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A Model For Radiation Injury (6)

— Whole Body Injury —
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1. Introduction
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It has been a great problem so long time to determine the pattern of the whole body injury. One

of its basic difficulties lies in the experimental definition of the whole body injury. One approach to this

is so-called paired-dose method!-%.

After an exposure of the conditioning dose to the population, it

is determined how the LD,(30)s of the population change daily by the additional test exposures.

Comparing them with the LD,;(30) of the control groups, the whole body injury will be defined

as follows,

I,=LDy,(30) of control — LDy, (30) of irradiated

(1)

In the above definition, the additivity of the injuries from the conditioning dose and from the test dose is

assumed and also at present without such assumption of the additivity, any formulation can hardly be

done.

But the measure of LD;;(30) may involve another ambiguity of the time.

It comes from the

fact that the time of exposure to the test dose is different from the time at death.

Another definition of the whole body injury® consists of the informations from single conditioning

dose and from a continuous irradiation until death.

MASo—MASc
Diti= Do 2——vras

The formula will be given asfollows,

(2)
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Dr : Residual injury
Dec : Conditioning dose
MASo  : Mean after survival of the control group
MASc  : Mean after survival of the group received conditioning dose
In this definition, there is still an ambiguity on the time when the residual injury must be referred.
Assuming the time pattern of the whole body injury, the method to test the validity of the assump-
tion with the experimental data may be called an indirect definition of the whole body injury. The
accordance of the result from the assumption with the experimental data shows the consistency between
them but the assumption could not be the unique conclusion of the experimental data. Another assump-
tion may still be consistent with the same experimental data. Most simple assumption is the exponential
recovery function® for the whole body injury induced by single exposure. By Blair?-1D irreparable
part was added to the exponential recovery function. Mewissen et al.12) have proposed an idea for latent
injury to explain “wasted radiation”. The other simple assumption is linear recovery function by Tyler
etal'®.!9. These models are mostly concerned with the recovery process which happens immediately after
the single exposue. For the amplification of the whole body injury there is a model presented by Neary!s,
Most elegant method to determine the whole body injury has been proposed by Brues et al!6-19. The
method has given the way how to calculate the whole body injury from the data on continuous irradiation
until death. The experimental curve on dose-rate versus mean survival time will give enough informations
to calculate the whole body injury and the injury will be obtained by graphical differentiation of some
curve with time. In acute radiation death, the daily death distribution is sometimes clearly bimodal20-24)
and the mean survival time of the distribution is hardly determined as a good statistic. Then it will be im-
possible to infer the whole body injury from the mean survival time in such case. In this paper, a model
for the whole body injury in the acute radiation death will be presented and it will consistently explain the
time pattern of the whole body injury, the daily death distribution and the individual fluctuation in
radiosensitivity.
II. Model for whole body injury
In the previous papers?.2®, a vector-matrix representation of the whole body injury has been present-
ed. In the mathematical representation the whole body injury is constructed with the injuries of each

organ and the interactions among the organs. The formula for the whole body injury is as follows,

n n n n
Ly=3wi (Lii 4+ 2A4155 + =By Ajulie + 2By BjrAwIy+ - (3)
i1 j=1 juk ikt
Iy : Whole body injury
I : Intrinsic injury of the i-th organ

Aji, Bj;  :  Interaction from the j-th organ to the i-th organ
Wi : Essentialness of the i-th organ to survive
Also in the previous paper?® it is suggested that the plateau??-3% in the graph of dose versus survival
time in the acute radiation death may ocur with a particular time pattern of the whole body injury (See
Fig. 1 and Fig. 2).
(I) Definition of the whole body injury
The individual fluctuation in radiosensitivity and the whole body injury determine the daily death

distribution.  To establish the quantitative relation among the individual fluctuation in radiosensitivity,
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Fig. 1. Schematic diagram of whole body
injury Fig. 2. Mean survival time and cause of death
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the whole body injury and the daily death distribution, the following two assumptions were used.
(a) The individual fluctuation in radiosensitivity has a normal distribution
(b) When the sensitive group in the above distribution is lost by the radiation death, remaining
survivals re-distribute in the same type as before
In Fig. 3 the control group has the normal distribution around the mean background injury which is induc-
ed by some natural disturbances. If the radiation is delivered to the group, the whole body injury in-
creases and the injury of the relatively sensitive group exceeds the lethal injury It. In this case the number
of animals died is expressed in the shaded area. Using the above assumptions the complete model is

shown at three dimensions in Fig. 4 where the single lethal dose is given at time zero. The line connecting

Fig. 3. Individual fluctuation in radi-

osensitivity and lethal injury IL Fig. 4. A model for whole body injury
Control group Irradiated group -
e S
S
o
No. of Iy Time

animals
died
‘(/

Frequency

Whole body injury

the center of the distribution indicates the time pattern of the mean whole body injury of the survivals at
each time. In this example, the whole body injury has a recovery process imrnediately after the irradiation
and then an amplification. Its daily death distribution is bimodal as shown in the shaded area. Norma-
lizing the area under the normal distribution to 1, the shaded area corresponds exactly to the age specific
mortality defined as follows,

Age specific mortality m (t) = N@—N(t+dt) (4)

N(t): Number of survivals at time t
Accordingly, the mean whole body injury will be claculated from the observed age specific mortality.
In the calculation one can set the variance of the normal distribution to 1 without losing the generality of
the model, because the whole body injury is still written in arbitrary unit. Detailed calculations of the
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whole body injury from the age specific mortality are divided into two cases.

(a) m(t)<0.5

Y=0.5—m(t)
1 x x2
Y =17§'—? So e_‘T dx
(b) m(t)>0.5
Y =m(t)—0.5
1 [
Y ‘:"/——-——2 p So G_T dx

The values X corresponding to Y are tabulated in usual statistical tables. In the casem (t) >>0.5, negative
sign shall be put to the X for convenience. A theoretical example of the daily death distribution and the
whole body injury is shown in Fig. 5. Recovery and amplification of the whole body injury will be shown

in terms of the age specific mortality as follow.

dm(t) < 0 : Recovery
dt
_drgi.t)__ > 0 : Amplification

Therefore a monotonic increase of Gompertz!5,1® function indicates an amplification of the whole body

injury,

Fig. 5 Daily death distribution and
whole body injury Fig. 6 Additivity of injuries

S~
S - > N\
«-Congitioning dose

N i
\"""-—. ‘_-_-/“‘_" Test dose

Whole body injury

Whole body injury

Daily death distribution

Time

Time

On the other hand, one cannot get any information on the age specific mortality without zero in the
sublethal range. In this case it will be necessary to use some definition analogous to equation (1). In
general LDx(y) has two conditions to be a good statistic. At first x must be fifty percent to secure the high-
est confidence. In the second place, y must be chosen to make an accurate count of the deaths such that
the death distribution is minimum at y. If the whole body injury of the conditioning dose changes daily
in complicated form, the superposition of the injury from the test dose on that from the conditioning dose
gives rise to such aninjury as shown in Fig. 6. Accordingly the difference defined in equation (1) has an
ambiguity on the time when the residual injury must be referred. To avoid the ambiguity, any other vy,
earlier than 30 days, will be much better.

— 49 —



1194 HARE LB RS SMIE $2608 Bo0%

(2) The relation between the distribution of the individual fluctuation in radiosensitivity and the
daily death distribution.

If one can know the whole body injury induced by single lethal dose, one can show how the indivi-
dual fluctuation in radiosensitivity determines uniquely the daily death distribution. In Fig. 4 let the ob-
servation time to, t;,---tp in equal timeintervals and the shaded area att;, Pj. P;isthe age specific mortality
and it means the probability of death at t;. If the number of the animals at t, is equal to Ny, the numbers

of survivals and deaths at each time will be given as {ollow,

Time No. of deaths No. of survivals
ty 0 N,
t NPy No(1—Py)
ty NoPy(1—Py) Ny(1—-P)(1—PFp)
ty NoPy(1—P,) (1—P;) Ny(1—Py) (1—B,) (1—Py)
. H e H N
tn N.,Png_rl(l-—Pi) Nu;rl(l-—-Pi)

Therefore number of deaths at interval tp_1< t<tn will be given as follows,
n—1
M(tg) =N|,Pn_Tr1( 1—Pj) (3)
jom

The whole body injury and the individual fluctuation in radiosensitivity determine the P; and the P;
determines uniquely the daily death distribution through the equation (5)

(3) The relation between the whole body injury and daily death distribution

In general the maximum of the daily death distribution does not coincide with that of the whole body
injury. The necessary and sufficient condition for the maximum in the daily death distribution is as
follows (See Appendix I),

Pn_g Pny1 [
= e Pty £t vy .

The necessary and sufficient condition for the coincidence of the both peaks in the daily death distributi-

on and in the whole body injury is as follows (See Appendix II),
Pn-l

—I—Pn__]__ < Pnl > PI.'H'!. (7)

In conclusion the model mentioned above explains consistently the whole body injury, the daily death
distribution and the individual fluctuation in radiosensitivity. The whole body injury is easily estimatecl
from the age specific mortality. In sublethal range, LD;,(y) with proper y determines the whole body
injury. Quantitative relations among the above three quantities are established.

Ill. Discussions

The assumption of the normal distribution for the individual fluctuation in radiosensitivity may
be conventional and rather arbitrary. The only reason for the choice is that there is no particular reason
to choose other distributions. In target thoery Poisson distribution is unique conclusion from the random-
ness of hits. The binominal distribution comes necessarily from the mechanism of heredity in generics.
In any case these three distributions are almost same in some limiting case. In the second assumption of
re-distribution in section II the following facts were assumed.

(a) The variance of the distribution is constant.
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(b) When a portion of the distribution is lost by deaths, its sharp edge is not maintained.

Another comparable assumptions to these are as follow,

(a) The constant vaiance and no re-distribution

(b) The variable variance and re-distribution

(c) The variable variance and no re-distribution

The above three cases are shown in Fig, 7, 8, and 9. In case of (2) and (c), the line connecting the
center of the distribution does not express the mean whole body injury of the survivals at each time. The
whole body injury will be expressed by the line connecting the center of gravity of the area corresponding
to the survivals. In this way the assumptions may approach to those in section II, With an accuracy of
biological experiment it may be hard to discriminate the small changes in the variances. But these dis-

cussions lead to a serious difficulty on some sort of uncertainity. As seen so far there are three factors to

Fig. 7 Model (a) for whole body injury Fig. 8 Model (b) for whole body injury
$ ~
g g
e =
W >
L
w E Time

Fig. 9 Model (c) for whole body injury Fig. 10 Uncertainty in shapes

] ]

E i @ O

be determined, namely the whole body injury, the daily death distribution and the individual fluctuation
in radiosensitivity. These three factors are related to one another in the model. The directly observ-
able quantity is only the daily death distribution. Therefore one of the rest two factors should be assum-
ed. In experiment one can only know the shaded area in Fig. 4 and no information for the shape of the
area. For examrple if the areas are the same, one cannot discriminate the cases shown in Fig. 10. Some
sort of data pertaining to the above discussion seems to be obtainable from the experiment on LDy,
(30)20,85),

In Fig. 4 I,, exceeds the lethal injury Iy at some time. If the age specific mortality exceeds 50%, in
this model, the mean whole body injury is always larger than I;. This fact may come from the assump-
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tion of the re-distribution and from the discontinuity of the observation time.
The quantitative changes in the whole body injury may invelve the qualitative changes in detail.

In the vector-matrix representation of the whole body injury.

I, =WeI=W (I,+AT,+BAI,+BBAI, +--
the each component of the scalar products shows how much the component contributes to the whole body
injury. The contribution will change by time and. the informations on the above discussion will be neces-
sary to test the validity of the additivity assumption.

In practice it will not be easy to choose proper LD (y) for some animals discarding the conventional
LD,,(30). For smaller y, the test dose should be relatively high and it may be difficult to detect the small
changes of the conditioning dose or to detect the small conditioning dose itself. On the other hand the
conditioning dose should be small not to cause death before the test dose.

Some experiments designed by this model wih 104 fishes will be reported in the next paper.

Summary

A model has been presented to explain consistently the whole body injury, the daily death distribution
and the individual fluctuation in radiosensitivity. The whole body injury is easily estimated from the age
specific mortality with the model. Quantitative relations among the above three factors are established.
In general the maximum of the daily death distribution does not coincide with that of the whole body
injury. The change in the age specific mortality is almost parallel with the whole body injury.

Appendix

I. The necessary condition for the maximum of the daily death distribution will be obtained
as follows,

M (tn-l) < M (tn) > ]\«'I(tn+]>
-2 -1

N,Poy I ( 1—P) <N.P, T (1—P) >N,P,., I (1—Py)
i=1 i=1 i=1

=2
Dividing with N, I (1—Py),
=1

Pn-l {Pn (1'_Pn-1) > Pn+l (I_Pn)(l_’Pn-l)
From the first inequality,

_ P,
1"-Pn-l

From the second inequality,
P, > Pn+l_'Pn+l]Pn
Pﬂ (1+Pﬂ+1) >Plﬂ+1

- Plu-l.
Z 1%P,,

<P,

P, (1)

Accordingly,

Prl—l Pn+1
l_Prl—l <Pn> l'|'Px|+l

The sufficient condition will be obtained in the same manner,

. The necessary condition for the coincidence of the both peaks in the daily death distribution
and in the whole body injury will be obtained as follows. The necessary condition for the m-
aximum in the whole body injury is,

Pn-1 ‘:Pn>‘ Pn+1
Considering the egations (1) and (2), (2)

-
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Pn—l - 3
1""Pn-‘l. "(Pn} Pnﬂ

The sufficient condition will be obtained in the same manner,
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