as complied by PIDE is shown in 
Appendix S1.

1. For each cell line, and
2. For each ion type, the sets of experiments performed with the 

given cell line and ion type were identified with LET, α, and β.
3. For each set of experiments, a series of SF was chosen, and the 

corresponding dose D to achieve each of the SF was calculated by 
solving Equation (1) with known α, β.

4. Fluence Φ was calculated with D and LET using Equation (2)
5. For each SF, D1 and cL were determined with the linear fit for data 

points with LET <=150 keV/μm
6. Separately, for each SF, D1 and cH were determined with linear fit 

with all ion beam data with LET >150 keV/μm

With Equations (5) and (6), it is straightforward to calculate RBE 
for any ion type with given SF:

Specifically, for in- vitro cell irradiation experiments, the RBE was 
evaluated with cell SF as the biological endpoint, where RBE is the 
ratio between doses required to achieve the same SF for photon (ref) 
and ion beam (type) radiation:

Since Dref, D1, and c are all bijective functions of SF, LET be-
comes the only variable for RBE for any given SF, which is consis-
tent with the previous “widespread assumption that the RBE for 
the same cell line and the same biologic endpoint may be assumed 
to be dependent on LET alone.”31 However, this is the first time 
a general model of RBE as a function of LET was formulated for 
all ion beams, and this RBE model could be called the LET power 
model.

For PIDE data, each set of ion beam irradiation experiments has 
a corresponding set of photon irradiation, where α, β, and the energy 
of the photon beam are reported. Thus, Dref for each SF could be 
easily calculated. However, it should be emphasized that, in deter-
mining a, b, c, and D1 for Equations (5) and (6), photon irradiation 
was not part of the equation and was only used in Equation (9) for 
calculating RBE. In other words, Equations (5) and (6) describe the bi-
ological effectiveness of ion beams instead of the RBE of ion beams 
described in previous investigations.

(7)RBEtype = Dref ∕Dtype.

(8)RBEtype(SF) = Dref(SF)∕Dtype(SF)

(9)RBEtype(SF) =
Dref(SF)

Dtype(SF)
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To validate the results, the coefficient of determination (R2) be-
tween the RBE determined using Equation (9) and from the mea-
sured data was calculated for different ions.

3  |  RESULTS

Table 1 summarizes all cell irradiation experiments included in PIDE. 
Based on the reported α and β dose versus SF or (D, SF), all experi-
ments were recreated in Figure 1A, where each curve corresponds 
to one experiment set. Fluence could then be calculated from D using 
the reported LET and Equation (1), where the (D, SF) data could now 
be rewritten as (Φ, L∞, SF). Thus, the Φ and L∞ required to achieve 
a specific SF for each experiment sets could be plotted. Figure 1B 
shows the Φ and L∞ required to achieve an SF of 0.8 for all experi-
ments, with experiments reported by Weyrather et al.32 highlighted. 
Weyrather et al. studied three cell lines, V79, CHO- K1 and xrs5. As 
shown in the figure, the results from each of the cell lines form two 
distinctive lines, above and below 150 keV/μm, and each of them 
deviates from the dose line, indicating that the dose is not a good 
predictor for biological response. The separation among the lines 
for the three cell types and the difference in slopes indicate differ-
ent parameters, D1 and c. Figure 1C shows the Φ and L∞ required to 
achieve an SF of 0.5 for different ions and all experiments. Figure 1D 
shows the Φ and L∞ required to achieve an SF of 0.1 for different ions 
and V79 cells in asynchronous cell cycle phases. Figures 1A– C show 

all 1118 sets of experiments, whereas Figure 1D shows 278 sets of 
V79 experiments, as detailed in Table 1.

Table 2 summarizes the linear fitting results for a, b, c, and D1 
for the V79 cell line in asynchronous cell cycle phases, as shown in 
Figure 1D, with proton, carbon, and high LET (>150 keV/μm) irradia-
tion. Table 2 also shows the calculated Dref using the reported α and 
β of photon experiments paired with PIDE ion beam experiments.

Using the linear fitting results of c, D1 and Dref, RBE for various 
ion beams at different SF can then be calculated with Equation (9). 
Figure 2 shows the calculated RBE using the LET power model 
(Equation 9) compared against the calculated RBE with experimen-
tal data (Equation 8) at SF of 0.8, 0.5, and 0.1 for various ions. The 
coefficient of determination (R2) between RBE determined using the 
model and the experimental data for different ions at different SF 
were calculated and are tabulated in Table 3.

4  |  DISCUSSION

The absorbed dose has been used to relate the imparted radiation 
energy to biological effects, specifically for in- vitro cell experiments, 
cell death, and survival fractionations. In the form of the product 
of fluence and LET, the implicit assumptions of the dose are that 
the relative contribution from fluence and LET are equal and that 
spatial distribution of ionization events is not relevant. This study 
demonstrated overwhelming evidence that while both are important 

F I G U R E  1  LET and Fluence required 
to achieve a certain SF in different ion 
beam cell experiments in PIDE. (A) LQ 
model fitted survival curves for all 1118 
sets of experiments. (B) Fluence and LET 
needed to achieve SF = 0.8, for all ion 
beam cell irradiation experiments in PIDE, 
with experiments reported by Weyrather 
et al.32 highlighted. (C) Fluence and LET 
needed to achieve SF = 0.5, for all beam 
cell irradiation experiments in PIDE. 
(D) Fluence and LET needed to achieve 
SF = 0.1, for V79 cell line in asynchronized 
cell phase, irradiated by different types 
of ions
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to cell survival, fluence and LET have different contributions at dif-
ferent LET and fluence ranges. The relative importance of the two is 
described by a new parameter c, as shown in Equation (6). As a result, 
both fluence and LET could be viewed as variables of SF, which is, 
in essence, a unitless cumulative probability distribution function.

In the LET– fluence– SF plots, as shown in Figures 1B– D, each 
data point represents the intersection between the specific SF line 
and the dose– SF curve, as shown in Figure 1A. It is worth pointing 
out that, according to Equation (2), with varying LET, one would need 
different fluence to achieve the same dose, and these points also 

form an “iso- dose” line on the log– log scale, where each point on the 
line represents the same dose. Several iso- dose lines were plotted 
as dotted lines in the figures and intersected with the fluence– LET 
line, which was described by parameters c and D1, to achieve the 
specific SF. The observation that the experimental data does not 
follow an iso- dose line again highlights that the same dose does not 
correspond to the same response for ion beams with varying LET. 
Instead, the relationship between fluence and LET follows a line 
with slope c, where c varies for different SF, as shown in Table 2. D1 
represents the intersection point between the fluence– LET line and 

TA B L E  2  Parameters a, b, c, and D1 for cell irradiation with 1H, 12C, and high LET ion beam (>150 keV/μm) at SF 0.8, 0.5, and 0.1, of V79 
cell line in asynchronous cell phase. Photon dose (Dref) needed to achieve the same SF was also shown

SF a b c D1 Dref (Gy)

1H 0.8 −0.041 ± 0.0028 2.01 ± 0.029 1.48 ± 0.11 2.54 ± 0.75 1.35 ± 0.40

0.5 1.33 ± 0.07 4.23 ± 0.76 3.17 ± 0.62

0.1 1.17 ± 0.06 7.33 ± 0.99 7.20 ± 1.05

12C (<150 keV/μm) 0.8 −2.2e- 3 ± 3.3e- 4 2.22 ± 0.04 1.72 ± 0.14 8.04 ± 5.99 1.35 ± 0.40

0.5 1.60 ± 0.10 13.00 ± 6.38 3.17 ± 0.62

0.1 1.51 ± 0.07 23.33 ± 7.73 7.20 ± 1.05

High LET ion beam (>150 keV/μm) 0.8 −221.9 ± 2.4 1.12 ± 0.003 0.134 ± 0.04 2.0e- 3 ± 0.7e- 3 1.35 ± 0.40

0.5 0.124 ± 0.04 5.8e- 3 ± 1.8e- 3 3.17 ± 0.62

0.1 0.111 ± 0.03 1.7e- 2 ± 4.6e- 3 7.20 ± 1.05

F I G U R E  2  RBE as a function of LET, for 
asynchronized V79 cell irradiations with 
different ions. Solid lines: RBE calculated 
using LET power model (Equation 9). Data 
points: RBE calculated using reported 
experiment results complied in PIDE, total 
of 278, detailed in Table 1. Figure (A– C) 
shows results for SF = 0.8, 0.05, and 0.1, 
respectively
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LET of 1 keV/μm and numerically equals the dose needed to achieve 
the specific SF using an ion beam with 1 keV/μm.

Equations (5) and (6) represent a general formalism of biological 
effectiveness of ion beams. As shown above, the derivation of the 
equations and parameters was completely independent from the 
photons, which separates the current study from previous investi-
gations. Figure 1B shows how the same equations could be applied 
to different cell types (CHO- K1, V79, and xrs5), only with differ-
ent parameters D1 and c. As shown in Table 2, as LET increase with 
heavier ions, the biological effectiveness drifts further from photon. 
For heavier ions, such as carbon ions, there is a LET threshold, above 
which increasing LET no longer increases the biological effective-
ness of the ion beam, or the curves “flatten out.” The same fluence of 
high LET beams yields similar cell killing.13 To increase cell killing, one 
must increase the fluence or increase the number of ions. However, 
the same Equations (5) and (6) could still be used to describe the bio-
logical effectiveness for these high LET ion beams. This fundamental 
yet critical observation was overlooked in previous investigations of 
the RBE of ion beams, where assumptions that directly contradict 
the observation were made in some cases. Once the biological ef-
fectiveness of the ion beam was found, it was straightforward to cal-
culate the RBE. As mentioned above, since the relationship between 
the biological effect of ion beams and beam characteristics were 
derived independently of the reference irradiation, unlike other RBE 
models, no additional assumptions were made in the current study. 
LET versus RBE data similar to Figure 2 has been shown in prior lit-
erature,16,31,33,34 but the current study is the first to derive a generic 
closed- form expression for all ion beams. The coefficient of deter-
mination (R2) of RBE determined using the model and experimental 
data is calculated and tabulated in Table 3 for various ions and SF. 
The relatively low R2 values of the proton data are due to the high 
uncertainty in the experimental dataset, as previously explored, and 
had in part justified the use of a constant RBE value of 1.1.35 To 
further validate the model in the proton domain, high quality exper-
imental data with precise LET and fluence data would be necessary.

Other factors, such as the oxygen level (the oxygen enhance-
ment ratio)36 and the cell cycle37 also have significant impacts on 
the biological endpoints and have also been studied extensively. 
The same method could be expanded and applied to these investi-
gations but is outside the scope of the current study. Uncertainties 
are inherently large with cell experiments because of the complex-
ity of such investigations and the statistical nature of cell killing. 
For example, it is impossible to directly measure the dose required 
to achieve a specific SF for a particular cell line and ion beam, as SF 
could only be measured days after the cell irradiation. Thus, such 
data could only be acquired through modeling and interpolation 
of raw data. Nevertheless, comparable confidence intervals for 
D1 and Dref for various SF, between proton and photon irradiation, 
were shown in Table 2, noting that both photon and proton beams 
could be in the 1 keV/μm range. In contrast, for heavier ions, the 
LET ranges move further away from photons as the atomic number 
increases (there were no 1 keV/μm beams for heavier ions), thus 
making the direct comparison with photons more challenging. 
Another notable source of uncertainty arises from the reported 
LET. Different variants of LET, including dose averaged LET, track 
averaged LET, in addition to LET∞, were reported in the literature, 
which could also lead to uncertainties in the determination of flu-
ence using Equation (2). The rationale for using different LET vari-
ations is outside the scope of the current study and will not be 
further discussed.

Cell survival fractionation could be written as a function of flu-
ence and LET for all ion beam irradiations. The close form relationship 
could be used for proton and ion beam radiotherapy applications.
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