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I. Introduction

An important problem in radiation biology today is that of estimating the hazards
for the human populations exposed to ionizing radiation. The life span shortening is
an important criterion for the estimation of radiation injury, especially in low dose
region. Since any experimental determination on human is precluded, we must rely
primarily on the informations obtained from animals.

Life span shortening induced by radiation is thought to be a non-specific phenomenon
and generally believed as due to a speeding up of aging by radiation. Many theories
on the mechanisra of aging have been proposed by BlairD, Neary?, Quastler®, Sacher?,
Szilard®, Yockey®, and others. While some of them have discussed survival curves
and Gompertz plots, Blair and Neary have tried to analyze the relation hetween life
span shortening and radiation dose.

In our preliminary report?, survival curves in control animals and mortalities due to
single massive exposure were analysed in terms of information theory. It was assumed
that there was certain minimum value of the information contents to survive. The
differences of radiosensitivities in different animals were interpreted as the differences of
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information contents which were decreased by any kind of disturbances, e.g., natural

aging, irradiation, intoxication etc..
be a normal distribution.

to chronic exposures is discussed with a simple model of aging.

The distribution of radiosensitivities was assumed to
The assumption that the decrease of the information contents
was linear with age was supported with experiments.

In the present paper a consistent formulation of the life span shortening from single

Before going to our

model two typical theories given by Blair) and by Neary? will be briefly reviewed
below.

2. Blair’s and Neary’s Theories

Blair has proposed to divide a radiation injury into two parts, namely, reversible
and irreversible ones. Assuming proportionality of the injury to the dose and a definite
lethal threshold of injury to the animal, he has obtained the following relation between
life span and dose rate.

Seie SO

®

where Sp and S are mean survival times of control and irradiated animals, respectively,
r, dose rate, and A, B, constants.
Data in mice on chronic irradiation until death by Lorenz et al', and by Neary?

So—S

are shown in Fig. 1. Ordinate is life span shortening divided by dose rate, e ,and ab-

scissa is survival time, S.

Fig. 1. Dose rate and life span shortening.
Data by Lorenz et al'® ( «)and Neary?(x)
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The linearity predicted by equation (1) is not seen in the region of small life
span shortening. On the contrary, an uniform decrease of life span against dose rate is
observed even in the region of such small dose rates if one plots mean survival time
vs. dose rate as shown in Fig. 2.

Fig. 1 is some sort of differential expression of Fig. 2 and then goes into much more
details than the latter with regard to relation between life span shortening and dose rate.
That may be the reason why larger fluctuations are observed in the former expression.
Thus considering the accuracy of present experiments one may be satisfied with the
latter expression.

On the other hand, taking the both ideas of premature and accelerated aging (cf. 5.
Discussions), Neary has divided the aging processes into two stages. Primary stage
called ‘induction’ is the period in which intercellular changes are going on but marked
physiological impairment cannot be observed. When a certain level of induction change
is approached, the second stage of aging sets in rather a'bi'tlptly. It involves a different
level of organization and consists in physiological interaction which proceeds autonomously
and autocatalytically when once initiated and which leads to rapid impairment culminat-

Fig. 3. Neary’s Model Fig. 4. Neary’s Model
L, I: induction periods of control and irra- L, I: induction periods of control and irradi-
diated animals, respectively. ated animals, respectively.
S;, S: mean survival times of control and S, S: mean survival time of control and irra.
irradiated animals, respectively. diated animals, respectively.
In this case, S;—S=I,—I In this case, §,—S2:I,-—I
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ing in death; this stage is termed ‘development’. He also assumed that the radiation
affects the changes only in the induction stage and not in development stage. Accord-
ingly the life span shortening comes from the shortening of the induction stage. This
model gives almost the same relation as the equation (1) by Blair and a schematic
diagram of the model is shown in Fig. 3. If the beginning of induction will not match
with the onset of the irradiation, the formulation by Neary may not be usable (cf.
Fig. 4. The coincidence of beginning of induction and irradiation will hardly bhe

T
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obtained in such experiments.
3. A New Model

The information contents as a measure of viability is determined by the initial
entropy Hy and the noise Hn due to any disturbance as follows,
H=H;—Hn 2)
H, is a genetically determined quantity and its frequency distribution in animals may
be of normal type with the mean Hu and the variance o
e e e @)
V2 a2
The minimum value of H to survive was chosen arbitrarily as Hd=Hp—3¢. Hn is a
measure of aging due to both natural and radiation-induced.
Natura! aging and mortalities of acute death due to massive single exposure have
been already analysed by using following equation. '
Hn=(ap+2a:D) t (CY)
where ap and a; are constants, D, dose and t, age of an animal. When we treat the
mean life span shortening and the mean per cent life span shortening, Hp in equation (2)
can be replaced by the mean value Hu as follows,
H=Hpx—Hn (5)
And then criterion for death is Hn=3g.
i) Life shortening by single exposure
Hn for the late effects such as life shortening was assumed to be the following form,
Hn=agt+a;D-+az:D? (6)
where ao, a1, and as are constants. If a dose D is given in single exposure, the following
relation holds, :
; 30=2a¢S+aiD+a2D? @
where S is mean survival time of animals irradiated. On the other hand, the correspond-
ing equation for control animals is
3o=2a0S0 ; ()]
where So is mean survival time of control animals. Then from equations (7) and (8),
the mean survival time and the per cent life shortening are given by the following

equations, respectively.

i R et |
Ssyflp. 2 ©
aSesSr o Sl S 1 a2 o 5

o S s (19

ii) Life shortening by chronic exposure
Aging due to the multiple exposures was assumed to be the mere accumulation of
aging due to each exposure. If animals are irradiated with dose rate r per day until
death, following relation holds.
30==20S+airS+asr?S (11)

LS
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For aging of control,

Jo=2,S (12)
‘Then the mean survival time is
= So
Do 13)

1_]._ _3_1 - _[__airg
ap ao
If the radiation effects contain a term of the second order as to dose, a recovery
mechanism is automatically included as has been pointed out by Fowler et al®. Agings
due to total dose D given in single and n times exposures are given by following

equations, respectively.

Hn=agt+a;D+azD? (14
D 2
Hn’=zlot+a1(% )n—l—az(T—) n
2
=agt +-aiD+a2—I§— (15)
SO HnisHn! (16)

It is well known that to produce the same amount of effect the total dose of fractional

@exposures is larger than the one of single exposure in radiotherapy and life span shorten-
ing. The equation (16) is not inconsistent with these observations.

4. Comparison with Experimental Data

i) Single exposure
The data on LAF: mice exposed to a nuclear detonation® were analysed by using

the equation (9). The constants ‘S?Iag and Soagag were determined by the method of

least squares, and the calculated values plotted in Fig. 5. Agreement with the data was
good up to 700r. The same data were plotted in the form of per cent life shortening
and the calculated values agreed with them all over the range (cf. Fig. 6).

Fig. 5. Analysis on mean survival time in Fig. 6. Analysis on per cent life shortening in
single exposure by premature aging. Data single exposure by premature aging. Data
by Furth et al® on mice. by Furth et al” on mice.
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ii) Chronic exposure
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‘The data on mice chronically exposed to ¢ ray by Lorenz!” and Neary? were

quoted in Fig. 2. The constants;z—; and —2—i in equation (13) were determined again by

the method of least squares. The coincidence between calculated and experimental values
was good within the range of experimental errors. The experimental value of 0.11 r
per day in Lorenz’s data was not plotted in Fig. 2 which showed an extension of Iife:
span. ;

5 Discussions

On the mechanism of radiation-induced aging there are two theories at present. One:
of them, called premature aging, persists that the radiation advances the age abruptly and
does not affect the aging process itself. Neary’s idea of the development stage may
be close to this theory. The phenomenon so-called wasted radiation will be interpreted.
that the radiation delivered at the period of development does nothing on the aging
and can be called wasted.

The second one, called accelerated aging theory, is based on the assumption that
the radiation advances the whole processes of the aging. If one plots degree of aging vs.
age, radiation contracts the axis of the age with a constant rate. On the contrary, the:
radiation makes the stepwise advance of axis of the age in premature aging (cf. Fig. 7).

Fig. 7. Premature aging and accelerated aging.
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The model presented in this paper is also in the line of the premature aging concept..

When dose D is delivered, age will advance by —E;—D+—§E—JD2 as seen below..

Ho=ay (t+—5-D+—22- D)= 2 (t+tas) an
If a similar formulation is done by the idea of accelerated aging as follows,
Hn=(ap+2a1D+a:D%)t (13)

one will get the results shown in Figs. 8 and 9 for single exposure. This is the reason.

why we have taken the idea of premature aging.
In addition to the trouble in the formulation by Neary described before, he has

found 180 days as development stage in mice. It means that the radiation given within
180 days before the death never affects the life span of mice. Even in low dose region,
the waste for 180 days does not seem reasonable thinking of whole life span of mice.

Lrgpt s
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Fig. 8. Analysis on mean survival time in si- Fig. 9. Analysis on per cent life shortening in
ngle exposure by accelerated aging. single exposure by accelerated aging.
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Blair has assumed an age dependency of the lethal threshold of injury, estimating
from the changes of LDs(30) for age and no consideration on the natural aging at ail.
On the contrary we have assumed an age-independent lethal threshold of injury and
natural aging term ast. Both considerations give the same result as far as the time of
death concerns.

The constants —% and 2—?} estimated from single exposure did not agree with those
from chronic exposure even in the order of magnitude. It has to wait for further in-

vestigations.
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