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ABSTRACT Abstract: Objectives: The main aim here is to describe the dependence of the relative biological effectiveness 
(RBE) of proton irradiation of V79 cells on survival. Method: This is done by fitting survival curves of various 

proton energies to the Linear Quadratic equation, The RBE values at survival levels of 0.2 - 0.9 were calculated using 60Co gamma ray 
as a reference radiation. Results: An equation with four free parameters is suggested to describe the RBE-vs.-Survival relationship. 
Conclusion: RBE –vs- Surviving fraction curves were adequately fitted to an exponential plus cubic function with four free parameters.  
Two of those parameters are LET dependent. The rest nearly constants.

A Semi-Empirical Formula to Describe 
the RBE-Survival Relationship for Proton 
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Introduction
The biological effect of proton beams in comparison to a refer-
ence radiation is described by the Relative Biological Effective-
ness or RBE[Edward L.Alpen 1990]. It is Defined as the ratio of 
the dose of the reference radiation (Dref) and the respective 
proton dose (Dp) required to yield the same effect ( e.g. cell sur-
vival S):

RBE= Dref (S)/ Dp (S)

In general, the RBE of ionizing radiations depends on the dose or 
dose per fraction, the tissue or cell type, the biological end point 
( e.g. cell survival , chromosome aberrations or mutation), the 
reference radiation and energy or linear energy transfer (LET). 
These dependencies are most obvious for in vitro experiments 
with cell cultures[Belli et al.1990, Barendson 1994, Fumio Yata-
gai. 2004. Hooshang et al. 2010, Belli et al 1997]. The RBE of 
a given radiation quality relative to 60Co gamma rays, is not 
a unique value but varies to a large extent with dose, and bio-
logical system effects. RBE values varies within large limits. The 
RBE increases with decreasing dose. Their values for late effects 
are definitely higher compared with those for early effects. This 
is particularly true at low doses[Wambersie et al.2002].

The most relevant value of RBE for charged particles is that 
calculated with respect to 2 Gy dose of gamma ray. This is due 
to the fact that radiotherapy centers currently deliver the X or 
gamma ray dose described to the patient in fractions of 2 Gy . 
Nowadays, and because of the observation of new structures in 
survival curves as a result of the hypersensitivity phenomenon, 
adaptive response and bystander effect, there is growing inter-
est towards adopting new dose fractionations procedures other 
than 2 Gy[Joiner et al. 2001], this will result in different survival 
per dose fraction and hence different RBE values. Consequent-
ly, the RBE weighting factor which is usually used in radiation 
clinical centers has to be modified in order to account for these 
changes. 

A knowledge of the dependence of RBE on survival fraction may 
add some improvement to the RBE weighting factor in addi-
tion better understanding of the damage mechanisms. In this 
work, published data for the in vitro irradiation of V79 cells by 
protons of variable energy are used to calculate the RBE at dif-
ferent survival fractions using 60Co gamma ray as a reference 
radiation. 

Method
Multiple survival curves measurements for the irradiation of 
V79 cells by protons were used in this study. Published sur-
vival curves data for clonogenic survival were taken from 
references[Belli et al 1998, Belli et al. 1989, Folkard et al. 1989, 
Schettino et al 2001] , Special matlab computer code is written 
and used to retrieve numerical data from graphical presenta-
tions in published works. with estimated errors of not more that 
5%. 

Fourteen survival curves in the energy range (0.57-5.01) MeV 
were fitted to the Linear Quadratic equation using the curve 

fitting tool (cftool) facility in MATLAB system. The dose that 
corresponds to survival values of (0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.
9) were extracted from each fitted curve. The curves selected 
are conventional survival curves that show no evidence of a 
hypersensitivity phenomenon. A 60Co survival curve data for 
V79 cells[taken from Suzuki 1993] was also fitted to the (LQ) 
equation and the dose that corresponds to each survival value 
mentioned above is selected. All the fits were done satisfied the 
minimum 95% confidence level criteria. This criteria is based 
on the constrains that the sum of squares due to error(SSE) 
and the Root Mean Square Error (RMSE) should be very close 
to zero and the R-square and the Adjusted R-square should be 
very close to 1. The relative biological effectiveness (RBE) is cal-
culated using the proton dose at a given survival to represent 
Dp (S) in equation 1 and the corresponding gamma ray dose 
at the same survival to represent Dref (S) in this equation. The 
RBE- vs.- survival curves plotted for each proton energy . All the 
curves were fitted to the equation: 

 32
Sdb)/c)-((-eaRBE ×+×= S  (2)

Where S is the survival fraction, a, b, c, and d are free param-
eters.

Results
The LQ model fitting parameters(α and β) for the survival of 
V79 cells irradiated by different proton energies are presented 
in table 1, the goodness of fit parameters (SSE, RMSE,R-square 
and ADJ) are also shown. The α and β parameters for the ener-
gies (0.57 0.64 0.76 1.41 and 3.2) MeV obtained in this study are 
in good agreement with those found by[ Belli et al 1997].
 

Figure 1. Data points for the Relative Biological Effectiveness (RBE) against Survival for proton 

Irradiation of V79 cells, * data points, --- fitted equation. eeeeeeeeequationequation.
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Figure 1. Continued  

Figure 1. Data points for the Relative Biological Effective-
ness (RBE) against Survival for proton
Irradiation of V79 cells, * data points, --- fitted equation.

Relative Biological Effectiveness versus survival fitted to equa-
tion (2) are shown in figure 1, together with the fitting param-
eters (a, b, c, and d) and the goodness of fit parameters at the 
energies specified. These are shown in table 2. The a and d pa-
rameters resulted from fitting of equation 2 show a strong de-
pendence on LET as seen in figures 2a and 2d respectively, while 
the b and c parameters are nearly constant as seen in figures 2b 
and 2c respectively.

Discussion
The RBE versus Survival curves presented in this study (fig-
ure 1) show an increase of RBE with increasing survival but 
the curves takes different shapes. Equation 2 which is being 
suggested shows an adequate description of all the data. The 
equation is a sum of an exponential term which describes the 
low survival region and a cubic term which describes the high 
survival region. In the middle region the two terms act jointly. 
In other words, it can be argued that the cause of damage that 
leads to low survival fractions is different from that which re-
sults in higher survival fractions, and interference between the 
two processes occur in the middle survival region . 

Considering figure 2a. one notices that the ‘a’ factor which is 
the coefficient of the exponential term in the predicted equa-
tion, varies with LET and this variation can be approximated by 
three hand drawn straight lines. This means that there are three 
processes for cell damage that runs linearly with LET. The slope 
of these lines represents the size of damage associated with 
each process, The LET- intercept represents the LET value that 
is required to initiate the particular process. There can be sev-
eral explanations of such behavior. One is that these processes 
are associated with three mechanisms for the direct action of 
ionizing radiations such as single strand breaks ( SSB) , double 
strand breaks (DSB) , protein cross links or base damage in DNA 

(see Friedland et al. 2003 for DNA damage), Another explana-
tion is that the cells having different responses to radiation dur-
ing different phases of their cell division 

The linear relation of the ‘d’ factor which is the coefficient of the 
cubic term in equation (2) with LET (figure 2d) indicates that 
there is another mechanism process that varies linearly with 
LET. Furthermore, it seem that this process follows a unique 
route. This is because all data points can be approximately de-
scribed by a single line. The process related to this kind of dam-
age could be the indirect action in which the energy of radiation 
is absorbed by water molecules and the associated production 
of free radicals. 

The independence of the ‘b’ and ‘c’ coefficients on LET means 
that they are related to biological factors such as cell ability to 
repair damage irrespective of radiation quality.

A detailed knowledge of the relative biological effectiveness 
(RBE) for inactivation in irradiated tissue is fundamental for 
prevention of late radiation effects in normal tissue in general, 
and for optimizing the treatment in particular.

In clinical practice, the radiation oncologist has to select one RBE 
value to weight the absorbed dose in order to produce optimum 
clinical effect as with conventional photon therapy[Wambersie 
et al 2002]. In conventional therapy treatment of 2 Gy fractions, 
surrounding normal tissue will receive lower dose which means 
higher survival fraction. The curves shown in figure 1 indicates 
that higher survival fractions can have higher RBE values. This 
suggests that the effect of low proton doses at a given survival 
fraction on normal tissue is much higher than the effect of gam-
ma ray corresponding to the same survival. 

In cases where dose fractionation other than 2 Gy are used, the 
surviving fraction in tumor tissue will be different, This will 
lead to different RBE values, and will result in an increase or de-
crease in the total dose given to the patient depending upon the 
fractional dose. In cases where the fractional dose is lowered, 
the results will be higher survival in the tumor region. This will 
dictate the need for larger total dose to kill the tumor. 

Conclusion
The relative biological effectiveness of protons as a function of 
survival can be described by a single equation with four free pa-
rameters. Two of these parameters are LET dependent and the 
other two are nearly constants. This equation may be useful in 
clinical practice for prevention of late radiation effects and in 
prescribing the total dose in radiation therapy. The dependence 
of the parameters in the predicted equation on LET may play an 
important role in understanding radiation action mechanism. 
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Figure 2. The fitted parameters from predicted equation 2 
plotted as a function of LET, the lines are drawn by hand 
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Table 1. The LQ model fitting parameters for the inactivation of V79 cells by protons of various energies, The goodness of fit 
parameters are shown

RMSEADJRSQSSEβ Gy-2α Gy-1E(MeV)
0.019540.99720.99720.0022922.8e-0140.57120.57
0.020570.99750.9970.0021150.021180.61620.64
0.0078530.99930.99920.0004317-0.048160.51920.73
0.0008391.01.04.23e-0060.000130.73540.76
0.022450.99580.99520.003526-0.096861.010.84
0.023570.99550.99550.0038882.6e-0140.76881.0
0.012520.99890.99870.0010980.068750.26581.15
0.011280.99920.9990.00063580.078670.75291.16
0.0081570.99950.99940.000330.038690.46931.41
0.018330.99770.99730.0016810.19010.38511.7
0.0037660.99990.99998.5e-0050.10730.11441.9
0.02930.99360.99350.006010.078710.33543.2
0.0080760.99950.99940.00032610.031340.41563.36
0.012860.99840.99810.00066160.016910.30285.01

Table 2. The RBE-vs. Survival fitting parameters from predicted equation, goodness of fit parameters are also given

RMSEADJRSQSSEdcbaE(MeV)

.12830.98150.98940.065796.6350.37780.34142.4040.57

0.083320.97960.98830.027775.2520.47830.34542.8950.64

0.048660.99810.99890.0094735.460.33610.48241.5130.73

0.17680.97440.98530.1257.4220.45550.3733.1390.76

0.095440.9990.99940.0364314.340.38430.44283.2660.84

0.14120.97260.98440.079796.0020.32980.26762.1361.0

0.082860.98320.99040.027463.5380.93830.22851.8761.15

0.089840.99210.99550.032288.0290.45770.33643.7221.16

0.1280.93360.96210.065514.5620.45510.33742.4281.41

0.13910.89980.94270.07745.3540.40990.29983.0741.7

0.080220.96510.98010.025743.670.37760.25191.6551.9

0.061740.99510.99510.015255.030.41880.29851.9613.2

0.01670.99560.99750.0011161.9190.61390.44272.1673.36

0.083760.96630.98070.028063.620.42070.30451.525.01


