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THEORETICAL APPROACH TO LIFE SPAN SHORTENING
INDUCED BY RADIATION (3)
-— A MODEL FOR RADIATION INJURY -

F. Sato, S. Tsuchihashi, K. Shibata, W. Nakamura, and H. Eto
Div. Radiation Hazards, National Institute of Radiological Sciences, Chiba, Japan
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1. Introduction

Life shortening by radiation has been studied by many authors as a late effect, and
this type of low dose effect is one of the important criteria for maximum permissible level
of ionizing radiations. Recently ICRP3) (International Commission on Radiological Protec-
tion) has been interested in so called ‘‘ mixed radiation problerns”’. The analyses given so
far on the life shortening were done by using mostly injury function and no one dealt with
the radiation injury in organ level. In this paper we have proposed a model for the radia-
tion injury with consideration on the injury of organs and interaction between organs. At
present the experimental data on this sort of problems are few and we are not able to
compare quantitatively the model with the data.

2. Assumptions and Formulation

A radiation injury of whole body in mammals, such as life shortening, seems to consist
in the injuries of many organs and interactions between the organs. In order to form a
model for radiation injury we have used the following assumptions.

i) Each organ (or part of the body) has commen measure of its injury one another.
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ii) It is possible to divide the injury of an organ into two components. One com-
ponent is the injury which is due to the direct effect of radiation delivered to the organ.
This injury is temporarily called ¢ infrinsic injury >’. The other component is the *‘ interac-
tion injury’* which comes from the interactions between many organs.

By the interactions between organs we may mean the hormonal or nervous controls
of the organs, transport of substance with blood circulation or through cell membranes
and so on.

According to the assumptions, an injury of the i-th organ, I, is divided into the two
components as follows,

L=1+1s )
where Iii is the intrinsic injury of the i-th organ and I is the interaction injury of the
organ. If we deal with n organs, I; is understood as i-th component of n-dimentional

“injury vector” -i; for the sake of simplicity. If the i-th organ receives no radiation, Ij
vanishes but I; is not necessarilly zero owing to the second term of ILa;.

The next step of the formulation is how to make Iy from I, Ins,......Inn, keeping the
self-consistency in the model. In this paper we deal with the only quasi-stationary state®
of the body in view point of physiological state. On the other hand, non-stationary state
may require a dependence of lai on the I; and in such case it is almost impossible to build
a model. Nevertheless we must follow the time course of the injury and then the only
way to solve this question is fo regard the time course of the injury as step-wise changes
between the quasi-stationary states.

The simplest type of the interaction between the organs is to assume that intrinsic in-
jury I of j-th organ directly affects the other organs but does not affect the third organ
through the second organ. This type of interaction is called one-step interaction and in-
troducing the interaction coefficient Ay from j-th organ fo i-th organ, the total injury of
i-th organ I; is expressed as follows,

L=+ YA L; @
j=1
Agy=0, if i=j 3
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Fig. 1. Types of interaction between organs
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The meaning of Aj; is how much portion of Ijj is directly transported to the i-th organ.
If Aj; is positive, I; increases as Ij; increases.

The feedback mechanisms seen in hormonal controls may be included in the two-step
interaction as shown in Fig. 1, (b). Considering hoth types of interactions, I; has following

form,
n n
L=Ti+ YA+ Byl (4
j=1 J.k
B;;=0, if i=j (5)

The reason why we use the By pifferent from Ay for the second step interaction is
that the portion of Ij; transported to the i-th organ (Aylj;) may be different from the por-
tion of Ajdi transfered to the i-th organ. In the same way, including the higher order
interaction, I; takes the following from,

Ii=Iii=+2Aijlji'|'ZBiiAjkak+2 BiJBjkAklIll'I"" (6)
j=1 Ik J.k,l
Each of the two types of interaction coeffcient forms the ‘“interaction matrix’ as
follows,
_ -0 A“ "'Ann
A=(4,,0" :
: N, <)
’ An, METTRTE 0
B= %biBész'"IsEl:n
: N E ®
B,y oo 0
Using the matrices, equation (6) can be rewritten as follows,
T=T+AL+BAT+BBA L+ ©O)

While each component of the vector in equation (9) shows the total injury of each organ,
injury of whole body must be made by taking the weighted summation of each I;

n
I,=Ywil; 10
1=1
or
[ = an

The meaning of wi may depend on what one intends to express with Iy, For example, if
I, is concerned with maximum permissible level, w; may be the essentialness or indispensa-
bility of i-th organ to the wellbeing of the entire body®. Using the equations (9) and
(11), we have the final equation as follows,

1,=W-l =W (I,4-AT,+BATL,+BBAI 4. 12)
n n n n

or =3wi (i3 AL+ Y BiAjdaet YBiBjAly+-- a3
1=l j=1 ik g1

In case of the life shortening, lethal threshold injury® would be understood as a limit
for I,. Then when I, exceeds the lethal threshold injury, the animal dies and the each
term wi; I in equation (10) may give some information on the mode of death.”®

3. Experimental data pertaining to the model
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As mentioned before, available data on radiobiology and radiology do noi permii us to
estimate the parameter A,B or EB but we will show what types of phenomena may he deslt
with this model.

Blair? has given atiention o a relation between LDg (30)s from whole body and partial
body irradiationsl®—12. If a whole body is divided into n sections, the LDso (30)s which are
obtained by exposure of each section have following relation with the LDs (30) of whole
body.

1 1

1 1
R, ~ R TR TR, e¥y
R, : LD;, (30) of whole body
R; : LD,, (30) of i-th section

This equation was compatible with the experiment with n=2. Toapply our model for
n=2, we assumed Ii as follows,
Ii=c;Di+d,D? (15)

D;: dose delivered to i-th part of the body
¢;, d;: constants

When only part 1 is exposed with dose of Ri, using equation (13) and one-step interaction,

Iig== (W1+W2A2r1) (C1R1+'d1R?) (16)
When only part 2 is exposed with dose of Ro,
Iw:(wlAl»z"'wz) (Csz‘i"dzRg) ([?)

When whole body is exposed with dose of Rw,
Iw =(w,+w; A (€ Rw+d,Row)+ (WA, 4w,) (¢ Rw+d,R?y) (18)
Using above three equations,

Rw+aR'w | Rw+a.R'w - a9
Rl'i:"alRf +IR2 +¢32R§
a;=d;fc;

If d; =0, equation (19) reduces to Blair’s equation (14).

Then the equation (14) does not show that there is no interaction between part 1 and part 2.
Effects of radiation on many organs were comprehensively studied to determine the RBE

and for other purposes®18)., Data on weight loss of spleen, thymus, and testis show that

I, may have logarithmic dependence on dose if one assumes the measure of the injury as

the weight loss (per cent) of its organ. An example for the weight loss (per cent) of

spleen at five days after exposure is given below.

I;= —137.46--73.86 log D
I; : weight loss (per cent) of spleen
D: rads of Co®™

Kohn!® has studied the abscopal (indirect) effect on testicular weight loss by whole
body and partial body irradiations. The testicular weight loss by whole body irradiation
was almost the same as the weight loss by irradiation of testes with the same dose. In
this case I; may come mostly from Ii and then Aj or B; would be small. Many other
data 7.20.21) obtained by partial body irradiation gave information wether Aj; =0 or not.
Hormonal controls such as in neuro-endocrine system?! propose much more definite ideas
on A and B but the difficulty is left in the definition of Iy which will be discussed later.
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Some informations on W are obtained in the proposed modes of acute lethality”.8)., As
for Iw of the life shortening, so many formulaz—37 were proposed but none of thern went
into the organ level. In this field of study, much interest was placed on the kinetics of
recovery as a whole body. An example of I, given by Blair®) was as follows,

A—a —B
=320 et @0

constant for irreparable injury

recovery constant

dose rate

: constant for sensitivity

Difficulties lying in the interpretation of I,, mentioned above by organ level surely come

from the extraordinary complexity both in the damage of organ and in the interaction of

=R W R

organs.
4. Discussions

In this kind of theoretical approach to radiation injury, one should go info the detail
of complex responses of the organs to ionizing radiation. The typical example of this sort
of problems is seen in the responses of anterior pituitary to a siress?). If an ionizing
radiation may act as a stress, secretion of ACTH increases and secretion of gonadoiropic
hormone, prolactin and growth hormone decreases. It is hardly possible to express these
complicated responses of pituitary with a quantity Ii. Of course we will able to give
Aj; to each secretion of hormones but the product Aj; I;; would not correspond to the
biological reaction unless Ij; is properly chosen in the sense mentioned above. The second
difficulty rises in the assumption for the common measure of injury of many organs. If
we give an attention to a particular function, the common measure of the injury may be
properly determined.

In this paper, almost nothing was mentioned on the dependence of I, T and Yo upon
dose and time. Research for these dependencies is under way to analyse the data on
recovery3.3%) and ‘‘ wasted radiation 3%,

To understand a whole body injury by radiation on the level of organs, one should
give careful considerations on the many types of interactions between organs. The model
for radiation injury including the interactions has necessarily the vector-matrix form.

Authors appereciate encouraging discussions which have bzen given by Dr. Tsuchiya
and Dr. Matsuoka in this laboratory.
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