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Abstract

The Effectiveness of lower doses of high-LET radiations is not
accurately determined by using energy-based physical parameters
such as absorbed dose and radio-sensitivity parameters. Therefore,
an attempt has been carried out in this research to propose
alternative parameter that capable to quantify the effectiveness
of these high LET radiations at lower doses regions. The linear
energy transfer and mean free path for linear primary ionization are
employed as distinct parameters to achieve this objective. A new
mathematical form of the effectiveness of high-LET radiations at
lower doses region has been formulated. Based on this parameter,
the optimized effectiveness of high-LET radiations occurs while the
energy of higher LET particles is deposited at spacing of 2 nm for
linear primary ionizations.
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Introduction

Investigating the effectiveness of high-LET radiations on
biological systems is one of most significant aims in the fields of
radiation research and radiation protection [1]. However, it is well
known that the amount of energy transferred to biological entities,
from high-LET radiations, is quantified in terms of physical quantities,
which are defined based on radiation energy [2].

Currently, in radiation protection field, the effectiveness of
high-LET radiations is determining in terms of absorbed dose as a
significant physical parameter. The absorbed dose is typically defined
as the amount of energy deposited by charged particles per unit
volume of the irradiated medium. However defining the absorbed
dose in this form allows to using it as a typical physical quantity
in determine the effectiveness of high-LET radiations on physical
materials. Although the absorbed dose as a distinct parameter
was applied effectively to quantify the effectiveness of high-LET
radiations in biological materials at higher doses region. Conversely,
at lower doses region, this parameter faces major insignificance in
quantifying the effectiveness in finite biological entities such as cells,
chromosomes and DNA molecules, as shown in figure 1. Whereas the
effectiveness of high-LET radiations is predicted using extrapolated

methods. There is another weakness of using the absorbed dose as
distinct parameter which is related to the fact that the absorbed dose
does not consider spatial distribution of deposited energy by charged
particles. The spatial distribution explains the exact relationship
between the radiation effectiveness and the radiation energy imparted
by high-LET radiations at lower doses region [3].

However to look into these problems and to address the
weaknesses of using the absorbed dose as a distinct physical quantifier
parameter to determine the radiation effectiveness, the concept of
relative effectiveness of radiations has been introduced. The relative
biological effectiveness (RBE) of radiations introduced to compare the
effectiveness produced by various qualities of high-LET radiations. In
fact, the equal amounts of the absorbed doses from varies qualities
of high-LET radiations do not create the same biological effect level.
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Figure 1: The connected line shows the high dose region while the dotty line

shows low dose region.
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Figure 2: The aD represents the inactivated fraction of irradiated cells at
lower doses and the BD? represents the inactivated fraction of irradiated cells
at higher doses region.

It has been realized that in many studies; the absorbed dose is
not the optimum physical parameter to quantify the effectiveness of
high-LET radiations at lower doses [3-7]. For that reason the radio-
sensitivity of cell survival curves have been applied to determine the
effectiveness of high-LET radiations at this region [8] as shown in
figure 2 for Linear-Quadratic model.

For convenience, the effectiveness was defined as the ratio of
initial slope of reference radiation («, )to the initial slope of the test
radiation (¢, ) as shown in figure represented below.

In radiation protection, this simple form of effectiveness faces a
gross limitation, in particular while the initial slope of tested radiation
approaches zero point. In this case, the effectiveness should also reach
at zero; however, this fact is not proven yet. Consequently, the initial
slopes parameters do not represent suitable quantifiers of high-
LET radiation effectiveness at lower doses region. For that reason,
investigating alternative physical parameters has been done in this
research.

Since LET and its restricted forms are considered to be good
physical quality parameters to quantify high-LET radiation damage
[9], in fact it depends on mass and velocity of charged particles,
as such, various values of linear energy transfer may be acquired
either through changing the particle energy with the same particle
or by altering the particle type keeping the velocity constant. Using
the LET alone is not really good physical method to determine the
radiation quality, which in turn leads to deduce that the effectiveness
of high-LET radiations represented in this parameter is not accurately
determined because of the serious limitation relevant to the RBE
concept [10-12]. Furthermore Belli [13] has experimentally proven
that the LET cannot be considered as a common index of radiation
effectiveness for light particles. This implication was subsequently
confirmed in many laboratories [13,14]. The possible method
to rise above this limitation is that by representing the radiation
quality in terms of two physical parameters at the same time. Thus
the attention has been focused to derive an alternative form of the
relative effectiveness in terms of two physical parameters rather than
the absorbed doses, the initial slopes or the LET alone.

Derivation of Alternative Form of Effectiveness (RBE)

Definition of the effectiveness (RBE) has been introduced for the
first time as the ratio of absorbed dose of a reference radiation to the
absorbed dose of a test radiation which produces the same biological
end-point. This definition of RBE was given mathematically as
follows:

D
RBE =—* 1
D M

t

Where D, is the absorbed dose from reference radiation and D,
represents the absorbed dose from test radiation.

On the other hand, at lower doses region, the relative biological
effectiveness (RBE) may be represented in terms of the initial slopes
of cell survival curves by the simple relation:

RBE =% )
(04

r

Where ¢, is the initial slope of survival curve of reference
radiation and ¢, expresses the initial slope of survival curve of test
radiation.

The effect cross-section (o) which identify the target size of
biological targets such as: cell, cell nucleus and DNA can be defined
in terms of linear energy transfer (LET) as follows:

o= axLET 3)
Oy
where a represents the radio-sensitivity parameter which
determines the effectiveness at low dose region, and LET represents
the linear energy transfer parameter of charged particles. o,
represents saturated cross-section.

For reference radiation we can write:

“4)
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Where o,and «, represent the effect cross-section of survival
curve and radio-sensitivity parameter of reference radiation
respectively, LET, represents the linear energy transfer parameter of
reference radiation.

For test radiation we have:

0, %0,
=10 (5)
LET,
Where o, and ¢, represent the effect cross-section of survival
curve and radio-sensitivity parameter of test radiation respectively,
LET, represents the linear energy transfer parameter of test radiation.

From equation 2 where someone can represent the effectiveness
as follows:

0,%X0, LET,

RBE = (©)

LET, o,xo0,
By making some short cuts, the RBE can be written as follows:
RBE =| 2 || LEL. 0

o, LET,

In this form the effectiveness has been represented in terms of
effect cross-sections of tested radiation and the reference radiation
and also the linear energy transfer of reference and the test radiations,
rather than the absorbed doses or the radio-sensitivities parameter.
The linear energy transfer is directly determined in irradiation
experiments, but it is difficult to directly determine the effect cross-
sections in irradiation experiments. Therefore, to represent the
effectiveness directly by measurable physical quality parameters, the
effect cross-section has rewritten in terms of other physical quality
parameters. From the physical definition of the probability (P) of
radiation effects, we have:

R="t &P =" ®)
& &

The factors o, and o, represent the geometrical cross-sections
of targets in biological entities being at risk for test radiation and
reference radiation respectively.

By substituting the relations (8) in equation (7) we get the form:
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RBE =| LX00 |, | LET, ©)
Pxo ) \ LET

For mammalian cells exposed to high-LET radiation, we assume
the same number of targets will expose to reference radiation and
test radiation. Therefore the effect cross-sections o, and o, will be
correspondent to each other, so that we obtain:

RBE:(ﬁJx[LETfj (10)
)\ e

This is a new general form of effectiveness; this form can be applied
for any end-point and for any radiation to determine the effectiveness.
Although the probability (P) equals to intrinsic efficiency () of

damage multiplied by the number of biological segments are at risk
(n,), but his definition can be formulated mathematically as follows:

(11)
In the special case, the probability of radiation damage can be
written for both reference radiation and test radiation as follows:

(12)

Where P and P, represent the probability of radiation damage
due to test radiation and reference radiation, while & and ¢ are
intrinsic efficiency of damage due to test radiation and reference
radiation, 71, and 7, represent the number of biological segments
are at risks due to test radiation and reference radiation respectively.

P=¢xn,

B =¢gxny, &P =&, xn,

By substituting relations (12) in equation (10) we get a little bit
complicated forms of RBEs:

RBE = XMy X LET, (13)
£, XN, LET,

RBE =| & || Mo || ZEL | (1)
£, ny, LET,

The intrinsic efficiency of test and reference radiations can be
written in terms of mean free path (\) for linear primary ionization
respectively as follows:

[ﬂ?jm
g =|1+]| =+
Z’O
&, = 14{/1’]
Z

These equations are obtained in previous modeling work on
experimental data related to cell inactivation and chromosomal
aberration.

(15)

(16)

By substituting equality (15) and (16) in equation (14) the RBE
can be written as follow:

x| Moo || LEL, (17)
n, )\ LET,

For simplification, if we put m =1than the equation (17) will take
the form:

1+
RBE =| — 2o || Mo || LET,

0

(18)

Results and Discussion

The equation (18) gives novel mathematical form of RBE which
can be used in determining the relative effectiveness of all types of
high-LET radiations at lower doses. According to this form, the
effectiveness of high-LET radiation can be divided into three cases;
these cases are defined as follows:

Case number one: For A=A and A = A,

Case number two: For 2 > 2 and A, > 4,
A <Ay and A <2,

Since DNA is considered as the main target of radiation
effectiveness then )\0; 2 nm, this value represents the spacing of the
DNA double strands.

Case number three: For

In first case; ie. if 4, = 4, and A, = A, the damage occurred by
ionizing radiation is optimized, and then the RBE will take the form:

RBE =| Mo || LEL. (19)
n(?r LET;

In second case; i.e. if 4, > A, and A, > A, the RBE will take the
form:

RBE =| 22 || Mo | [ LEL. 20)
)'r n()r LETZ
AndInthelastcaseie. if 4, < A, and A, < A,,thentheoccurred

radiation damage in this case is saturated and the effectiveness (RBE)
will take the final form as follows:

A

1+/17[ LET
1A |\, ) U LET,

r

RBE =

0
Conclusion

The effectiveness of high-LET radiations has been represented
in terms of two alternative physical quality parameters. These
parameters are linear energy transfer (LET) and mean free path () for
linear primary ionizations. The new mathematical forms of relative
biological effectiveness in previous three cases enable to quantify the
effectiveness of high-LET radiation alternatively of radio-sensitivity
parameters at lower doses region, and more effectively than just
utilizing the absorbed dose.

The amount of absorbed energy into biological entities is not
proper measure to quantify and interpret the effectiveness of high-
LET radiations mechanism particularly at lower doses region.
Spacing of energy deposited events in high-Let tracks and its relevant
parameters such as mean free path and linear energy transfer
represent very significant decisive factors which should be taken into
account while explaining the effectiveness of high-LET radiations at
lower doses region.

This approach will definitely assist in complementing the
determination of the absolute effectiveness of high-LET radiations at
lower doses regions for radiation protection.
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