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Abstract

A new formula linking the shape of survival curve to the inactivation probabilities after different numbers of cell hits has been
derived. It has been used in analyzing recent experimental data obtained with monolayer cells irradiated at definite values of LET
(in different parts of Bragg peaks). The new approach allows not only deriving the values of inactivation probabilities at given
LET values; unexpected consequences seem to follow especially for inactivation characteristics of carbon ions in different parts
of the Bragg peak, too.
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1. Introduction

The effective application of different ions in tumour
radiotherapy as well as the safety of astronauts requi-
re improved understanding of the basic characteristi-
cs of radiobiological mechanism in individual cells.
An important progress in this direction has been
enabled by experiments in which a whole population
of cells have been hit by ions at defined average
values of LET (irradiation of cells in a monolayer by
different parts of Bragg peaks) and the corresponding
survival curves have been established.

In the following some new results obtained by a
detailed model analysis of such experiments will be
presented. Such a model analysis has been enabled
when a close relation of the shape of survival curves
to cell inactivation probabilities at different hit
numbers has been found.

2. Inactivation probability and the shape of
survival curves

Inactivation probabilities of individual cells in de-
pendence on the LET value may be derived from
the corresponding survival curves. If  l [keV/mm]
is a given LET value one can write for the average
number of cell hits at a dose D

hD = hD, h = C s / l

where s [mm2] is the cross section of cell nucleus
(or of chromosome system) and C = 6,24 [keV/mm].

The survival curve at a given l may be then
expressed as
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where pk
la f  represents the inactivation probability

when a cell nucleus is hit k times, the corresponding
probability being given by Pk.  It holds
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It is then possible to write further
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and similarly for higher terms of the corresponding
Taylor series; all pk being l-dependent, too. It means
that the survival curve (1) may be parameterized
with the help of inactivation probabilities pk after
given numbers of cell hits.

If the inactivation probability pk increased on the
mere geometrical principle, i.e.,

p pk

kl la f a fe j= - -1 1 1 ,

 one should obtain

s l
lD hp Da f a f= 1

and the survival curve would be represented by a

1st International Workshop on Space Radiation Research and
11th Annual NASA Space Radiation Health Investigators’ Workshop
Arona (Italy), May 27-31, 2000



171

Physica Medica - Vol. XVII, Supplement 1, 2001

straight line in the semilogarithmic graph. In a
general case it is possible to write, e.g.

p p e ek
k p pl l w w lla f a f a fe j a f

= - - - -1 1 1
1 / (2)

where  w  may depend on l  as well as on the kind
of applied ions.

3. Numerical analysis of survival curves for
protons

It is evident that the free parameters a l
k
a f  and  s  may

be derived from the experimental data for diverse
values of l if the corresponding survival curves had
been established. Using Eq. (2) and putting, e.g.

w w w l w l= + +0 1 2
2

where l l= log  the number of free parameters may
be reduced significantly. The remaining free para-

meters are then p1
la f ,  s, and wj (j = 0,1,2); their total

number being practically always lower than the
number of experimental points in data being avai-
lable.

We have analyzed the experimental data from two
different experiments published recently for protons
(see Refs. [1] and [2]). Our orientation fit has led
in the first case [1] to the following values:

s = 25mm2; w0 = 0.84, w1 = 0.2, w2 =  – 0.05;

and to the values of p1
la f  up to k = 5  for individual

values of l:

l h p1 p2 p3 p4 p5

[keV/mm

11 14.5 .030 .059 .087 .114 .140
20 8.0  .072 .137 .198 .253 .303
31 5.1 .143 .245 .332  .413 .493
64 2.5 .218 .360 .459 .531 .583
80 1.8 .281 .401 .552 .605 .664

In the other case [2] we have obtained:

s = 15 mm2; w0 = 0.90, w1 = 0.2, w2 ª 0.;

  l[keV/mm] h p1 p2 p3 p4 p5

10 9.8 .064 .122 .173 .218 .259
18 5.4 .069 .130 .190 .251 .316
28 3.5 .171 .324 .459 .574  .671

The values of free parameters differ slightly in
individual cases, which may follow from  different
irradiation arrangements.

Similar analyses have been performed for deute-
rons and helium ions, too; data taken from refs. [2,
3]. The results obtained will be presented elsewhere
[5].

4. Analysis of experimental data for carbon ions

It is commonly believed that in the Bragg peak of
carbon ions (at least at higher values of l) already

the values of p1
la f  are practically equal to one.

However, the experimental data being available for
these ions do not seem to support such an assump-
tion. That the situation may be different follows
from the recently published data [4] that have con-
cerned isoeffective irradiation of the mouse skin
under divers conditions: different numbers of dose
fractions and different values of l. As mentioned
already by the authors of ref. [4] one should ask
why, e.g. the curve for l = 100 keV/mm differs so
significantly from the curves obtained for  l = 10-50
keV/mm and resembles rather the behavior obtained
for X rays.

The irradiation conditions are very similar to the
preceding monolayer experiments as a narrow layer
of clonogenic cells may be regarded as responsible
for macroscopic skin effect. Assuming: (i) the macro-
scopic effect is given by the survival Sl(DN,l, N) of
clonogenic cells under corresponding conditions; (ii)
no cell proliferation occurred during the irradiation
course (total time  T < 10 days),  it should hold

Sl(DN,l, N) = exp(– Cl(DN,l,N)),
Cl(DN,l,N) = Nsl(DN,l/N)

where DN,l is the corresponding total dose and  N
– the number of fraction doses used.

The given skin effect (moist desquamation) may
be then characterized by the common quantity C and
it must hold for all experimental points (shown in
ref. [4])

Cl(DN,l, N) = C.
                                                    .

Using the same parameterization for sl(d) as in the
previous case the following free parameters would

now be available: p1
la f , s, C, wj (j = 1,3).  However,

it was not possible to obtain an acceptable fit under
such conditions.

An agreement with available experimental data
could be obtained only if the parameter s  has been
substituted by a function of  l:

sl � �
�
�� � a

�
l � a

�
l���

The following values of free parameters have been
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radiation impact. Our analysis shows also convin-
cingly how misleading may be the application of the
simple LQ model when trying to understand the
radiobiological mechanism in cells.

As to the carbon ions it is evident from the experi-
mental data and their analysis that the effect on cells
at higher l differs significantly from that commonly
expected. The analysis performed by us indicate that
the hitherto philosophy the application of carbon ions
in radiotherapy has been based on should be rather
fundamentally revised. On the other side, the appro-
ach of evaluating the values of  l  at different parts
of Bragg peaks should be reexamined, too.
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then obtained. The macroscopic effect may be cha-
racterized by C=8.06 which corresponds to the
survival cell ratio of 0.0003. And further,

� � �
�
� �� ����� µ��� �

�
� 	� ��
��
 �

�
� 	� �������

w0 = 1.07, w1 = – 1.38, w2 = 0.84 .

The values of corresponding pk
l  are shown in the

following table:

l sl
[keV/mm] [mm2] h p1 p2 p3 p4 p5

14 1.4 0.61 .412 .432 .625 .631  .905
20 2.1 0.64 .378  .537 .656 .733 .798
40 5.3 0.82 .325 .499 .620 .709 .780
50 7.4 0.92 .275 .413 .575 .711 .837
60 9.8 1.02 .229 .361 .555 .739  .901
80 15.8 1.23 .217 .378 .541 .696 .826

100 23.1 1.44 .161  .272 .435 .625 .816

It is necessary to conclude that the energy transfer-
red by individual carbon ions to individual cell
nuclei is much smaller than it has been commonly
expected at the given l values. However, a greater
number of cells might be hit by one ion in a layer
perpendicular to the original beam direction.

5.  Conclusion

The proposed mathematical model linking the shape
of survival curve to the inactivation probabilities of
cells after different numbers of hits opens a new way
of studying the processes running in a cell after


