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Abstract. In order to find out the most suitable model that describe neutron sur-
vival curves data, we used MAT-LAB facility programs to extract thetren
survival curves data from literature and fitting them to four survivaves mod-

els: The single-hit single-target (SHST) model and the linear quadgigtien

(LQ) which both are classical models, and the inducible repair modglai

the Repairable Conditionally Repairable model (RCR) which both takes into ac
count the recently discovered hypersensitivity phenomena. Thécahsodels
failed to describe neutron survival curves, whereas the InducibpaiReodel

(IR) was successful to a certain extent and the RCR was most sfiddess
fitting the data Fitting analysis suggests that a hypersensitivity phenomena is
present in old neutron data and needs to be investigated.

PACS number: 87.64.Aa, 87.56.bg

1 Background

Many mathematical and mechanistic models have been prdpgosdescribe

mammalian cell survival data and to interpret from the datssfble molecular
processes that are likely to bring about cell death. Thedfrgtese models was
the single hit single target exponential equation [1]

S = exp(—aD) Q)

WhereS is the surviving fractionD is the dose and is the damage factor.

This equation was later replaced by multi-target singteahd single-hit multi-
target equations which were favored for fitting the shape afmmalian-cell
survival curves in earlier decades. However they all giverfid to the data,
especially at low doses of radiations.
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Although up to now no generally accepted hypothesis is abkl about the
mechanism by which cellular responses are induced and ssqaethe model
involving a linear and quadratic (LQ) dependence on the iosensidered as
adequate approximation for responses to doses of up to &guof low linear
energy transfer (LET) radiation and equivalent doses oémthdiations. It is
given by [1]:

S = exp(—aD — 3D?) (2)

This equation is a semi empirical in origin, but the fittinggaeterse and 3
were interrupted later in terms of damage mechanism, whéseconsidered as
the damage factor due to direct action mechanism/ad the damage factor
due to indirect action.

However, in recent years, experimental evidence has shbamnnmammalian
cells show a hypersensitivity to doses lower than 0.5 Gy. Ayersensitivity
response occurs maximally at doses around 0.5 Gy, and thedd@Irhas been
shown to significantly underestimate response in the dasgerap to 1 Gy in
these curves.

Many models have been suggested to describe the more cost@er of the
survival curve if the hypersensitivity region is include@dne of these models is
a modified version of the LQ model and known as the Induciblpaitemodel
(IR). It is assumed to be applicable to survival curves wisiobw hypersensitiv-
ity phenomena as well as those which do not show it. It is basealthreshold
doseD., below this dose (generally following up 8 0.5 Gy ) the tissue is hy-
persensitive, but when the dose has exceeded the thres&ypdd; mechanisms
are induced in the tissue and the effective cell sensitigitiuces greatly. The IR
model can be expressed in terms of effect on surviving frads [2]:

_ _ @ —D/Dec _ 2
S—exp{ a{l—i—(as 1)6 }D 6D }, 3)
ag is the steep initial slope at very low doses to describe thEetsensitivity
region. It changes exponentially as the damage inflictedsléa the induction
of more efficient repair, and transformed to a more resistdnatllower slope of
the shoulder region after repair has fully induced (charétd by« in the LQ
classical model. The quadraticterm takes over at progressively higher doses.

The IR model is so successful in describing survival curvethe low-dose
region, however, it describes the high dose region poongt, anew statistical
model, the Repairable Conditionally Repairable model (R@&s predicted by
Linda Persson, in which the survival is given by [3]:

S =e P 4 pDe P, (4)

wherea, b and,c are fitting parameters

This recent model is assumed to be able to describe suruiveés at low and
high dose reasonably well.
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2 Methods

Survival curves data for neutron irradiation of V79 cellsreveaken from refer-
ences [4,5], scanned and fed to the computer as image fildabieaby MAT-
LAB 7.0 (The Mathworks, Inc., Natick MA, USA) and transfedrento figure
files in pixel units. Calibration curves relating the pixalits and the real co-
ordinates units were used to extract the real data pointacéje complete set
of survival curves data points was obtained, the error bareweglected. This
was done for 12 survival curves ranging in energy betweeli{5.0) MeV.

The survival curves data points were fitted to the four modetribed by equa-

Table 1. Statistical fitting parameters characterizing the goodness of fit

SSE ADJ RMSE SSE ADJ RMSE
E =0.11 MeV E =0.176 MeV
SHST 0.002555 0.9974 0.0191| 0.05934 0.8885 0.09945
LQ 0.003724 0.9955 0.02491| 0.02329 0.9562 0.0623
IR 0.0006478 0.9992 0.01039 0.01569 0.9705 0.05114
RCR  8.466¢<107° 0.9999 0.004115 0.03451 0.9352 0.07584
E =0.22 MeV E = 0.34 MeV
SHST 0.001506 0.9984 0.01584 0.00214 0.9974 0.01888
LQ 0.0006669 0.9992 0.01155 0.0007805 0.9989 0.01249
IR 0.0004088 0.9994 0.01011] 0.0007311 0.9989 0.01209
RCR  0.0007241 0.9989 0.01345 0.0002833 0.9995 0.008416
E =0.43 MeV E =0.433 MeV
SHST 0.001264 0.9987 0.01344 0.006299 0.9909 0.03968
LQ 0.0003056 0.9996 0.0071360.001414 0.9973 0.02171
IR 0.0001279 0.9998 0.0050580.002457 0.9965 0.02479
RCR  0.0002147 0.9997 0.0065530.02269 0.9564 0.08698
E = 0.583 MeV E =0.66 MeV
SHST 0.003142 0.9955 0.02507 0.001017 0.9989 0.01205
LQ 0.004047 0.9928 0.03181] 0.0005081 0.9994 0.009203
IR 0.003196 0.9943 0.02827| 5.266x10°° 1 0.001147
RCR  0.0132 0.9765 0.05745 2.116x107°° 1 0.0006505
E =1.0 MeV E =2.0MeV
SHST 0.004769 0.9953 0.0261 | 0.0001611 0.9998 0.004797
LQ 0.0004443 0.9995 0.0086058.147x107° 1 0.001165
IR 0.0001203 0.9998 0.0049069.281x10"" 1 0.0004817
RCR  0.0002712 0.9996 0.0073656.54x10°° 1 0.001044
E = 6.0 MeV E =15.0 MeV
SHST 0.005787 0.9949 0.02873 0.001163 0.9985 0.01392
LQ 0.002585 0.9974 0.02076| 6.149x<10°°> 0.9999 0.003507
IR 0.002579 0.9974 0.02073| 0.0001364 0.9997 0.00584
RCR  3.63410° 1 0.002696| 0.0001105 0.9998 0.005256

125



Survival Curves Models of Neutron Irradiation Data and aniiénce for...

tions (1-4) using MATLAB fitting tools. The goodness of fit wagasured de-
pending on many statistical parameters or distributioms;first of these is the
residual distribution which should be symmetric arounaz&he second is the
adjusted R-square value(ADJ), which takes into accounttimber of degrees
of freedom in the fitted equation. R-square (the square oétadion) is defined

as the ratio of the sum of squares of regression and the totalo squares

about the mean; it can take any value between 0 and 1, withue eddser to 1

indicating a better fit. R-square values obtained from thedit very close to 1;
The third criterion is that the sum of squares due to erroEjSBould be close
to zero; And finally the root mean square error (RMSE) shoeldlbse to zero
[6]. Table 1. shows the neutron energies used and the statigarameters that
describe the goodness of fit for each fitted model.

3 Results and Discussion

Data points used in this study were taken from two source® group with

energies (0.11, 0.22, 0.34, 0.43, 0.66, 1.0, 2.0, 6.0 ar®) MeV represented
by figures (1a, 1c, 1d, 1e, 1h, 1i, 1j, 1k, and 1l) belongs td &tall. [4]; and the

group with energies (0.176, 0.433, and 0.583) MeV represky figures (1b,
1f, and 1g) belongs to Leenhouts and Chadwick [5].

Although the neutron energies given by Leenhouts and Clekdare close to
some of those given by Hall et al, but the difference betwemmesponding
curves is large. This is because of the difference in the darsge used in the
two data sets in addition to accuracy of measurements. Tis¢ ohwious about
Leenhouts data (Figures 1b, 1f, and 1g) is that none of the faadels can
describe the data in any way. A careful inspection to thesedgyshows that
there is a peculiar data point in each of them which occurbdatita0.32 Gy in

Figure 1b, at 0.6 Gy in figure 1f and at about 0.4 Gy in Figure The other

thing is that the data points in these figures are distribotedt a small dose
range & 2.0 Gy), this helped to observe peculiar structure. We belibagéthis

structure is a hypersensitivity phenomena which has besereéd in recent
years in alpha, proton and gamma irradiation data 7-9] whgthally occurs at
about 0.5 Gy, where the survival curves decreases sharpty@p Gy and then
starts to increase again indicating the start of inducibfmir [2]. The SHST
model and the LQ model cannot describe the data points i thiggres since
they are not designed to take into account the hypersensibif/the cells. The
IR model and the RCR model also failed to describe the dateigaly in this

region simply because of the lack of data points in this sismsiegion. This

suggests that experiments on neutron irradiation shouldlyshis region with

many additional data points nearby to look for a hypersetityiphenomena.

The data points of the survival curves used by Hailhl. do not show such a
structure, since larger fractional doses were used in #tedy, and the SHST
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Figure 1. Survival curves for inactivation of V79 cells by neutronsditte: Single
Hit Single Target (SHST), Linear Quadratic (LQ), Induced Repai),(HRd Repairable
Conditionally Repairable (RCR) Models. The neutron energy appedéns &p left side
of the figure, the same type of line and the same color is used for eaa mad figures.

model is unable to describe them, this is in contradictiowtat has been
thought before that the neutron data is usually describeétiéimear part of the
LQ equation which is represented by the SHST model. The LQefekscribes
these data better at higher energiesl(0 MeV), than those at lower energies,
however it is still unsuitable to be used for fitting neutram&val curves data.
The IR model was successful to a certain extent to descritheHball’'s data and
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Figure 1. Continue.

Leenhouts data at low dose and high dose and at all the ersgpns used in
this study, but it needs more data points in the hypersgitgitiegion to give a
better fit. The fitting process by the RCR model was most ssfgeshe equa-
tion of this model is arranged in such a way as to take the maximumber of
data points that describe the survival curve.

Although the fit results for the SHST model and the LQ model ravevery

reliable because they do not fit the survival curves quitd {Fgures la—1f)
but they give a close value to the damage factgrwithin errors at most of the
energies used in this study (see Table 2). Also these vataégmcal for neutron
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Table 2. The fitting parameters for the Single Hit Single Target (SHST)etremd the
Linear Quadratic (LQ) model

E LET Single Hit Single Target Linear Quadratic Equation
(MeV)  keVipm a(Gy™) a(Gy™) B(Gy™?)
0.11 51.585 1.0280.32 0.3903:0.1 0.36090.035
0.176 55.327 2.22#0.27 2.2210.19 1.0 fixed at bound
0.22 55.094 1.1880.32 0.7086-0.048 0.309%0.041
0.34 51.234 1.47%0.052 1.4460.07 0.0546-0.075
0.43 48.076 1.16%0.052 0.7479-0.032 0.3042-0.029
0.433 48.076 2.0360.18 1.72:0.34 0.3342:0.39
0.583 42.754  1.4650.06 1.3:0.0186 0.1686:0.199
0.66 40.532 1.0480.02 0.8376-0.036 0.12780.0268
1.0 32.193 0.895#0.04 0.8930.03 0.0266-0.018
2.0 20.439 0.776%0.006  0.6712:0.003 0.04480.002
6.0 9.0351 0.43180.02 0.2394-0.018 0.0384-0.0096
15.0 4.2982 0.34370.0008 0.283%0.006 0.013020.0013

irradiation (see for example Refs. [4,5]). ThHevalues are usually assumed to be
zero when fitting neutron data or other densely ionizingatains, but we found
that we could obtain a better fit to the data when limiting thealues between
zero and one in the fit operation.

The damage factora( values in the IR model are close also to those in the
SHST and the LQ models (Table 3) and thevalues in this model which are
supposed to be the sanievalues in the LQ-model are close to zero, but the
two other parameters; and D, in this model improved the fit very much, as
said before,D.. is the dose at which the hypersensitivity phenomenon occurs

Table 3. The fitting parameters for the Inducible Repair Model (IR)

E Inducible Repair Model (IR)
(MeV) a as I} D,
0.11  1.2-0.069 0.0 fixed at bound 0.0 fixed at bound 0.940211
0.176 1.3#0.28 0.56:0.47 0.5 fixed at bound 0.3524.0635

0.22 0.9720.079 0.0 fixed at bound 0.1746.053 0.1789 0.044

0.34 1.3 fixed at bound 0.7 fixed at bound 0.1168062 0.676:0.034

0.43 1.504-0.214 0.6575:0.0445 0.015780.078 1.5 fixed at bound
0.433 0.54780.1995 0.0 fixed at bound 1.5 fixed at bound 1.48 fixed at bound
0.583 1.626-0.184 0.0 fixed at bound 0.0 fixed at bound 0.406132

0.66 1.075:-0.068 0.4129-0.032 0.038980.022 0.719%0.123

1.0 0.9236-0.034 0.0 fixed at bound 0.0189.0165 0.314&0. 028

2.0 0.6527%-0.012 0.74%-0.16 0.0519-0.039 0.6089-0.305
6.0 0.63740.13 0.0 fixed at bound 0.0 fixed at bound 3.421143
15.0 0.2684-0.02 0.9+0.173 0.017-0.0038 0.45980.196

129



Survival Curves Models of Neutron Irradiation Data and aniiénce for...

Table 4. The fitting parameters for the Repairable Conditionally RepairabtieMRCR)

E Repairable Conditionally Repairable Model
(MeV) a b c
0.11 1.152-0.05 1.912-0.146 2.679% 0.157
0.176 2.0 fixed at bound 0.0 fixed at bound 2.0 fixed at bound
0.22 1.4-0.167 0.87210.168 2.585:-0.745
0.34 6.694-1.376 3.563-0.55 2.670.149
0.43 1.463-0.099 1.674-0.094 2.6720.227
0.433 2.036:0.426 0.0 fixed at bound 1.9 fixed at bound
0.583 1.465:0.143 0.0 fixed at bound 0.7 fixed at bound
0.66 1.219-0.008 0.830%:0.0075 2.192-:0.029
1.0 0.9896-0.035 0.6719-0.1722 2.808:0.682
2.0 0.2432-0.013 0.0 fixed at bound 0.414%9.0087
6.0 0.5069-0.0095 0.8610.0173 1.083-:0.026
15.0 0.8738:0.364 0.589%0.2474 0.5842-0.0528

andca is the slope of the survival curve at tti. value, we obtained som@,.

values and corresponding -values which improved the fit, but the lack of data
points in the hypersensitivity region makes it difficult tagt the values of these
parameters although the fitted curves for this model are ratelésee Figure 1)

The last of these models (the RCR) is a statistical in naiiLolepends on Poisson
distribution to describe the cell damage. The results ofithte this model are
shown in Table 4. It has three parameters, andc, here thex-parameter is not
the same as the-parameter in the above three models, but our results shatw th
the values of a are not very far from correspondingalues in the other three
models.

In fact the statistical RCR model fitted most of the data vee}l @nd we rec-
ommend to use this model in dose calculation for tumor thetegatment by
neutrons instead of the LQ model which is usually used far ploirpose.

4 Conclusion

Fitting analysis suggests that a hypersensitivity phemaniepresent in old neu-
tron irradiation data and this phenomenon needs to be iga¢st experimen-
tally .

The SHST model which is usually used to describe survivalesithat belong
to neutron irradiation is found to be unsuccessful. The LQehalso fails
to describe these data. The IR model which is a modified versicdhe LQ
equation gives a better fit than the LQ model, but the fittedupaters that are
related to the hypersensitivity phenomenon are not veighigl because of the
lack of data points in this region. The statistical RCR mditield the data much
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better than the above three models and we recommend to gsmakliel in the
dose calculations for clinical purposes and disregard therlodel.

References

[1] E.L. Alpen (1990) ‘Radiation Biophysics’, Prentice-Hall International Inc.

[2] M.C. Joner, H. John (198&adiat. Res. 114 385-398.

[3] B.K. Lind, L.M. Persson, M.R. Edgren, |. Haifl A. Brahme (2003Radiat. Res.
160 366-375.

[4] E.J. Hall, J.K. Novak, A.M. Kelleher, H.H. Rossi, S. Marino, LGoodman (1975)
Radiat. Res. 64 245-255.

[5] H.P. Leenhouts, K.H. Chadwick (1974) InBiblogical Effects of Neutron Irradia-
tion”, Vienna: International Atomic Energy Agency, p. 151.

[6] C. Danial, F.S. Wood (1980)Fitting Equations to Data”, John Wiley & Sons.

[7] X.-D.Jin, L. Qiang, W.-J. Li, J.-F. Wang, C.-L. Guo, J.-F.¢42006)Nucl. Instrum.
Methods Phys. Res., Sec. B 245 310-313.

[8] G. Schettino, M. Folkard, K.M. Prise, B. Vojnovic, A.G. Bowey, B.Michael
(2001)Radiat. Res. 156 526-534.

[9] E. Tsoulou, L. Baggio, R. Cherubini, C.A. (200Rxdiat. Prot. Dosim. 99 237-240.

[10] B. Marples, K.A. Skov, M.C. Joiner (1994&adiat. Res. 138 S81-S85.

131



